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Abstract 

In 1980, the World Health Organization task force first sought to define and classify 

cardiomyopathies. They defined cardiomyopathies as “heart muscle diseases of unknown 

cause” with three main classifications including: hypertrophic cardiomyopathy (HCM), 

dilated cardiomyopathy (DCM), and restrictive cardiomyopathy [1]. Over the next three 

decades it became patently obvious that this simple definition was not sufficient to describe 

the complex heterogeneity of diseases present in the patient population.  More robust 

definitions were necessary for mechanistic links to be established and meaningful 

therapeutics to be developed. Since then the accepted definition of a cardiomyopathy has 

evolved and the classifications have greatly expanded. The most recent definition from the 

American Heart Association Council on Clinical Cardiology states: Cardiomyopathies are 

a heterogeneous group of diseases of the myocardium associated with mechanical and/or 

electrical dysfunction that usually (but not invariably) exhibit inappropriate ventricular 

hypertrophy or dilatation and are due to a variety of causes that frequently are genetic. 

Cardiomyopathies either are confined to the heart or are part of generalized systemic 

disorders, often leading to cardiovascular death or progressive heart failure–related 

disability [2]. This latest definition (2006) reflects the growing recognition of molecular 

genetics as a key factor in the development of cardiomyopathies and highlights the ever-

growing complexity of disease classification. Today the genetic basis of HCM and DCM 

is widely recognized yet our understanding of the precise mechanisms underlying the 

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

symptomatic, pathology has progressed past the initial phase, where meaningful treatment 

could occur, to advanced end-stage pathology. By this time often the only treatment options 
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available become “blunt sword” therapeutics that are non-specific and used primarily for 

symptom management. In fact, over the last 3 decades there has been a marked decline in 

the innovation of cardiovascular pharmaceuticals owed partially to the vast complexity of 

disease presentation and progression [3].  

In this dissertation, I will focus on a genetic sarcomeric DCM caused by a mutation 

in alpha-tropomyosin (Tm). Using novel accurate mouse models as a tool we will define 

the mechanism by which it leads to disease, investigate how disease severity due to the 

mutation is modified in an age-dependent manner, and examine what this mechanism could 

mean in the larger picture of cardiomyopathic disease progression. I hope to convince you 

that by using accurate models of this DCM at multiple levels of biological complexity to 

tease out the precise mechanisms of disease we can establish meaningful genotype-

phenotype relationships that could lead to the development of specific novel therapeutics.  
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The Cardiac Sarcomere 

 The cardiac sarcomere is the fundamental unit of contraction in the heart 

(Figure 1A). The basic components of the cardiac sarcomere are the enzymatic thick 

filament comprised largely of myosin and the regulatory thin filament including actin, 

tropomyosin (Tm), and the troponin complex (cTnT:cTnC:cTnI) (Figure 1B). The function 

of this multi-protein structure, over a wide range of physiological demands, depends on its 

ability to transmit seemingly small signals, such as phosphorylation of cTnI, to relatively 

distant portions of the complex via allostery. With each cardiac cycle a complex cascade 

of events takes place that ultimately lead to the shortening of the sarcomere and ejection of 

blood from the left ventricle. At the onset of contraction, the thick filament (which spans 

the midline of the sarcomere) pulls the thin filament (which spans from the z-disk inward 

toward the M-line) toward the M-line (Figure 1A). The force-producing interaction of 

myosin and actin is regulated by the thin filament and partially dependent on intracellular 

calcium concentration.  

The cardiac cross bridge cycle describes the ATP-dependent binding, force 

generation, and release of myosin from actin (Figure 2) [4]. In each cycle, myosin bound 

by hydrolyzed ATP, weakly binds actin. Upon the release of inorganic phosphate strong 

binding and force generation occurs. ADP is then released and the rigor complex is formed 

until new ATP binds myosin, releasing it from actin. The hydrolysis of ATP “cocks’ the 

myosin head in preparation for the cycling to continue. This actomyosin relationship is 

tightly regulated by intracellular calcium binding to cTnC and cooperative dependent on 

the “gatekeeper” tropomyosin, and the binding of the S1 heads of myosin.  
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Figure 1: Schematic of the Cardiac Sarcomere and Thin Filament.  

Figure and legend adapted from Gordon et at  [5, 6]. (A) Schematic of the cardiac 

sarcomere, one sarcomere is defined as the region from one Z-disk to the next and is 

typically between 1.6 and 2.2 μM in length. (B) Schematic of the regulatory thin 

filament, the ratio of Tn:Tm:Actin is 1:1:7. Blue – Actin, Red/Black – Tropomyosin, 

Yellow/Red/Green – cTnI, cTnT, cTnC. (C) Schematic showing how the interaction of 

cTnI with actin changes upon calcium binding cTnC.    
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Since the discovery of the first mutation in a sarcomeric protein (beta-cardiac 

myosin) found to be causative for HCM, greater than 100 mutations in sarcomeric proteins 

have been implicated in the development of HCM and DCM [7-9]. Strikingly, mutations 

in the same proteins have been linked to both HCM and DCM highlighting the specificity 

of disease progression. It is estimated that as much as 30% of genetic DCM is due to 

mutations in sarcomeric proteins including beta-myosin heavy chain (MYH6), Troponin T 

(TNNT2), and alpha-tropomyosin (TPM1). Given the innate complexity of the system it is 

not surprising that sarcomeric mutations known to give rise to HCM or DCM cause a 

complex series of human cardiomyopathies. 

Regulatory Cardiac Thin Filament Structure and Function  

 

The regulatory thin filament (TF), comprised of filamentous actin (F-actin), the 

troponin complex, and tropomyosin, is responsible for transmitting the calcium status of 

the myocyte to the sarcomere resulting in the initiation of muscle contraction (described 

above). Each unit of the TF is in a 1:1:7 stoichiometric ratio, with one Tn complex and Tm 

dimer per 7 monomers of F-actin. Recently, collaborators in the Schwartz lab published a 

fully solvated 5,000,000 atom model of the thin filament which greatly aides our 

understanding of TF structure (Figure 3A) [10]. Central to the thin filaments function is 

the “gatekeeper” tropomyosin (Tm) whose position on actin is a dynamic equilibrium of 

three positions (blocked, closed, and open) and is partially regulated by intracellular 

calcium concentration (Figure 4 B-C) [5, 6]. At low calcium (the blocked position) Tm 

sterically blocks the myosin binding sites on actin thus preventing cross bridge formation 

(Figure 4B) [5, 6, 11]. Likewise, the troponin complex (comprised of cTnI, cTnC, and  
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Figure 2: The Cross Bridge Cycle. 

Figure and legend adapted from Pearson Education. (1) Myosin binds to actin pushing 

Tm out of the way and inorganic phosphate is released. (2) Myosin is strongly bound to 

actin and the force generating Power Stroke ensues. (3) The rigor state is occupied until 

ADP is displaced by new ATP. (4) Myosin with newly bound ATP unbinds actin, and 

ATP is hydrolyzed. (5) The myosin head with hydrolyzed ATP is “cocked” in preparation 

for actin binding. The cycle then repeats.   
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cTnT) plays a critical role. When an action potential depolarizes a cardiac ventricular 

myocyte, influxing extracellular calcium triggers calcium-induced calcium-release from 

the sarcoplasmic reticulum, intracellular calcium levels rise, and calcium binds to cTnC. 

Through a series of allosteric rearrangements, the inhibitory cTnI releases actin allowing 

cTnT to pull Tm toward the actin groove partially exposing the myosin binding sites on 

actin (the closed position, Figure 4C). Once exposed, myosin can weakly interact with the 

binding sites on actin further pushing Tm out of the actin groove and allowing for strong 

cross bridge formation and force generation (the open position, Figure 4D). Of note, the 

strong binding of myosin to actin has been shown to extend activation to neighboring thin 

filaments 12-14 monomers of F-actin away (i.e.: outside of a 1:1:7 group) which has 

important implications on thin filament cooperativity [12].   

Tropomyosin 

 

Alpha-tropomyosin (Tm) is a highly-conserved alpha-helical coiled coil dimer. It 

spans actin with repeats every seven monomers of filamentous-actin (F-actin, Figure 3A). 

Each Tm monomer is comprised of a seven-heptad repeat (positions A-G and A’-G’, Figure 

3B) where residues in positions “A” and “D” are typically hydrophobic and make up the 

core of the coiled coil lending it stability. Residues in positions “E” and “G” typically form 

salt bridges and further stabilize the interaction of the two monomers of Tm. Residues in 

positions “B”, “C”, and “F” are solvent exposed and available for interactions with other 

proteins including actin and cTnT. These interactions serve to connect various portions of 

Tm to the other regulatory proteins of the thin filament thus giving it the ability to rapidly 

couple myocellular calcium status to force generation via cross bridge cycling.  
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Figure 3: Atomistic Model of the Cardiac Thin Filament. 

Thin filament generated from model produced by Williams et al [10]. (A) Average 

structure taken over 10 ns in a molecular dynamic simulation. Grey – filamentous actin (F-

actin), Green/Orange – adjacent Tm dimers, Yellow – cardiac Troponin T (cTnT), Red – 

cardiac Troponin C (cTnC), Blue – cardiac Troponin I (cTnI). Red balls indicate the 

position of the D230N-Tm mutation. (B) Representative helical wheel of two interacting 

Tm monomers, monomer one contains a seven heptad repeat (positions A-G) and monomer 

2 contains the same repeat (positions A’-G’). Residues in positions A and D are typically 

hydrophobic (dashed line) and stabilize the core of the dimer. Residues in positions E and 

G typically salt bridges (dotted line) to further stabilize the dimer. Residues B, C, and F 

are solvent exposed and can interact with neighboring proteins. The helical position of 

D230N is marked in red on both monomers.   
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In addition to the stabilizing interactions between two Tm monomers there are 

many weak electrostatic interactions that occur along Tm’s length with actin. The sum of 

these interactions is paramount to Tm’s ability to “slip and slide” or “rock and roll” 

azimuthally over the surface of actin during myofilament activation [5, 6]. Furthermore, 

each α-helical coiled coil Tm dimer interdigitates with the adjacent dimer in a head to tail 

(C to N terminal) array forming a continuous, flexible filament that strengthens its 

interaction with actin (Figure 3A). The C-terminal portion (last 9-11 amino acids) of Tm 

contains the only non-helical portion of the molecule and overlaps with the last 8 amino 

acids of the N-terminus of the adjacent dimer. The head to tail association of subsequent 

dimers is crucial for the polymerization of Tm, its affinity for actin, and its cooperativity 

during actin binding [13-15]. In fact, it has been shown that without the overlap region 

(removal of residues 274-284) Tm becomes non-polymerizable and does not bind actin 

highlighting the importance of the overlap region to the function of the thin filament [16]. 

Further stabilizing this head to tail overlap is the alpha helical component of the cTnT N-

terminal domain resulting in a five-helix bundle at the overlap [17]. This arrangement 

allows for the flexibility and stability required to support the dynamic range of motion 

along actin necessary for the regulation of cross bridge cycling. Several models have been 

proposed for the structure of the five-helix bundle at the overlap with varying degrees of 

inclusion and resolution [18-21]. In collaboration with the Schwartz group we have 

confirmed via molecular dynamics simulations and in vitro structural studies a five-helix 

bundle with anti-parallel oriented cTnT (Figure 3A, McConnell et al, in revision).  
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Figure 4: Three State Model of the Cardiac Thin Filament. 

Figure and legend adapted from Gordon et al and Lorenz et al [5, 6, 11]. (A) X-ray fiber 

diffraction of F-Actin (grey) showing the strong (red) and weak (light green) myosin 

binding sites on actin. (B-D) The average position of Tm (dark grey) with no calcium 

(blocked), with calcium (closed), and with myosin S1 binding (open). 
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Cardiac Troponin T 

 

 Cardiac Troponin T (the tropomyosin binding subunit) is the component of the Tn 

complex directly responsible for transmitting the binding of calcium to cTnC to the 

movement of tropomyosin. Chymotrypsin digestion of rabbit skeletal TnT revealed two 

functional domains; TNT1 contains the N-terminal and Tm binding portion, and TNT2 

contains the core-interacting domain (Figure 5) [22, 23]. In addition to its muscle fiber type 

specific expression, the N-terminal “hypervariable” (HV) domain of TNNT2 undergoes 

alternative splicing giving rise to four developmentally regulated isoforms. The primary 

difference between isoforms is the inclusion or exclusion of exons 4 and 5 and it is thought 

that these serve to fine-tune the regulation of contraction (Figure 6) [24]. Additionally, it 

has been shown that the alternative splicing of cTnT is under systemic control, independent 

of changes in functional demand that occur developmentally [25, 26]. The largest of the 

isoforms (~37 kDa, fetal cTnT, cTnT1) is the primary isoform in fetal life and contains all 

17 exons. This results in the inclusion of exon 5 which codes for 10 primarily acidic amino 

acids (amino acid sequence: EDWSEEEEDE). While not fully understood, it is postulated 

that the inclusion of this exon is energetically important, as transgenic mice expressing it 

exhibit an altered response to acidosis [24, 27]. The primary isoform expressed in 

adulthood (~35 kDa, adult cTnT, cTnT3) is formed by the removal of exon 5 via splicing 

(Figure 6). cTnT2 and cTnT4 represent minor isoforms that arise from the exclusion of 

exon 4, or 4 and 5, respectively. Interestingly, the expression pattern of these isoforms has 

been shown to differ during disease in the failing adult heart with fetal TnT re-expressing 

[28].  
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Figure 5: Structural and Functional Domains of cTnT. 

Figure and legend adapted from Jin et al. [27]. Included is the high resolution structure of 

the troponin core domain (chymotrypsin cleaved) based on the published x-ray 

crystallography data from Takeda et al [29].  
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While the alternative splicing of the N-terminal HV domain is thought to fine-tune 

contraction, it is not known to interact with any neighboring myofilament proteins [23, 30, 

31]. However, it has been shown that the conformation of cTnT as a whole is dependent 

on the structure of the HV domain [32]. Additionally, the binding affinity of cTnT for its 

neighboring myofilament proteins is affected by the conformation of the HV domain. 

Together this suggests that the structure of the cTnT HV domain plays a modulatory role 

that could affect contractility.  

Familial DCM Caused by a Mutation in Alpha-Tropomyosin 

The D230N-Tm mutation was first identified in 2010 in two large unrelated 

mutigenerational families via linkage analysis and found to be causative for DCM [33]. 

The mutation results in a charge loss (Aspartic acid to Asparagine) at a solvent exposed 

residue (f-position) proximal to the C-terminus of Tm (Figure 3). Affected family members 

exhibited reduced ejection fraction and enlargement of the left ventricle with a high degree 

of penetrance (80%). In vitro ATPase studies of reconstituted cardiac thin filaments 

containing D230N-Tm demonstrated decreased calcium sensitivity, maximal ATPase 

activity, calcium affinity and cooperativity of calcium binding compared to WT-Tm thin 

filaments consistent with other models of DCM. Also observed in these families was a 

bimodal age-dependent distribution of severity. Children (>1-year-old) with D230N-Tm 

presented with a severe, often fatal, dilated cardiomyopathy that strikingly recovered 

significant systolic function if treated early with standard clinical care. Adults with the 

mutation presented with a mild to moderate cardiomyopathy in mid-life often associated 

with some stressor (pregnancy etc.). This observation led us to ask two important questions.  
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Figure 6: Alternative Splicing of Cardiac Troponin T. 

Figure and legend adapted from Gomes et al [34]. The four main splice variant of cardiac 

Troponin T, from high (TnT1) to low (TnT4) molecular weight. Highlighted in blue are 

the alternatively spliced exons that give rise to the different isoforms. The numbers below 

are the corresponding amino acid residues in human cardiac TnT. The large X indicates the 

deletion of that exon. Tm, TnI and TnC binding regions are also highlighted.     
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1) How does a single amino acid mutation in this region of Tm lead to such a severe DCM, 

and 2) Given the presence of the mutation at the same expression level throughout life what 

is driving this bimodal distribution of severity.  
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Chapter 2 - Research Plan and Experimental Design 
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Specific Aim 1  

To determine the mechanism of D230N-Tm induced DCM. 

Hypothesis - D230N-Tm induces a decrease in flexibility of the Tm filament, via 

propagation to Tm’s C-terminus, thus decreasing flexibility of the Tm overlap and 

impairing Tm’s ability to regulate contraction. 

Rationale – The position of the D230N-Tm mutation at a solvent exposed residue on the 

surface of Tm drives the question of how does this single amino acid mutation lead to a 

severe DCM. The actomyosin “gatekeeper” Tm plays a critical role in regulating cross-

bridge formation [5, 35]. Its azimuthal position along actin is in dynamic equilibrium 

between three states (blocked, closed, and open) that determine myosin’s ability to bind to 

actin and is partially regulated by intracellular Ca2+ concentrations [36]. During diastole, 

Ca2+ levels in the cytoplasm are very low and the “blocked” position of Tm inhibits the 

interaction of actin and myosin. At the onset of systole, intracellular Ca2+ rises and through 

a series of allosteric interactions Tm is shifted to its “closed” position, partially revealing 

the myosin binding site on actin resulting in weak cross bridges. As more of these weak 

interactions between actin and myosin form, Tm is shifted to its “open” state and strong 

cross bridges form. Furthermore, each α-helical coiled coil Tm dimer interdigitates with 

the adjacent dimer in a head to tail (C to N terminal) array forming a contiguous, flexible 

filament that strengthens its interaction with actin [5, 10]. This arrangement is further 

stabilized by the N-terminus of cTnT and allows for the flexibility and stability required to 

support the dynamic range of motion along actin necessary for the regulation of cross 

bridge cycling [17]. The flexibility conferred on Tm via cTnT and its many weak 
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electrostatic interactions with actin is paramount to its regulatory function as it must be 

able to rotate substantially around actin to maintain its position in the actin groove [37, 38]. 

The specificity of these interactions make it unsurprising that a mutation in Tm could have 

a profound impact on its association with actin and cTnT and therefore its ability to regulate 

contraction leading to pathology [39]. Furthermore, as we and others have previously 

shown, mutations in thin filament proteins can cause allosteric effects that alter the 

structure of a protein at sites “at a distance” from the actual mutation in cTnT and more 

recently in Tm [9, 40, 41].  

Experimental Design - We aim to determine if the D230N mutation could lead to structural 

effects that cause the observed loss of function in vivo as well as altered Ca2+ handling in 

vitro. We hypothesize that the D230N mutation alters Tm’s flexibility via propagation to 

the critical Tm overlap region thus altering thin filament regulatory function. To address 

this, we developed a novel transgenic murine model of full-length α-Tm carrying the 

D230N mutation which will allow us to interrogate the whole heart and cellular impact of 

the mutation. Our results indicate that the flexibility of Tm, paramount to the regulatory 

function of the thin filament, is compromised in the presence of the D230N mutation which 

could lead to the observed pathology. Furthermore, these data suggest an intrinsic link 

between the flexibility of Tm and altered whole heart function in a mouse model of human 

dilated cardiomyopathy. We will investigate this via the following approaches: 

 Generation of Novel Transgenic D230N-Tm mice 

 Determine the Functional Impact of the D230N-Tm Mutation In vivo.  

 Determine the Structural Impact of the D230N-Tm mutation In vitro. 



28 
 

Specific Aim 2  

To test a potential mechanism for the severe early-onset remodeling observed in children 

with D230N-Tm via cTnT isoform switching in vivo. 

Hypothesis - The age dependent remodeling seen in infants and young children with 

D230N-Tm is a result of temporal isoform switches involving the closely linked Tm binding 

partner cTnT. 

Rationale - The “bimodal’ age-dependent distribution of severity seen in families with 

D230N-Tm raises the important question of what molecular sarcomeric differences exist 

between embryonic and adult life that would give rise to this pattern of ventricular 

remodeling given that the levels of mutant Tm stay the same [33]. The early severe 

presentation in children <1-year-old forms the rationale for our hypothesis that the 

combination of the fetal isoform of cTnT (containing the highly negatively charged exon 

5) with the D230N-Tm creates a uniquely “susceptible” thin filament with an inherently 

compromised contractile reserve. From the biophysical standpoint, the functional role of 

the hypervariable (HV) domain (residues 1-71 of cTnT) and the unstructured N-terminus 

of cTnT (where the alternatively-spliced isoforms arise) has long been a topic of debate 

[34, 42]. Interestingly, while transgenic mice expressing a truncated cTnT, (lacking the 

NH2-HV region) are viable, they exhibit a decrease in cardiac efficiency, consistent with 

the NH2-HV region acting as a modulator of thin filament function [43]. More recently, 

several studies have established that the expression of the fetal-cTnT isoform decreases 

force generation, ATPase inhibition (maximal activation) and Tm binding [44, 45]. 

Similarly, a study by Biesiadecki et al, showed that the highly acidic fetal-cTnT isoform 
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has a strong modulatory effect on the proximal Tm binding domain of the core (next to the 

overlap) and appears to alter Tm coupling to the system [46]. Thus, we propose to evaluate 

whether this modulatory isoform can alter the existing DCM phenotype in the D230N-Tm 

mice and delineate a novel potential mechanism.   

Experimental Design - We aim to directly test the effects of the fetal cTnT isoform on the 

D230N-Tm phenotype at multiple levels of biological complexity. To do this we will use 

our novel double transgenic fetal cTnT x D230N-Tm murine model. This double transgenic 

mouse was created through breeding of female fetal cTnT (70%) mice, obtained from Prof. 

J.P. Jin, to male D230N-Tm (60%) animals. This approach is highly efficient as both fetal 

cTnT and D230N-Tm function as independent alleles therefore we obtain pups in 

approximately 1:1:1:1 ratios (adult cTnT/Tm WT: fetal cTnT/Tm WT: adult cTnT/D230N-

Tm: fetal cTnT/D230N-Tm). Controls will be straightforward as each breeding will contain 

age-matched littermates for each of the 4 genotypes. Therefore, we will characterize the 

effects of cTnT isoform switching via the following approaches: 

 Generate Novel Double Transgenic Mice carrying both D230N-Tm and fetal cTnT. 

 Determine the time course of bimodal Remodeling In vivo. 

 Determine the Structural and Functional Impact of the Isoforms of cTnT In vitro.  

Specific Aim 3  

To model the “bimodal” clinical phenotype seen in families with D230N-Tm and assess 

the potential for disease reversibility using a novel, cardiac specific inducible fetal cTnT 

transgenic mouse model. 
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Hypothesis - The severity of D230N-Tm-induced DCM can be directly and temporally 

modulated by the ratio of fetal-cTnT:adult-cTnT in the cardiac sarcomere. 

Rationale - The basic question underlying this aim is whether the “hard-wired” early 

expression, and conversely late re-expression, of fetal genes such as fetal cTnT act as 

disease modifiers that modulate severity in genetic DCM. It is well established that 

expression of fetal proteins such as fetal cTnT, ssTnI, and β-MyHC have distinct functional 

effects on cardiovascular function as compared to the predominant adult isoforms [45-49]. 

For example, it has been shown in mice that changing the ratio of α-MyHC to β-MyHC, 

by only 12%, causes a marked decrease in ATPase activity and contractility (decreased by 

23% and 15% respectively) [50]. Additionally, it has been shown that replacement of native 

cTnI with ssTnI causes an increase in Ca2+ sensitivity [49]. Therefore, it may not be 

surprising that normal transitions, like fetal cTnT to adult cTnT during development, could 

be modifying disease pathogenesis giving rise to the distinct pattern of ventricular 

remodeling seen in families with D230N-Tm. We would like to investigate the potential 

for a wider effect of expression of fetal genes as modulators of heart failure. Therefore, we 

propose to model the unique pattern of ventricular remodeling seen in families with 

D230N-Tm by changing the ratio of fetal cTnT to adult cTnT in vivo via a novel cardiac 

specific fetal cTnT inducible murine model. Of note, this model could prove highly useful 

to test the potential role of fetal cTnT expression in other murine models of heart failure as 

well. If a wider effect is seen at the murine level, it raises the possibility that the expression 

of fetal cTnT in humans with cardiomyopathies could represent one possible mechanism 

by which disease severity is modulated. Furthermore, it has been hypothesized that fetal 

genes re-express as a protective mechanism in response to heart failure, however, their 
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activation is poorly described in the case of fetal cTnT, most evidence being at the RNA 

level [42]. Thus, we propose to probe human tissue for the presence of fetal cTnT using 

our novel antibody, which could translate the experimental results in our mouse model as 

one possible explanation for how fetal cTnT could act as a modifier in human disease.  

Experimental Design - We aim to model the physiological and proposed pathological 

expression of fetal cTnT in vivo by changing the fetal cTnT:adult cTnT ratio in situ via a 

novel transgenic cardiac specific fetal cTnT inducible (Tet-OFF) murine model. It has been 

shown that exogenous expression of cTnT via transgenesis down-regulates native cTnT 

expression such that the total amount of cTnT is unchanged [51]. Furthermore, we have 

verified that the total amount of cTnT does not change in our existing double transgenic 

murine line. Therefore, we crossed an α-MyHC driver mouse (obtained from Prof. J.D. 

Molkentin) to our novel fetal cTnT inducible responder mouse to generate an α-MyHC 

fetal cTnT inducible murine line [52]. Subsequent breeding to our existing high expressing 

D230N-Tm (60%) line will result in production of a cardiac specific, fetal cTnT inducible 

D230N-Tm transgenic mouse. Of note, also available to us is a low expressing D230N-Tm 

(10%) line. In these mice treatment with doxycycline (dox) will inhibit transcription and 

therefore expression of fetal cTnT [53, 54]. There are careful controls required for 

successful analysis of results obtained from these studies, including comparison to non-

transgenic (Non-Tg) littermates and to tetracycline transactivator (tTA) only littermates to 

account for any effect of the tTA transgene. Additionally, it will be important to compare 

to fetal cTnT, D230N-Tm, and fetal cTnT-tTA littermates. Some “leakiness” could occur 

in this type of inducible system and this will be controlled for through careful testing in the 

dox +/- states to ensure selected founders express fetal cTnT in an inducible, not 
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constitutive, fashion. Additionally, some leakiness may be tolerable in our application, for 

instance, if a line was found to have low but constitutive amounts of fetal cTnT or dose 

responsiveness to dox. The breeding scheme is designed to provide us age-matched 

littermates from each of the necessary control genotypes. We will address this aim via the 

following approaches: 

 Generation of Inducible Fetal cTnT Founders.  

 Assess Disease Reversibility and Progression In Vivo.  

 Probe for the Expression of Fetal cTnT RNA and Protein in Human Tissue. 
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Chapter 3 - Experimental Methods 
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In vitro Methods 

Protein Purification 

 

Tm Expression and Purification - Alanine-serine tagged α-tropomyosin (as-Tm) cDNA in 

a pET-SUMO vector (provided by Dr. Wieczorek) was moved into the pET3D vector 

(Novagen/Merck, Billerica, MA, USA) and mutated via Quick-Change site-directed 

mutagenesis (Stratagene/Agilent, Santa Clara, CA, USA) to introduce D230N. The ala-ser 

tag on Tm mimics the N-terminal acetylation necessary for in vitro head-to-tail 

polymerization, binding to actin and Tn, and regulatory function of the myosin ATPase 

[55, 56]. WT and D230N mutated as-Tm were transformed into BL21 competent cells 

((Novagen/Merck, Billerica, MA, USA). as-Tm was isolated through a set of pH changes: 

first lowered to 4.6 with 1 N HCl, centrifuged at 14,000 rpm for 20 min at 4C, the pellet 

was resuspended with 1 M KCl pH 7.0+ and pH was raised above 7.0 with 1 M KOH. The 

sample was centrifuged again and the acid/base pH changes were repeated three times. The 

final supernatant was cut with 65% ammonium sulfate, pH was adjusted between 7 and 8, 

and the solution was centrifuged at 10,000 rpm for 20 minutes at 4C. These steps were 

then repeated with 70% ammonium sulfate. The pellet containing Tm was resuspended in 

7.5 mM β-mercaptoethanol (βME) pH > 7.0, then dialyzed at 4C against 2mM βME pH 

7-8 to remove ammonium sulfate. 

Troponin Complex Expression and Purification - The cDNA for human cardiac Troponin 

I (hcTnI) in a pET11d expression vector (Novagen/Merck, Billerica, MA, USA) and human 

cardiac Troponin C (hcTnC) and Troponin T (hcTnT) in pET3d vectors were provided by 
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Dr. J. D. Potter. Troponin proteins were expressed, purified, and reconstituted as previously 

described [57, 58] except where otherwise noted. The cTn complex was separated from the 

monomeric troponins by anion exchange on a RESOURCE-Q column (GE Healthcare, 

Piscataway, NJ, USA) connected to an AKTA FPLC system (GE Healthcare, Piscataway, 

NJ, USA). 

Actin Purification - Actin was purified and prepared as previously described [10]. For R-

IVM experiments Rhodamine Phalloidin was added to F-Actin at a final concentration of 

2 M, incubated for 1 hour on ice and protected from light. Labeled actin was freshly 

diluted to 6 nM in R-IVM assay buffer (20mM KCl, 10mM MOPS, 2mM MgCl2, 50mM 

DTT) each day of the assay. 

Myosin Extraction and Purification - Myosin was extracted and prepared from rabbit 

skeletal muscle as previously described [59]. This method was used, as opposed to E.coli 

purification of human myosin, due to myosin’s large size and inability to fold correctly in 

non-muscle specific cells [60]. Additionally, this method is necessary in order to obtain 

enough myosin for experimentation. The myosin solution concentration was determined 

by absorbance at 280 nm using an extinction coefficient of 0.52g/L-1cm-1. For R-IVM 

experiments a 50:50 myosin:glycerol solution was stored at -20C. Heavy Meromyosin 

(HMM) was prepared from glycerinated myosin as previously described [61]. 

Mass Spectrometry 

 

Tm was purified from whole hearts excised from 4-month-old male D230N-Tm mice. 

Hearts were rinsed in cold PBS and homogenized following the preparation guidelines for 
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a myofibrillar prep. Samples were run on a 12% SDS page gel and bands containing fully 

reduced (~35 kDa, monomeric) Tm were incubated in molecular grade water overnight to 

elute protein from the gel slice following the Thermo Scientific protocol for purifying 

proteins from polyacrylamide gels. Briefly, an SDS-PAGE gel was loaded with 5 μg’s total 

protein of purified Tm (positive control) and 40 μg’s myofibril. Two lanes were skipped 

and another three wells were loaded with myofibrils, a ladder was included as the first and 

last lane, respectively. After the gel was run (120V, 1 hour, room temperature) the gel was 

cut in the blank lanes and the first half containing the positive control was stained using 

Silver Stain (Pierce/Thermo, Waltham, MA, USA). This gel strip was then used as a guide 

to excise the segment of the un-stained gel containing Tm. Tm was then eluted from the 

combined bands (Elution buffer: Tris-HCl 50mM, NaCl 150mM, EDTA 0.1 mM, pH 7.5) 

overnight at 30°C. A small sample was taken and run on a gel stained with Sypro stain to 

confirm elution. For high resolution mass spectrometry, no salts or surfactants should be 

present in the final sample thus cleanup was necessary. Eluted WT and D230N-Tm was 

then digested with Trypsin to obtain the desired fragments (Figure 7) containing the region 

wherein lies the mutation (AZ Proteomic Consortium Protocol, adapted from [62]). C18 

ZipTip (Merck Millipore, Billerica, MA, USA) cleanup was then performed to remove 

impurities (Arizona Proteomics Consortium Protocol) Samples were then submitted to the 

University of Arizona Proteomics Core for detection on the LS/LS Mass Spec. Briefly, WT 

and D230N samples were run over 75-minute gradient used to identify proteins (MS 

followed by 14 MS/MS).  A variety of peptides identified tropomyosin with > 80% 

coverage against a mouse database with the D230N protein sequence added for both 

samples, but peptides of interest were poorly represented. A directed run was then used.  
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Figure 7: Percent D230N-Tm Transgene Expression. 

(Left) western blot on IEF gel probed for α-Tm (Grinspan LT). Lower two bands represent 

endogenous α-Tm and upper band represents D230N-Tm transgene. Densitometry 

performed on blot to quantify percent transgene. (Right) Table summarizing the peptide 

inclusion list for the directed method of mass spectrometry. (Bottom) Representative ion 

current chromatograph of D230N-Tm high expression samples run on mass spec in a 

directed fashion, relative abundance is plotted as a function of time and fragments listed in 

the table are continually sought out.  
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Two peptide sets were found to be the best candidates for a directed run, where the 

instrument would focus on a smaller mass range and continually fragment the peptides of 

interest. Only sample 6H had peptides identified from both the LSD and LSN list.  

 

Regulated-In vitro Motility  

  

In vitro motility assays were performed as previously described [63-66]. Motility 

was viewed using an Olympus IX-71 (Center Valley, PA, USA) inverted microscope under 

fluorescence illumination and a 100x objective. Thin filament movement was recorded 

using a Hamamatsu ORCA-ER cooled CCD (Hamamatsu City, Japan). For each 

preparation 8-12 sites on a surface were recorded for a minimum of 25 seconds. Using the 

MetaMorph 7 system (Molecular Devices, Sunnyvale, CA, USA), the movement of each 

filament in the field of view was recorded using frame-grabbing rates of 5-10 frames/sec. 

The Track Points program in MetaMorph software was used to track filament centroids 

and compute their frame-to-frame movements. Mean speeds for at least 100 individual 

filaments were calculated for each condition. Filaments were classified according to 

whether they were moving or not, and whether they demonstrate erratic or uniform 

movements as previously described [63]. 

Circular Dichroism  

 

Far-UV circular dichroism (CD) spectra of WT and D230N-Tm were obtained 

using an Olis DSM-20 (Analytical Biophysics Core, University of Arizona) scanning from 

200-260 nm at 20C. Additionally, the temperature dependence of mean residual ellipticity 
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at 222 nm was monitored from 10C to 70C at a heating rate of 2Cmin-1 with a 2-minute 

equilibration period. Far-UV CD spectra were reported at every temperature as an average 

of ten scans. The samples contained ~0.3 mg/ml of WT or D230N as-Tm in 50 mM sodium 

phosphate, pH 7.0, 100 mM NaCl, 1 mM MgCl2, and 1 mM ME. Spectra were confirmed 

through second heating after samples were cooled back down to 10°C suggesting the 

presence of thermodynamic equilibrium. Mean residual ellipticity was plotted as a function 

of temperature and the curves were fit in GraphPad via a non-linear least squares fit and 

EC50 was calculated [67]. 

Differential Scanning Calorimetry  

 

For experiments with Tm alone WT and D230N-Tm were dialyzed in a degassed 

MOPS Buffered Saline (MBS) containing 20 mM MOPS, 0.1 M NaCl, 1 mM EDTA, and 

1 mM β-ME, pH 7.0 [39]. The concentrations of samples were: WT-Tm 1.81 mg/mL and 

D230N-Tm 1.86 mg/mL. Samples were degassed for 5-10 minutes at 10°C prior to loading 

into the instrument. A NanoDSC (TA Instruments, New Castle, DE, USA) was used to 

assay the thermal stability of the proteins. For each test, equivalent volumes of buffer and 

sample were loaded. The instrument scanned from 20 to 70 ˚C at 1.0 ˚C/min with a 600 

second equilibration. A buffer-buffer scan was also performed and applied as the 

background. Reversibility was checked by scanning each sample twice, during initial and 

second heating. All of the data was evaluated with the NanoAnalyze DSC Software 

package. Due to reversibility of the transitions, the data was fitted with a Van’t Hoff two-

state model. The main output for this model is melt temperature (thermal transition, Tm ̊ C), 

and Enthalpy (ΔH kJ/mol). For subsequent experiments containing partially and fully 
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reconstituted thin filaments Tm, Tn Complex, and Actin were dialyzed against degassed 

hepes buffered saline (HBS) containing (30 mM Hepes KOH, 1 mM MgCl2, 200 mM KCl, 

1 mM βME).  After 3 changes in dialysis buffer proteins were reconstituted in a 2:3 

Tm:Actin ratio (partially reconstituted system) or a 5:5:7 Tm:Tn:Actin ratio (fully 

reconstituted system) and vacuum degassed prior to loading. The concentration of partial 

and fully reconstituted samples was kept between 1.4-2.0 mg/mL which is lower due to 

cTnT’s concentration being a limiting factor that changes with each purification. The 

instrument scanned from 10 ˚C to 90 ˚C at 0.5 ˚C/min with a 600 second equilibration. A 

buffer-buffer scan was taken and applied as the background for each scan. Since the partial 

and fully reconstituted system is no longer a reversible transition the data was fit with 4 

Gaussians instead of a Van’t Hoff two-state model. The main output for this model is 

thermal transition (calorimetric domain, Tm), and Full-width half-max (FWHM).    

Isothermal Titration Calorimetry  

 

WT and D230N thin filaments were dialyzed, degassed, and reconstituted as above 

described in HBS. Concentrations of thin filament reconstitutions were kept between 1.4 

and 2.0 mg/mL. A NanoITC Affinity (TA Instruments New Castle, DE, USA) was used to 

assay the binding kinetics of various small molecules to the reconstituted thin filament. For 

each test reconstituted thin filament (300 μL) was loaded with a leur lock syringe 

(Hamilton, Reno, NV, USA) into the sample cell, and an equal volume of nanopure 

degassed water was added to the reference cell and the cell was capped to prevent 

evaporation. Following the loading protocol in the NanoITC software, the syringe was 

loaded with varying concentrations (μM) of small molecules predicted to bind the thin 
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filament via molecular dynamics simulations (Schwartz Group, University of Arizona). 

After loading, a program outlining the experimental conditions (hold temperature, injection 

size, equilibration time, injection number) was uploaded and run. The data was analyzed 

with NanoAnalyze ITC software package. After baseline subtraction, an independent 

model was fit to the raw data and the binding constant (Kd), number of binding events (n), 

Enthalpy (ΔH), and Entropy (ΔS) were reported.  

Cloning of the Cardiac Specific Inducible Fetal cTnT Murine Model 

 

Constructs for the generation of the cardiac specific inducible fetal cTnT responder 

mouse were kindly provided to us by Dr. J.D. Molkentin (Cincinnati Children’s Hospital, 

attenuated alpha-myosin heavy chain promoter) and Dr. J. P. Jin (Wayne State University, 

fetal cTnT insert). Primers for the identification of mice containing the fetal cTnT insert 

driven by the attenuated alpha myosin heavy chain promoter can be found in Table 9. In 

brief, primers for the modification of the ends of the fetal cTnT fragment (1214 kb) were 

designed to generate compatible restriction/ligation sites into the attenuated promoters 

multiple cloning site (SalI and HindIII). Upon PCR modification the fragment was 

restriction digested and gel purified in preparation for ligation. The attenuated promoter 

was likewise restriction digested and gel purified. Due to the difficulty of the purification 

and ligation reaction the University of Arizona Gemm Core then took over the ligation of 

the two fragments. Once successful ligation was achieved, diagnostic digest (PSTI and 

SalI/HindIII) and sequencing confirmed the insertion. Restriction digest of the completed 

plasmid with BamHI linearized the promoter with insert in preparation for pronuclear 

injection (Performed by UAGC). Once pups positive for the inducible transgene were 
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acquired they were bred to tTA driver mice (obtained from Prof J.D Molkentin, Cincinnati 

Children’s Hospital) in order to elicit transgene expression.   

Antibody Design and Testing  

 

21st Century Biochemicals, Inc (Malborough, MA, USA) was contracted in the 

design and production of two polyclonal rabbit primary antibodies specific for fetal cTnT 

and D230N-Tm. The company was supplied with the amino acid sequence of the region of 

interest and a proprietary method was used in the design and purification of the two 

antibodies. In brief, two peptides that overlap the site of interest were introduced, one 

conjugated at the N-terminus and on at the C-terminus. The WT peptide was then used to 

QC and immunodeplete the purified antibody. Five production bleeds and one 

exsanguination bleed were obtained for each antibody and specificity westerns were run in 

our lab to optimize the antibody protocol for western blotting (Figure 8).  

Myofibrillar Protein Preparation  

 

Total myofibrillar protein was prepared as previously described with slight 

modification [68]. Briefly, hearts were excised and ventricles were dissected in relax buffer 

(standard rigor buffer (SRB) + 4mM Creatine Phosphate, 1 mM ATP. 50mM BDM, 1% 

Triton X-100). Ventricles were homogenized in rapid rigor buffer (SRB + 25 mM EDTA) 

and myofibrils were collected by centrifugation. Myofibrils were then washed in SRB (75 

mM KCl, 10 mM imidazole, 2 mM MgCl2, 2 mM EGTA, 1 mM sodium azide, 1 mM DTT, 

5g/ml Leupeptin, 1g/ml Pepstatin, 0.1 mM PMSF, 1 mM Benzamidine-HCl) + 1%  
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Figure 8: Western Blot for the Specificity of Novel Antibodies against Fetal cTnT 

and D230N-Tm. 

(Top) Western blot against fetal cTnT (~37 kDa) Hearts from the constitutive (70%) fetal 

cTnT line (positive control) and their Non-Tg (negative control) littermates were 

homogenized and 15 μg total protein were loaded in each lane. Calsequestrin (CSQ 

~55kDa) was used as a loading control. Bar graph quantifies band intensity, Values are 

expressed as Mean ± S.E.M. a student’s t-test was used to determine statistical significance. 

**** p < 0.0001 vs Non-Tg (Bottom) Western blot against D230N-Tm (~35 kDa), CSQ 

was used as a loading control. The first two lanes are loaded with E.coli purified D230N-

Tm and WT-Tm. Then three lanes each were loaded with lysate prepared from the hearts 

of Non-Tg and D230N-Tm transgenic mice (40 μg total protein). Bar graph quantifies band 

intensity. Values are expressed as Mean ± S.E.M. a student’s t-test was used to determine 

statistical significance. * p < 0.05 vs Non-Tg. 
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Triton X-100. The spin/wash steps were repeated with SRB + 1% Triton X-100, then twice 

with SRB. Finally, myofibrils were resuspended in SRB. Protein concentration was 

quantified using Pierce BCA™ Protein Assay Kit with bovine serum albumin as a standard. 

Quantitative Western and LICOR Blot 

 

Quantitative immunoblotting of whole cardiac homogenates was carried out as 

previously described [69]. Western blots of cardiac homogenates were incubated with the 

following primary antibodies: D230N-Tm (21st Century Biochemical, Malborough, MA, 

USA), fetal cTnT (21st Century Biochemical, Malborough, MA, USA), Phospho-cTnI 

(Cell Signaling, Danvers, MA), and actin (Santa Cruz, Dallas, TX) and calsequestrin 

(ABR/Thermo, Waltham, MA, USA) as a loading control. Blots were then incubated with 

peroxidase-labeled secondary antibodies (Merck Millipore, Billerica, MA, USA) or Near 

Infrared secondary antibodies (IRDye, Biotium) immunoreactivity was quantified using 

NIH ImageJ and Odyssey Imaging system respectively.  

Real Time-quantitative Polymerase Chain Reaction (RT-qPCR)  

 

Tissue from donor hearts (obtained from Dr. Sharlene Day, University of Michigan) 

was used to isolate total RNA following the RNeasy protocol (Qiagen, Hilden, Germany). 

Briefly, In an RNase free area, small pieces of cardiac tissue were chipped off with a mortar 

and pestle under liquid nitrogen to obtain approximately 30 mg of tissue. Tissue was then 

homogenized in 600uL buffer RLT in the mortar and pestle and transferred into a small 

RNase free liquid nitrogen cooled eppe tube. The tissue was further homogenized using a 
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needle and syringe. The solution was centrifuged and the supernatant was removed and put 

into a clean micro-centrifuge tube. One-volume of 70% ethanol was added and mixed then 

the solution was transferred into an RNeasy spin column (Qiagen, Hilden Germany). 

Samples were centrifuged to bind total RNA to the column then washed with buffer RW1 

and RPE 3 times. Flow through was discarded after each wash. Lastly, the column was 

placed in a clean RNase free 1.5 mL eppe and 30μL RNase free water was added to the 

membrane, incubated for 1 minute, and collected by centrifugation to elute the RNA. The 

absorbance at 260 nm (A260) and 280 nm (A280) was taken for each sample to determine 

yield and check for DNA and protein contamination. Samples were approved for further 

use if the 260/280 ratio (A260/280) was > 1.8. Additionally, samples were run on a 1% 

agarose gel as a quality check before further experimentation. RNA was determined to be 

good quality if a clear 18S and 28S rRNA band were visible with minimal smearing where 

the 28S band is approximately 2 times as intense as the 18S band.  

From total RNA collected from human donor tissue and total human embryonic 

cardiac RNA (pooled from 5 spontaneously aborted fetuses aged 20-40 weeks embryonic, 

Clontech, Mountain View, CA) cDNA was synthesized (Maxima K1641, Thermo 

Scientific, Waltham, MA, USA). In addition to the experimental reactions negative 

controls (without reverse transcriptase and without template) were run to assess for 

genomic DNA contamination and reagent contamination. cDNA synthesis reaction was 

performed as outlined in the Maxima kit. Briefly, reactions were gently mixed, centrifuged 

and incubated (10 minutes room temperature, 15 minutes 50 °C). The synthesis reaction 

was terminated as 85 °C for 5 minutes. Before proceeding with qPCR, the cDNA was 

checked for quality and quantity. A 1% agarose gel was run to ensure a single band was 
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present (multiple bands would indicate contaminating DNA or RNA), and the absorbance 

at A260/280 was again taken. A ratio above 1.8 indicates a successful synthesis (lower ratio 

would indicate protein contamination). Additionally, the A260 was used to calculate the 

quantity of single strand (ss) and double strand (ds) DNA where the A260 = sum of the 

extinction coefficient x cuvette path length x concentration. 50-100 ng of template was 

required to proceed to qPCR.  

For qPCR, reactions were prepared in Rotogene tubes (Qiagen, Hilden, Germany) 

using SYBR green Master Mix (Thermo Scientific, Waltham, MA, USA). Primers for the 

amplification of regions of interest can be found in Tables 3 and 4 and were used at a 

working concentration of 4µM. Quantitative results were then interpreted using the 

Rotogene software following the MIQE Guidelines for the publication of qPCR [70].    

In vivo Methods 

2D Echocardiography  

 

Echocardiograms were acquired using the Vevo 2100 High-Resolution In vivo 

Imaging System (Visual Sonics, Toronto, Ontario, Canada). Mice under continuous 

anesthesia of 1.5% isoflurane were taped onto a platform with Signagel (Parker 

Laboratories, Fairfield, NJ, USA) to simultaneously acquire electrocardiograms. Internal 

body temperature was maintained at 37°C throughout. Parasternal long-axis and short axis 

views were recorded at the papillary muscle level in M-mode and B-mode. 

Echocardiograms were analyzed by tracking left ventricular dimensions (LV Trace) 

through three full cardiac cycles in M-mode. Additional measurements were taken in M-
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mode of LV wall thickness in systole and diastole as well as LV internal diameter in systole 

and diastole to confirm the LV Trace dimensions. LV Trace was then used to calculate 

percent ejection fraction (%EF), percent fractional shortening (%FS), cardiac output (CO), 

and stroke volume (SV).  

Pressure-Volume Loops  

 

In vivo pressure-volume analysis was performed in age matched (2-3 months) mice 

as previously described with slight modification [71]. In brief, mice were anesthetized and 

ventilated with 1.5% isoflurane using a SAR-1000 Small Animal Ventilator (CWE, 

Ardmore, PA, USA). Body temperature under anesthesia was maintained at 37°C and a 

lateral incision was made to expose the apex of the heart. A 1.2F catheter was then inserted 

into the LV. Baseline functional parameters were assessed during a pause in ventilation to 

avoid respiratory artifacts. To obtain load-independent indices, including the end-systolic 

and end-diastolic pressure-volume relationships, the IVC was temporarily occluded to vary 

the preload conditions. Data acquisition and analysis was performed using LabScribe 2 

(iWorx, Dover, NH, USA) and curve fitting was performed with MATLAB (MathWorks, 

Natick, MA, USA). 

Ex Vivo Methods 

Cardiac Myocyte Isolation 

 

Isolation of cardiac myocytes was performed as previously described with slight 

modification [72, 73]. In brief, 4-6-month-old male mice were given an intraperitoneal 
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injection of 200 U heparin. After 5-10 minutes hearts were rapidly excised under inhaled 

anesthesia (1.5% Isoflurane). In a small petri dish hearts were rinsed in ice cold perfusion 

buffer (113 mM NaCl, 4.7 mM KCl, 0.6 mM Na2HPO4, 0.6 mM KH2PO4, 1.2 mM MgSo4, 

0.032 mM Phenol Red, 12 mM NaHCO3, 10 mM KHCO3, 30 mM Taurine, 10 mM Hepes, 

5.55 mM Glucose, 9.9 mM BDM) and trimmed of blood vessels and thymus tissue to 

isolate the aorta. The aorta was cannulated using a 23-gauge luer stub adapter 

(Intramedic/BD, Franklin Lakes, NJ, USA) covered with a small amount of Polyethylene 

(PE)-50 tubing with the end slightly melted to anchor the heart to the cannula. Around the 

cannula, a 4-0 silk braid suture was tied around the aorta below the first branch off the 

aortic arch (right innominate artery). Care was taken to ensure the cannula did not penetrate 

the aortic valve as this would impede flow into the coronary ostia and result in insufficient 

digestion of the heart. Upon cannulation, ice cold oxygenated (95% CO2/5% O2) perfusion 

buffer was pumped through the heart with at constant flow of approximately 3mL/min 

using a peristaltic pump (Rabbit Peristaltic Pump, Metler-Toledo Rainin, Oakland, CA, 

USA). The cannulated heart was then transferred into a water jacketed glass heating coil 

(CGS International, San Francisco, CA, USA) and the heart was perfused with KHB for 4 

minutes and allowed to rest. A water bath circulator (HaakeC10, Thermo Fisher, Waltham, 

MA, USA) set to 37°C was used to maintain the temperature of the perfusate at body 

temperature. After the rest period the perfusate was changed to digestion buffer (KHB plus: 

Roche-Liberase TH 0.2 Wünsch units/mL, Invitrogen-Trypsin 0.0139%) for 7 minutes or 

until perfusion caused the heart to become pale and sag under its weight. The ventricles 

were then excised and placed in a petri dish containing the last 2 minutes of perfusate that 

was collected during digestion. The ventricle was then cut into small pieces and triturated 
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using a small transfer pipet (Fisher Scientific) to dissociate the myocytes, this was done for 

no longer than 1.5 to 2 minutes. Triturating the heart with little effort is an indication of a 

good digestion. This cell solution was the passed through a nylon mesh (132 µm opening, 

Labnet International, Edison, NJ, USA) fastened over the top of a 50-mL conical tube. An 

equal volume of stopping buffer 1 (KHB plus: bovine calf serum 10%, CaCl2 12.5 µM) 

was passed through the mesh and the cells were allowed to settle in a 37°C incubator for 

10 minutes. Bovine calf serum serves to inactivate proteases. After settling a small pellet 

was observable at the bottom of the conical and the sides of the conical were lightly tapped 

to further settle any myocytes attached to the walls of the tube. The supernatant was then 

removed and stopping buffer 2 (KHB plus: bovine calf serum 5%, CaCl2 12.5 µM) was 

added for a final volume of 10 mLs. The cells were allowed to settle for 10 minutes in a 

37°C incubator. The supernatant was again removed and the cells were re-suspended in 

stopping buffer 2 and aliquoted into 4 equal volumes in 15 mL round bottom tubes.  

 For phosphorylation experiments, isolated cardiomyocytes were then incubated in 

1 mL (each tube) of 37°C DMEM plus 5%FBS and Penn/Strep (Invitrogen) and placed in 

a humidified, oxygenated incubator at 37°C for 2 hours and allowed to rest. At the end of 

incubation, a pellet was visible at the bottom of the tube and the media was carefully 

aspirated off. In order to dilute the serum 3 mL M199+ (10mM L-glutathione reduced, 

0.003 mM BSA, 26 mM NaHCO3, 35 mM HEPES, M199, Invitrogen) media was added 

to each tube and allowed to incubate for an additional hour. This step was repeated to 

ensure the serum was exchanged out. Phosphorylation stop solution (200 mM Histidine pH 

6.8, 100 mM MgCl2, 500 mM NaF, 100 mM EGTA pH 7.0, 10 mg/mL BSA fraction V, 

heat shock) and experimental M199+ solutions (+ 100 nM Isoproterenol, + 10 nM 
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Calyculin A, + 100 nM ISO and 10 nM CA) were prepared during the final incubation. 

Each tube was incubated for 10 minutes with one of the following solutions: M199+, 

M199+ ISO, M199+ CA, and M199+ ISO/CA. Following incubation media was carefully 

aspirated off and replaced with 50 μL ice cold phosphorylation stop buffer. Cells were then 

prepped for western blotting. 

Isolated Ex Vivo Hemodynamics 

 

Hearts from 4-6-month-old male and female mice were isolated and perfused as 

described above for the isolation of cardiac myocytes but the procedure diverges upon 

commencement and type of perfusion. The heart was perfused with a constant flow of 3 

ml/min with 37°C, pH 7.4 modified Krebs-Henseliet solution (in mmol/L: NaCl 137, KCl 

4, NaHC03 24.9, MgS04» 7H20 1.2, glucose 11.2, CaCl2 1.8) that was aerated with 95% 

02/ 5% C02. Once perfusion had begun, the left atria was excised off exposing the mitral 

valve. In order to drain Thebsian flow out of the left ventricle a one inch long piece of PE-

50 tubing with one end melted (to anchor the tube inside the ventricle) was passed through 

the mitral valve opening and pierced through the apex of the left ventricle. A custom-made 

polyvinyl chloride film balloon (2-3 mm or 4-5 mm) attached via PE-50 tubing to a 

pressure transducer was then passed through the opening of the mitral valve and inflated 

to set and end diastolic pressure of approximately 10 mmHg and held constant for the 

remainder of the recording. The balloon was made by folding a 1 inch piece of PVC film 

and tying it to one end of PE-50 tubing with 6-0 silk braided suture to ensure a water tight 

seal. The other end of the PE-50 tubing had a 23-gauge cannula (Intramedic/BD, Franklin 

Lakes, NJ, USA). The balloon was then filled with degassed nanopure water and allowed 



51 
 

to soak in degassed water until all air was out of the balloon and tubing and the PVC film 

was slightly pliable. These balloons, filled with degassed water, were attached to a clip-on 

dome with a silicone base that connects directly to the pressure transducer coupled to the 

Powerlab 8/30 acquisition system (ADInstruments, Sydney, Australia). A 100 µL gas tight 

Hamilton syringe was attached to one end of the balloon/transducer system and used to 

inflate or deflate the balloon. The balloon/transducer setup was calibrated to atmospheric 

pressure as per manufacturer’s instructions at the beginning of each experiment. While 

perfusing and after insertion of the balloon into the left ventricle platinum wires were 

placed onto the right atrium to electrically pace the heart at 400 bpm (6.67 Hz, 10 mAmps). 

The heart was the submerged into a water jacketed perfusion bath to maintain temperature 

at 37°C for the duration of the experiment. The heart was then allowed to perfuse and 

equilibrate to its environment for 20 minutes before data collection began. Pressure 

development over time was tracked using the Powerlab ChartPro version 7.0 software 

system (ADInstruments, Sydney, Australia) at a sampling rate of 1 kHz. Blood Pressure 

module version 1.3 was used to compute the derivative of the pressure signal from an 

average of 10 consecutive tracings to compute peak positive change in pressure over time 

(+dP/dt) and peak negative change in pressure over time (-dP/dt). Any heart with a systolic 

pressure above 90 mm Hg was used for recording purposes. 

Statistical Analysis  

All values are reported as mean  S.E.M. calculated using GraphPad Prism 5 and Prism 7 

(San Diego, CA). Functional parameters (including echocardiographs, isolated ex vivo 

hemodynamics, and PV loops) were analyzed using a student’s t-test, One-way ANOVA, 
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or Two-way ANOVA to compare to Non-Tg as indicated in the Figure/Table Legend where 

applicable. Myocellular mechanics and intracellular calcium transients were analyzed via 

two-way ANOVA with a Bonferroni post-test. For R-IVM a student’s t-test was used for 

statistical comparison to WT filaments. The thermal stability and structure assessed via 

DSC and CD was analyzed using an extra sum of squares F-test, least squares fit, and one-

way ANOVA for comparison to WT-Tm.  For all analyses a p-value of less than 0.05 was 

accepted as statistically significant. 
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Chapter 4 – Results 
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Specific Aim 1 

Generation of D230N-Tm Mice 

 

To study the pathological effects of the D230N-Tm mutant in vivo, Tm carrying the 

D230N mutation was expressed in mice under the cardiac specific alpha-MHC promoter 

by a former graduate student in the Tardiff Lab (Grinspan LT). Primers for the design of 

this construct can be found in Table 1. Using one-dimensional isoelectric focusing, high 

expresser (57%) and low expresser (10%) lines of the D230N transgene were identified 

(Figure 7). More recently, mass spectrometry was used to confirm expression levels in the 

high expressing line and revealed ~69% of the D230N-Tm transgene (Figure 7). Due to the 

consistent phenotype observed at high and low levels of expression subsequent 

experimentation was done with the D230N-high line. In the following studies, these mice 

will be referred to as D230N-Tm unless otherwise indicated. Digestion of DNA from 

tail/toe clips was amplified via polymerase chain reaction (PCR) and used to identify mice 

with the transgene. The primers used for PCR identification of D230N-Tm transgenic mice 

can be found in Table 2. 

D230N-Tm Effect on Cardiac Function  

 

The cardiac function of adult D230N transgenic mice and their Non-Tg siblings 

was evaluated via echocardiography to follow disease progression and assess the extent of 

ventricular remodeling by a previous graduate student (Grinspan LT), and confirmed upon 

re-derivation into the Bio5 facility (Table 5). At 6 months D230N mice exhibit an increased  
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Table 1: Primers for the Design of the D230N-Tm Transgenic Mouse. 

 

Table 2: Primers for the Identification of the D230N-Tm Transgenic Line. 

 

Table 3: Primers for the Quantification of Human Fetal and Adult cTnT via RT-

qPCR. 

 

 

Table 4: Primers for the Quantification of Mouse Fetal and Adult cTnT via RT-

qPCR. 
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left ventricular chamber size compared to Non-Tg. Diastolic and systolic left ventricular 

internal diameter (LVID) was significantly increased in the D230N mice (4.382  0.081 

and 3.356  0.174 mm) compared to Non-Tg (3.844  0.886 and 2.510  0.110 mm). 

Similarly, end diastolic volume (EDV) and end systolic volume (ESV) of D230N mice 

(87.01  3.89 and 46.78  6.02 μl) were significantly increased compared to Non-Tg (64.73 

 4.37 and 23.49  2.95 μl). Cardiac function parameters demonstrated decreased 

contractile function in the D230N mice compared to Non-Tg siblings. The ejection fraction 

(%EF) of D230N mice (46.78  4.42 %) was decreased compared to Non-Tg (67.11  3.68 

%). Their percent fractional shortening (%FS) was also significantly decreased (23.52  

2.57 %) compared to Non-Tg (37.03  2.97 %). Of note, alterations in all the parameters 

described above are detected as early as two months.  

To expand on these functional data, we utilized isolated ex vivo hemodynamics a 

more sensitive measure of cardiac function. At 3 months of age there was no significant 

difference in dPmax or dPmin between Non-Tg and D230N-Tm mice (Figure 9). This was a 

surprise to us as there is clear dilation observable via 2D echocardiography. We attributed 

this lack of a functional difference to a technical limitation of the set-up. To obtain 

functional parameters a small balloon attached via tubing to a pressure transducer is 

inserted into the left ventricle (LV) to monitor LV pressure over time. Typically, the same 

balloon is used in both Non-Tg and transgenic hearts, however, due to the large difference 

in LVID (Table 5) between Non-Tg and D230N-Tm hearts it was necessary to change 

balloons (from a 2-3 mm balloon to a 4-5 mm balloon). It is likely that this change is what 

resulted in the lack of a functional difference for these clearly dilated hearts from Non-Tg.  
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Table 5: Summary of Echocardiographic Parameters. 

Obtained at 2 and 6 months for D230N-Tm hearts. Left ventricular internal diameter in 

diastole and systole (LVIDd and LVIDs respectively), end diastolic volume (EDV), end 

systolic volume (ESV), ejection fraction percent (%EF), fractional shortening percent 

(%FS), cardiac output (CO). Values are expressed as Mean ± S.E.M. Student’s t-test was 

used for statistical comparison to Non-Tg * p ≤ 0.05, ** p ≤ 0.01. 
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Figure 9: Cardiac Function Assessed via Isolated Ex Vivo Hemodynamics. 

NT (Non-Tg, black) and D230N-Tm in grey. Max dP/dt (contractility), Min dP/dt 

(lusitropy), EDP (end diastolic pressure), and Tau (Weiss). No significant difference (ns) 

was found in any parameter. Values are expressed as Mean ± S.E.M.   
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Therefore, pressure volume loops (PV loops) were employed to determine if the 

mutation alters baseline function and contractile reserve (Figure 10, Table 6) at 3 months. 

PV recordings showed that left ventricular contractile function was significantly decreased 

in the presence of the mutation with no effect on relaxation for both male and female 

D230N mice (Table 6). The slope of the end systolic pressure-volume relationship 

(ESPVR; Non-Tg male 3.8  0.3, D230N-Tm male 2.1  0.3, Non-Tg female 4.6  0.3, 

D230N-Tm female 1.9  0.1)) and dPmax (Non-Tg male 9256.3  806.9 mmHg/sec, 

D230N-Tm male 6894.4  501.2 mmHg/sec, Non-Tg female 9273.7  979.7 mmHg/sec, 

D230N-Tm female 5900.4  515.4 mmHg/sec) were significantly decreased for D230N 

mice, consistent with decreased contractile performance. Additionally, increases in ESV 

(Non-Tg male 27.1  4.3 μLs, D230N-Tm male 55.4  7.3 μLs, Non-Tg female 13.37  

3.3 μLs, D230N-Tm female 45.1  6.4 μLs) and EDV (Non-Tg male 65.8  6.3 μLs, 

D230N-Tm male 102.9   12.2 μLs, Non-Tg female 42.0  7.9 μLs, D230N-Tm female 

78.7   8.0 μLs) were evident for D230N mice (Table 6). These PV recordings indicate a 

loss of contractile reserve for D230N mice and confirmed the extent of the systolic 

dysfunction observed via echocardiography 

Effect of the D230N Mutation on Myocellular Mechanics and Calcium Kinetics 

 

To determine the effects of the mutation on Ca2+ homeostasis, myocytes were isolated 

from 4 to 6-month-old D230N mice and their Non-Tg siblings were performed by former 

graduate students in the Tardiff Lab (Grinspan LT, Jimenez J). Mechanical function and 

intracellular Ca2+ transients were measured in myocytes at baseline and with β-adrenergic  
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Figure 10: Cardiac Function Assessed via Baseline and Occlusion PV Loops. 

Non-Tg (Blue) and D230N-Tm (Red) mice. (A-B) male, (C-D) female aged 3 months. N 

= 3-4 per group. Values are summarized in Table 2.  

Table 6: Summary of PV Loop Functional Parameters for D230N-Tm. 

Obtained from Baseline and Occlusion PV loops (Figure 7). Rate of pressure change 

maximum and minimum (dPmax and dPmin), end systolic volume (ESV), end diastolic 

volume (EDV), end systolic pressure volume relationship (ESPVR), end diastolic pressure 

volume relationship (EDPVR). Values are reported mean ± S.E.M. student’s t test was used 

to assess significance vs Non-Tg. * p < 0.05, compared to Non-Tg males, # p < 0.05, #### 

p < 0.0001 compared to Non-Tg females. N = 3-4 per group. 
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stimulation (isoproterenol). The rates of contraction and relaxation in D230N-Tm 

myocytes are significantly increased compared to Non-Tg (Figure 11 A-C). Peak amplitude 

Ca2+ transients were significantly increased in D230N-Tm myocytes compared to Non-Tg 

at baseline (Figure 11 D). Additionally, the rates of Ca2+ rise and fall are greater in D230N-

Tm myocytes than Non-Tg at baseline (Figure 11 D-F). The baseline sarcomere length of 

D230N-Tm myocytes was not significantly different than that of Non-Tg (Figure 11 G). 

To determine whether the mutation alters the response to β-adrenergic stimulation, we 

measured the effect of isoproterenol on all parameters. An increase in the rate of 

contraction and relaxation was observed as well as increased rate of Ca2+ transients for both 

Non-Tg and D230N-Tm myocytes compared to their baseline values (Figure 11). Notably, 

the increase was significantly less pronounced in D230N-Tm myocytes whose baseline is 

high compared to Non-Tg (Figure 11). 

Effect of the D230N Mutation on Myofilament Activation 

 

Regulated-in vitro motility (R-IVM) was used to study the effect of the D230N 

mutation on Tm regulation of myofilament activation (Grinspan LT, Figure 12, and Table 

7). Maximum sliding velocity (Vmax) of filaments carrying the D230N-Tm was lower than 

that of WT-Tm filaments with values of 5.055  0.060 μm/sec and 5.208  0.029 μm/sec, 

respectively. The presence of D230N-Tm decreased the nH (Hill coefficient) compared to 

WT-Tm with values of 1.04 ± 0.03 and 1.96 ± 0.05, respectively. The presence of the 

D230N-Tm decreases the Ca2+ sensitivity (6.637 ± 0.012) compared to WT-Tm filaments 

(6.920 ± 0.007). This right shift in Ca2+ sensitivity supports observations from in-solution  
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Figure 11: Myocellular Mechanics and Intracellular Calcium Transients. 

Field stimulated ventricular myocytes (Grinspan LT, Jimenez J) (A) Representative 

contraction/relaxation recordings from 4-6 month old Non-Tg and D230N-high transgenic 

myocytes. (B-C) Cardiac myocyte mechanical measurements. (D) Representative calcium 

transient recordings from 4-6 month old Non-Tg and D230N-high transgenic myocytes. 

(E-F) Cardiac myocyte calcium transient measurements. (G) Baseline sarcomere length 

and (H) peak calcium transient amplitude of D230N-Tm myocytes vs. WT-Tm myocytes. 

An n = 4-5 animals were used for each group with at least 30 cells analyzed. Values 

expressed as mean ± S.E.M. Two-way ANOVA was used for statistical analysis with a 

Bonferonni post test. ** p < 0.01 in comparison to NT, # p < 0.05 baseline versus 

isoproterenol (ISO). 
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Figure 12: Myofilament Activation Assessed via Regulated-In Vitro Motility. 

Filaments containing WT (blue) or D230N-Tm (red) at varying calcium concentrations 

showing the normalized velocity of filament sliding as a function of pCa (Grinspan LT). 

Vmax values are reported as means of the filament sliding velocity at pCa 5 (Table 7). The 

EC50 and slope values were obtained from normalized fits of the Hill equation to mean 

filament speed at each pCa; 150 filaments per condition were analyzed. Values are 

expressed as mean ± S.E.M and summarized in Table 3. A student’s t test was used for 

statistical comparison. *** p < 0.001 relative to WT filaments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7: Summary of Velocity-pCa Relationship. 

Summarized in vitro motility data (Figure 12). Values are reported as Mean ± S.E.M. *** 

p < 0.001 compared to WT-Tm. 
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assays for this mutation that described a decrease in Ca2+ sensitivity of ATPase activity in 

filaments that contain the D230N mutation [33].   

Thermal Stability and Structure of D230N-Tm 

 

To study the effects of the mutation on the secondary structure and thermal stability 

of WT and D230N-Tm circular dichroism (CD) was employed. It has been previously 

shown that the secondary structure of Tm is nearly 100% alpha helical [15]. CD spectra of 

WT-Tm and D230N-Tm confirmed nearly 100% alpha helical structure with no statistical 

difference between them (Figure 13). The thermal stability of D230N-Tm was also 

measured via CD and compared to WT-Tm. The mean residual elipticity at 222 nm was 

plotted as a function of temperature to determine their thermal transitions or melt 

temperatures (Tm) (Figure 13, Table 8). The Tm for WT-Tm (44.2 ± 0.1) vs D230N-Tm 

(45.4 ± 0.1) was found to be significantly different, suggesting that the D230N mutation 

increases the thermal stability of Tm which indicates a decreased flexibility for D230N-

Tm compared to WT-Tm. 

To further evaluate the stability of WT and mutant Tm the thermal stability was 

measured via differential scanning calorimetry (DSC). An advantage of this technique is 

that it allows separate characterization of the two calorimetric domains, or thermal 

transitions, of Tm unfolding that correspond to the N- and C-terminus, thus providing 

regional data on the effect of the mutation [39, 74, 75]. D230N-Tm exhibited significantly 

increased thermal stability as compared to WT-Tm, for the C-terminus, (D230N-Tm 

domain-1 (d1) 44.7 ± 0.06 °C, domain-2 (d2) 52.8 ± 0.10 °C; WT-Tm d1 43.7 ± 0.06 °C, 

d2 53.1 ± 0.10 °C) as can be seen by a rightward shift in the peak Tm values for the mutant  
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Figure 13: Thermal Stability and Structure of Tm Assessed via Circular Dichroism. 

Human WT and D230N-Tm assessed. (Left) Spectra from 200 to 260 nm of WT and 

D230N-Tm at 20C. (right) The mean residue elipticity of 0.3 mg/mL WT (blue) and 

D230N (red) at 222 nm is graphed as a function of temperature.  n=3, each an average of 

3-5 scans. Extra sum of squares F test and least squares fit analysis were used for statistical 

comparison of WT to D230N-Tm. Values in Table 6 are reported as mean ± S.E.M **p < 

0.01, ****p < 0.0001 compared to WT-Tm. 

  



66 
 

Figure 14: Thermal Stability of WT and D230N-Tm Assessed via DSC. 

The heat capacity (kJ/mol*K) of 1.8 mg/mL WT (blue) and D230N (red) Tm is graphed as 

a function of temperature. Solid lines represent experimental fit after subtraction of 

baseline and instrumental background. The heating rate was 1°C/min from 20-70°C. 

Reported values were determined from the fit of the two curves (Van’t Hoff two-state 

model), one-way ANOVA was used to determine statistical significance. Values in Table 

6 are reported as mean ± S.E.M **p < 0.01, ****p < 0.0001 compared to WT-Tm. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8: Summary of Calorimetric Data. 

Obtained from DSC and melt temperature from CD (Figure 7) of WT-Tm and D230N-Tm. 

Values are reported as mean ± S.E.M. ** p < 0.01 **** p < 0.0001 compared to WT-Tm. 
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(Figure 14, Table 8). This shift is significantly more pronounced in the first domain (d1) 

corresponding to the C-terminus of Tm indicating that the C-terminus (proximal to the 

mutation) is less flexible for D230N-Tm than WT-Tm. The shift in Tm for d1 was 

accompanied by a significant increase in the Van’t Hoft enthalpy (ΔHVH) of approximately 

20% from WT-Tm (D230N-Tm d1 693 ± 8 kJ/mol (69% total), d2 448 ± 21 kJ/mol (31% 

total); WT-Tm d1 604 ± 19 kJ/mol (56% total), d2 381 ± 9 kJ/mol (44% total)) (Table 4). 

This increase in Tm (directly related to the free energy) is a result of an increase in ΔHVH. 

Of note, the N-terminus (d2) was also affected by the mutation despite being much further 

from residue 230 indicating that the mutation’s effects can be propagated a significant 

distance (Figure 14, Table 8). A statistically significant decrease in ΔHVH from WT to 

D230N-Tm, and a small decrease in Tm was observed.  

To determine if the changes in flexibility at each termini are transmitted through 

the overlap thus altering the flexibility of the entire Tm filament DSC was employed with 

partially reconstituted thin filaments (PTF) containing actin and Tm (2:3 ratio Tm:Actin). 

The addition of actin to this system results in the appearance of an two additional 

calorimetric domains one corresponding to the unfolding of Tm off of actin and the other 

to globular actin unfolding (Figure 15) [74]. The unfolding domains are as follows: d1 – 

C-terminus of Tm, d2 – Tm denaturing off actin, d3 – N-terminus of Tm, and d4 – globular 

actin. As was observed with DSC on Tm alone there was a significant increase in thermal 

stability of the C-terminus of PTFs containing D230N-Tm of approximately 1°C (WT PTF 

(d1) 43.2 ± 0.03°C, D230N PTF (d1) 44.2 ± 0.05°C). This approximately 1°C increase in 

thermal stability was also observed in the second transition, corresponding to the unfolding 

of Tm off actin (WT PTF (d2) 45.3 ± 0.06°C, D230N PTF (d2) 46.3 ± 0.08°C).  
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Figure 15: Thermal Stability of Partially Reconstituted Thin Filaments Assessed via 

DSC. 

(Top) The heat capacity (kJ/mol*K) of 1.8 mg/mL WT Tm + Actin (blue) and D230N-Tm 

+ Actin is graphed as a function of temperature. Dotted lines represent experimental data 

and solid line represent fit after subtraction of baseline and instrumental background. The 

heating rate was 0.5 °C from 20-90 °C. (Bottom) table summarizing calorimetric data. 

Reported values were determined from the fit of the curves (4 Gaussian distributions, as 

the unfolding events are non-reversible), one-way ANOVA was used to determine 

statistical significance compared to Non-Tg. Values in the table below are reported as mean 

± S.E.M, * p < 0.05, **** p < 0.0001.    
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Additionally, the full-width half-max (FWHM) of d2, indicative of the cooperativity of Tm 

unfolding off actin, exhibited a significant decrease (WT PTF (d2) 1.0 ± 0.03°C, D230N 

PTF (d2) 0.73 ± 0.07°C). No changes were observed in the thermal stability of d3 or d4 

(WT PTF (d3) 52.5 ± 0.09°C, (d4) 62.0 ± 0.33°C – D230N PTF (d3) 52.4 ± 0.11°C, (d4) 

61.3 ± 0.46°C). It should be noted that FWHM was only calculated for d2, as the 

cooperativity of this transition was the most physiologically relevant. 

Specific Aim 2  

Generation of Double-Transgenic (DTg) D230N x Fetal cTnT Murine Line  

 

To study the physiological and proposed pathological effect of the fetal cTnT isoform 

on the severity of D230N-Tm induced DCM, our novel D230N-Tm (60%) transgenic mice 

were bred to mice expressing 70% fetal cTnT (obtained from prof. J.P. Jin, Wayne State 

University). This approach yields Mendelian ratios of pups expressing one or both 

transgenes as well as their Non-Tg siblings. From here on the mice of each genotype will 

be referred to as Non-Tg, fetal cTnT, D230N-Tm, and DTg (for mice expressing both 

D230N-Tm and fetal cTnT). Digestion of DNA from tail and/or toe clips was amplified 

via polymerase chain reaction (PCR) and used to identify mice with the transgene. The 

presence of a band indicates that the mouse is positive for the transgene, two sets of primers 

were used to identify DTg mice (Table 9).  
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Table 9: Primers for the identification of Double-Tg mice. 
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Effect of Fetal cTnT on Cardiac Function 

 

 The cardiac function of DTg mice was tracked longitudinally from 2 to 4 months 

to determine the effect of the fetal cTnT isoform (Figure 16, Table 10). Age-matched 

littermates of each of the control groups (Non-Tg, fetal cTnT, and D230N-Tm) were taken 

concurrently. At two and four months of age there was no significant difference in diastolic 

or systolic LVID (LVIDd/s) between Non-Tg and fetal cTnT mice (2 months LVIDd in mm 

– Non-Tg 3.62 ± 0.04, fetal cTnT 3.68 ± 0.04; LVIDs – Non-Tg 2.44 ± 0.03, fetal cTnT 

2.45 ± 0.11: 4 months LVIDd in mm – Non-Tg 4.10 ± 0.15, fetal cTnT 3.61 ± 0.10; LVIDs 

– Non-Tg 2.56 ± 0.16, fetal cTnT 2.55 ± 0.12). Additionally, % fractional shortening (%FS) 

revealed no impairment in systolic function between Non-Tg and fetal cTnT (2 months 

Non-Tg 32.58 ± 1.5, fetal cTnT 33.40 ± 2.93: 4 months Non-Tg 31.02 ± 2.27, fetal cTnT 

29.47 ± 1.77). As was observed with the previous functional data on D230N-Tm alone 

mice exhibited a marked decrease in systolic function as early as 2 months of age (%FS 

21.79 ±1.19) and concomitant increase in LVIDd/s compared to Non-Tg (LVIDd 4.27 ± 

0.12, LVIDs 3.34 ± 0.13) that was maintained until 4 months. Interestingly, at 2 months of 

age there was no significant difference in systolic function between DTg mice and D230N-

Tm control littermates (%FS DTg 19.83 ± 0.85). However, at 4 months of age, with 

prolonged exposure to the fetal isoform of cTnT, the DTG mice exhibited an additive 

decrease in cardiac systolic function with a further decreased %FS (D230N-Tm 20.35 ± 

1.31, DTg 16.3 ± 0.60) and LVIDs (D230N-Tm 3.47 ± 0.11, DTg 3.79 ± 0.05) compared 

to D230N-Tm alone. Additionally, this increase in LVIDs was significant over time (LVIDs 

2 months 3.39 ± 0.08. LVIDs 4 months 3.79 ± 0.05) as was the decrease in % Ejection  
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Figure 16: Cardiac Morphology and Function in Response to Fetal cTnT. 

(Top) Cardiac gross morphology of hearts taken and sagittally sectioned in 4 month old 

male mice. Ruler is in mm. (Bottom) Cardiac function was assessed longitudinally via 2D 

echocardiography to determine the Effect of fetal cTnT on systolic function. Percent 

fractional shortening is plotted over time in age-matched litter mates. Values are plotted as 

Mean ± S.E.M. N = 5-12 per group mixed gender. Two-way ANOVA was used to 

determine statistical significance. # p < 0.05 vs D230N-Tm. Additional functional 

parameters are summarized in Table 10.  
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Table 10: Summary of Echocardiographic Parameters for DTg Studies. 

Obtained at 2 and 4 months for Non-Tg, Fetal cTnT, D230N-Tm, and DTg hearts. Left 

ventricular internal diameter in diastole and systole (LVIDd and LVIDs respectively), 

ejection fraction percent (%EF), fractional shortening percent (%FS), and cardiac output 

(CO). Values are expressed as Mean ± S.E.M. N = 5-12 per group. 2-Way ANOVA was 

used for statistical comparison to Non-Tg. **** p < 0.0001 vs Non-Tg, # p < 0.05 vs 

D230N-Tm, ‡ p < 0.05, ‡‡ p < 0.01 vs 2 months.  
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Fraction (2 months 40.89 ± 1.55, 4 months 34.32 ± 1.11). At 4 months of age there was 

still no significant difference in any of the parameters between fetal cTnT and Non-Tg 

mice. Of note, of the four groups only the DTg worsened significantly over time (LVIDd, 

LVIDs, and % EF) 

 To get better resolution on the earliest phases of disease progression, before 

additive remodeling has occurred in DTg mice, PV loops were employed (Figure 17, Table 

11). We sought to determine what the earliest detectable changes were in cardiac systolic 

function between D230N-Tm and DTg mice. A limitation of this approach is the small size 

of the mouse heart; therefore, the earliest time point PV loops could be employed was at 3 

months. At 3 months of age we found no significant difference between D230N-Tm and 

DTg mice via PV loops but both had lower ESPVR and dPmax than their Non-Tg and fetal 

cTnT littermates (Table 11). A higher n is required for fetal cTnT male mice and studies 

are ongoing to obtain these important controls. Additionally, fetal cTnT female mice 

appeared to exhibit some differences in cardiac systolic function with significantly lower 

dPmax and ESPVR which was surprising and merits further investigation (Table 11). Studies 

are ongoing to collect a 5-6-month time point to determine what the earliest detectable 

changes are between D230N-Tm and DTg animals. These metrics and time points will then 

be used as a standard to characterize disease progression in our ind-fetal cTnT mice 

(Specific Aim 3). 

Effect of Fetal cTnT on Myofilament Activation 

 

 Regulated-in vitro motility (R-IVM) was used to study the effect of fetal cTnT on 

the regulation of myofilament activation in the presence and absence of the D230N  
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Figure 17: Preliminary Cardiac Function Assessed via PV Loops for Double-Tg 

Studies. 

See Table 11 for summary. Rate of pressure change maximum and minimum (dPmax and 

dPmin), end systolic volume (ESV), end diastolic volume (EDV), end systolic pressure 

volume relationship (ESPVR), end diastolic pressure volume relationship (EDPVR). 

Standard One-Way ANOVA was used to compute statistical significance. Values are 

reported as Mean ± S.E.M. * p < 0.05 compared to Non-Tg Male, # p < 0.05, ## p < 0.01, 

### p < 0.001 compared to Non-Tg Female.  
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Table 11: Summary of PV Loop Functional Parameters for Double-Tg Studies. 

PV loops recorded in 3 month old male and female mice to determine the effect of fetal 

cTnT on cardiac function. Rate of pressure change maximum and minimum (dPmax and 

dPmin), end systolic volume (ESV), end diastolic volume (EDV), end systolic pressure 

volume relationship (ESPVR), end diastolic pressure volume relationship (EDPVR). 

Values are reported mean ± S.E.M. One-way ANOVA was used to assess significance vs 

Non-Tg. * p < 0.05, compared to Non-Tg Males, # p < 0.05, ## p < 0.01, ### p < 0.001 

compared to Non-Tg Females.  
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mutation by a previous graduate student in the Tardiff lab (Grinspan LT, Figure 18, and 

Table 12). The presence of D230N-Tm decreased Ca2+ sensitivity of sliding velocity (6.637 

± 0.012) compared to WT-Tm filaments (6.92 ± 0.007). This decrease in the presence of 

adult cTnT was found to be additively decreased in the when fetal cTnT was present (6.23 

± 0.02). Of note, fetal cTnT alone had minimal effect on the Ca2+ sensitivity of sliding 

velocity (6.94 ± 0.01).  

Thermal Stability of the Thin Filaments in the Presence of Fetal cTnT 

 

 To determine the effect of fetal cTnT on thermal stability and flexibility of the thin 

filament DSC was employed on fully reconstituted thin filaments (TF) (Figure 19). The 

addition of the Tn complex does not dramatically alter the observed calorimetric domains 

other than to slightly increase the stability of each domain. For fully reconstituted TFs only 

the second calorimetric domain (d2) was analyzed and represents the thermal unfolding of 

the Tm-Tn complex off actin and is the most physiologically relevant unfolding event. It 

was found that there was no change in the thermal transition of d2 under any condition 

(WT TF Tm (d2) 47.2 ± 0.1°C, fetal cTnT Tm (d2) 47.2 ± 0.03°C, D230N-Tm Tm (d2) 47.9 

± 0.15°C, DTg Tm (d2) 47.4 ± 0.0°C) (Figure 19). This was not surprising, as a fully 

stabilized TF would likely not tolerate large changes in thermal stability and cTnT plays a 

known role in stabilizing the overlap. However, there was a significant additive decrease 

in the FWHM of d2 for filaments containing both D230N-Tm and fetal cTnT (WT TF 

FWHM (d2) 1.0 ± 0.005°C, fetal cTnT FWHM (d2) 1.1 ± 0.02°C, D230N-Tm FWHM 

(d2) 0.9 ± 0.01°C, DTg FWHM (d2) 0.84 ± 0.0°C) (Figure 19). Of note, the decrease in 

FWHM is opposite of what was observed for TFs containing fetal cTnT alone.  
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Figure 18: Myofilament Activation Assessed via R-IVM for Double-Tg Studies. 

The normalized relative velocity of filaments is plotted as a functional of pCa. Vmax values 

are reported as means of the filament sliding velocity at pCa 5 (Table 5). The EC50 and 

slope values were obtained from normalized fits of the Hill equation to mean filament 

speed at each pCa; 150 filaments per condition were analyzed. Values are expressed as 

mean ± S.E.M.  

 

 

Table 12: Summary of Velocity-pCa Relationship for Double-Tg Studies. 

Summary of Figure 18. Values are reported as Mean ± S.E.M. Two-way ANOVA was used 

to determine statistical significance. ** p < 0.01, *** p < 0.001 compared to WT Tm within 

cTnT group; †† p < 0.01, ††† p < 0.001, ns compared to Adult TnT within the same Tm 

group. 
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Figure 19: Thermal Stability of Fully Reconstituted Thin Filaments (TF). 

The heat capacity (J/g*K) of 1.5-2.0 mg/mL WT Tm + Adult cTnT + Actin (blue), WT Tm 

+ Fetal cTnT + Actin (light blue), D230N-Tm+Adult cTnT + Actin (red), and D230N-

Tm+Fetal cTnT + Actin (purple) is graphed as a function of temperature. Solid lines 

represent fit after subtraction of baseline and instrumental background. The heating rate 

was 0.5 °C from 20-90 °C. Reported values were determined from the fit of the curves (4 

Gaussian distributions, as the unfolding events are non-reversible), Students t-test was used 

to determine statistical significance compared to Non-Tg. Values in the graphs below are 

reported as Mean ± S.E.M, * p < 0.05 vs WT TF, †† p < 0.01 vs Fetal cTnT TF, # p < 0.05 

vs D230N-Tm TF.  
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Specific Aim 3 

Generation of the Cardiac Specific Inducible Fetal cTnT Mouse Model 

 

 To study the temporal effect of the fetal cTnT isoform we generated a novel cardiac 

specific inducible fetal cTnT murine model. Constructs for the generation of the transgenic 

mouse were obtained from Prof. J. D. Molkentin (attenuated alpha-myosin heavy chain 

promoter, Cincinnati Children’s Hospital) and Prof. J.P. Jin (Fetal cTnT, Wayne State 

University). Upon receipt, the fetal cTnT gene was PCR modified to contain compatible 

ends with existing digestion sites within the multiple cloning site in the attenuated alpha-

myosin heavy chain promoter (UAGC). To gain temporal control of the fetal cTnT gene 

two transgenes are necessary, a driver line (expressing cardiac specific tetracycline 

transactivator or tTA) and a responder line (expressing the gene of interest behind the 

attenuated alpha-myosin heavy chain promoter). The driver line was obtained from the 

Molkentin Lab and primers for the identification of tTA mice can be found in Figure 20. 

Once bred, a mouse containing both transgenes will express the gene of interest (fetal 

cTnT), however, in response to doxycycline (dox) tTA will be produced and bind the Tet-

operator on the gene of interest resulting in the shut off of fetal cTnT (Figure 21) [53]. 

Using our novel fetal cTnT specific antibody (21st Century Biochemicals, Figure 8) we 

identified founders expressing various levels of the fetal cTnT isoform. Initially it was 

found that the pups (1-month-old) of three of our five founders exhibited transgene 

expression (Figure 22) at approximately 10%, 25%, and 60%. This was ideal as we sought 

to titrate the minimum dosage necessary to elicit a difference in disease severity as a 

limitation of our previous approach (Specific Aim 1) was the high transgene expression of  
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Figure 20: Primers and Identification of tTA Driver Mice. 

Image from Dr. Jim Gulick. Top – representative gel tTA positive mice. Bottom – 5’  3’ 

primer sequence of two primer sets necessary for genotyping tTA mice.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Tet-OFF System for Cardiac Specific Inducible Transgenesis. 

Figure and legend adapted from Davis et al. [53]. The Driver line carrying the attenuated 

alpha-myosin heavy chain promoter (cardiac specific) was obtained from Prof. J.D. 

Molkentin. When bred to the responder line (contains the gene of interest), when treated 

with dox tTA is produced, binds the TetO and inhibits expression of the gene of interest.  
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Figure 22: Founder Expression Profile for Fetal TnT-tTA Inducible Transgenic 

Mice. 

Western blot of hearts harvested at 1 and 7 months (in order to account for early 

endogenous fetal cTnT expression). One founder was identified with transgenic expression 

of 45% (Founder 3). Our novel fetal cTnT antibody was used to detect the presence of 

cTnT1, expression was calculated as a percent of positive control. 

 

Figure 23: Breeding Schematic for the Generation of Cardiac Specific Fetal cTnT 

Inducible D230N-Tm Transgenic Mice. 

Important controls are generated through this breeding approach that will help to account 

for an effect of tTA and/or dox on cardiac function. cTnT1 refers to fetal cTnT. 
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the constitutive fetal cTnT mouse. However, we found that when aged to over 6-months, 

two of the three initially identified lines no longer had fetal cTnT expression (Figure 22). 

This is likely due to the presence of endogenous fetal cTnT which is indistinguishable 

from exogenous fetal cTnT with our novel antibody as the transgenic fetal cTnT is not 

tagged. Two more re-injection cycles were performed to obtain additional founder mice 

and work is ongoing to test the expression levels in these new lines. For the subsequent 

studies the one remaining founder line that exhibited inducible expression of transgenic 

fetal cTnT at approximately 45% was used and will be referred to as ind-cTnT. To study 

the temporal effect of fetal cTnT on the disease severity of D230N-Tm induced DCM 

these mice will be bred to our D230N-Tm murine line. This approach will yield 

important controls as well as experimental mice (Figure 23).  

Assessment of Disease Progression and Reversibility  

 

 To determine the effect of fetal cTnT on disease progression and reversibility ind-

cTnT mice were generated and tested for doxycycline (dox) responsiveness. Multiple doses 

(0.2 g/L and 2.0 g/L) of dox were tested to assess the titratability of the level of fetal cTnT 

repression in our existing line of ind-cTnT mice (Figure 24). Additionally, the expression 

level of fetal cTnT recovery post-dox treatment was assessed at the lower dox dose (0.2 

g/L). It was determined that at low dose in our ind-cTnT (45%) line fetal cTnT expression 

is significantly decreased to 16% ± 0.67 (n = 3). At high dox dose the level was not 

additively decreased from low dose (15%, n = 1). Importantly, our test of fetal cTnT 

recovery post-dox treatment (0.2 mg/mL) revealed that there is a recovery of expression to 

approximately 31% (n = 1). Studies are ongoing to determine the baseline expression levels  
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Figure 24: Effect of Dox Treatment on the Expression of Fetal cTnT in Ind-cTnT 

Transgenic Mice. 

Response of inducible (Tet-OFF) fetal cTnT mice to treatment with doxycycline (dox). 

Left - Representative western of dox response in myofibrils isolated from inducible fetal 

cTnT mice. Fetal cTnT is stained in red and Actin (loading control) is in green. The first 

lane was loaded with myofibrils isolated from our constitutive fetal cTnT line that 

expresses 70% fetal cTnT, second lane is an untreated control, and last is a mouse treated 

with low dose dox (0.2 mg/mL). Right - % expression quantified from myofibrils collected 

from untreated Inducible fetal cTnT mice (-Dox, N=1), low dose dox (0.2 mg/mL) treated 

mice (+Dox, N=3), and a low dose dox treated mouse who was allowed to recover fetal 

cTnT expression by coming off dox for two weeks post treatment (+Dox/-Dox, N=1). 

Currently, higher doses of dox are being tested up to 2 mg/mL in order to further decrease 

the expression of fetal cTnT in dox treated mice.  
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of ind-cTnT mice from our two re-injection cycles and to determine their dose dependent 

repression in response to dox. Additionally, after characterization of expression levels 

pre-and post dox treatment and dox dose response, experiments will be undertaken to 

assess disease progression and reversibility in our D230N-Tm mice as outlined in Figure 

25.  

 

Role of Fetal cTnT in Other Forms of Heart Failure 

 

 In order to determine if fetal cTnT may play a more general role in the progression 

of human heart failure we isolated total RNA from donor tissue obtained from Dr. Sharlene 

Day (University of Michigan) and embryonic RNA isolated from the hearts of five 

spontaneously aborted fetuses between the age of 20-40 weeks gestational. From the total 

RNA, we performed RT-qPCR to determine the quantity of fetal and adult cTnT in three 

groups: non-failing (NF), failing (HF), and embryonic (Figure 26). It was determined that 

non-failing human cardiac tissue contains overwhelmingly adult cTnT RNA (99.72% ± 

0.05). However, in multiple causes of heart failure (not including that caused by D230N-

Tm, instead idiopathic cardiomyopathy and ischemic cardiomyopathy) there is a slight 

increase in the expression of fetal cTnT RNA (1.4% ± 0.34) and a significant decrease in 

the expression of adult cTnT RNA (98.6% ± 0.34). This indicates that fetal cTnT could be 

playing a role in modifying disease severity in other forms of heart failure as a part of the 

fetal gene program. Additionally, it was found in embryonic RNA that as late as 40 weeks’ 

gestation there is still a large amount of fetal cTnT RNA present (39.3 %, n = 1 pooled 

sample of 5 hearts, Figure 26). Studies are ongoing to assess the expression level of fetal  
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Figure 25: Schematic of Assessment of Disease Reversibility and Progression. 

The timeline at the top shows the time points at which dox treatments would commence 

and 2D echo and PV loops would be taken. The green bar represents the treatment course 

for the first group which would undergo suppression of fetal cTnT via dox treatment at 2 

months of age. The blue bar represents the second group who would commence treatment 

at 4 months of age.  
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Figure 26: Effect of Fetal cTnT on Cardiac Function in Models of DCM versus 

HCM. 

2D Echocardiograms recorded in 3-4 month old male mice under inhaled anesthesia (1.5% 

isoflurane) from the following genotypes: Non-Transgenic (Non-Tg), Fetal cTnT (70% 

expression), D230N-Tm (60% expression), R92L cTnT (50% expression), and Double 

Transgenic crosses of the D230N-Tm and R92L cTnT lines with the Fetal cTnT line. Top 

– Bar graph of % Fractional Shortening (%FS) for mice of each genotype. N = 2-11 per 

group as indicated by number at the bottom of each column. Bottom – Table summarizing 

systolic functional parameters including % Ejection fraction (%EF), %FS, and Left 

Ventricular Internal Diameter, diastole (LVID,d). Values are reported as Mean ± S.E.M. 

Student’s T-test was performed obtain ** p < 0.005, *** p < 0.001, **** p < 0.0001 vs 

Non-Tg; ## p < 0.005, #### p < 0.0001 vs Fetal cTnT; †† p < 0.005 vs D230N-Tm; ‡‡ p 

< 0.005 vs R92L cTnT. 
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and adult cTnT at the protein level using our novel fetal cTnT antibody in these donor 

samples.  

 Lastly, we assessed the changes in cardiac function in response to fetal cTnT in 

another model heart failure (R92L cTnT, hypertrophic cardiomyopathy) to determine if 

fetal cTnT could have a role in modulating disease severity independent of the D230N-Tm 

mutation (Figure 27). 2D echo of R92L mice revealed a significantly increased % fractional 

shortening (Non-Tg 29.1 ± 1.5, R92L cTnT 39.5 ± 1.0). However, in the presence of fetal 

cTnT this is significantly reduced (R92L cTnT %FS 31.6 ± 1.5) to the % fractional 

shortening of Non-Tg. Studies are ongoing to assess the diastolic function of R92L cTnT 

versus R92L cTnT x fetal cTnT mice as this is a better indicator of function in HCM mice.  
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Figure 27: RNA Expression Profile of Adult and Fetal cTnT in Human Tissue. 

Top – The percent expression of adult and fetal RNA is graphed. NF – Non Failing, HF - 

Heart Failure. Below this is a summary of the percentages. Values are expressed as Mean 

± S.E.M. where applicable. Bottom – Graph of the absolute amounts of adult and fetal 

cTnT RNA detected via RT-qPCR. Adult cTnT is graphed on the left Y-axis and fetal 

cTnT is on the right Y-axis. The table below is a summary of these values. Values are 

expressed as Mean ± S.E.M. * p < 0.05 vs NF adult cTnT. 
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Chapter 5 - Discussion 
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Proposed Mechanism of D230N-Tm Induced Dilated Cardiomyopathy 

The genetic basis of HCM and DCM is widely recognized, yet our understanding 

of the precise mechanisms that lead to pathology is incomplete. Therefore, the development 

of accurate animal models and interrogation across multiple levels of biological complexity 

is paramount to identifying novel effective therapeutics. The D230N mutation was first 

identified in a linkage analysis study in two large multi-generational families and found to 

be causative for DCM [33]. To determine how a single point amino acid mutation in Tm 

could give rise to such a severe, highly penetrant DCM we generated a novel murine model 

expressing the D230N mutation. An accurate transgenic model allows us to track disease 

progression and ventricular remodeling over time as well as identify cellular mechanisms 

that could lead to disease. Gross morphological (data not shown) and functional 

measurements (Figure 10, Tables 5 and 6) suggested severe systolic dysfunction with 

reduced cardiac contractility in the absence of any inflammatory changes or fibrosis (data 

not shown). These changes, evident as early as 2 months of age, are indicative of a primary 

DCM with loss of contractile reserve and recapitulate the human phenotype. Strikingly, 

PV recordings also indicated a sex difference between male and female animals with the 

D230N mutation that merits further investigation (Figure 10 A-D). In agreement with 

previous ATPase studies, our regulated in vitro motility results revealed decreased Ca2+ 

sensitivity of sliding velocity (Figure 12, Table 7) [33]. Decreased Ca2+ sensitivity is a 

commonly reported finding in models of DCM and therefore may not be sufficient to 

explain the complex pathology observed in the current model [76]. 

Further investigation of the Ca2+ handling and cellular mechanics in isolated 

myocytes showed an increase in Ca2+ transients including peak amplitude consistent with 
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the observed increased rate of contraction and relaxation (Figure 11). The unidirectional 

change of these parameters indicates functional excitation-contraction coupling in D230N-

Tm myocytes suggesting a compensatory response to the decreased Ca2+ sensitivity [77]. 

D230N-Tm myofilaments may require more Ca2+ to generate the same response as WT 

myofilaments. Increased peak Ca2+ amplitudes suggest an increase in cytosolic Ca2+ whose 

availability would lead to activation of more myofilaments.  As a result, more cross-bridges 

would form, thus compensating for the Ca2+ desensitization and allowing for the sufficient 

force to be generated during contraction. These data are consistent with the findings in 

another mouse model of DCM caused by the ΔK210 mutation in cTnT in which Ca2+ 

transients of isolated myocytes were also increased compared to Non-Tg myocytes [78]. 

Of note, isoproterenol treated D230N-Tm cells had a significantly lower percent increase 

in Ca2+ transients from baseline compared to Non-Tg cells (Figure 11 H). This diminished 

capacity to respond to beta-adrenergic stimulation, in D230N myocytes, is likely due to the 

nearly 2-fold increase in field stimulated Ca2+ release at baseline compared to Non-Tg.   

Our novel mouse model accurately phenocopied the human disease yet the link 

between genotype and phenotype remained unclear, thus we sought to determine the 

structural effects of the D230N mutation. The alpha-helical coiled-coil structure of Tm is 

essential for its function [79]. The head-to-tail overlap arrangement of sequential Tm 

dimers in the sarcomere is necessary for the cooperativity of myofilament activation [13]. 

Therefore, it is not surprising that a mutation that causes an alteration in tertiary structure 

could affect the ability of Tm to form coiled-coils, polymerize, or interact with other thin 

filament proteins at a distance thus causing structural cardiac disease. In fact, previous 

studies have demonstrated that a Tm variant (D137L) causes small local changes in 
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flexibility that propagate much larger effects to a site 38 amino acids away [9, 40, 41]. 

Recently it was revealed that D137L alters the flexibility of Tm leading to changes in the 

regulatory function of the protein [39]. Additionally, Hodges et al. showed that single point 

amino acid substitutions in Tm can propagate destabilization along the coiled coil as far as 

165Å away [80]. Our CD studies revealed no change in overall alpha helicity of D230N-

Tm versus WT, which is not surprising as large changes in Tm helicity would not be 

compatible with life. However, the overall thermal stability of the WT-Tm versus D230N-

Tm was significantly increased indicating that the flexibility of filaments containing 

D230N-Tm is decreased resulting in a more rigid Tm. These data could indicate 

propagating structural effects to the termini of Tm that alter the stability of the crucial 

overlap region thus altering the regulatory function of Tm (Figure 13, Table 8).  

Therefore, to expand our D230N-Tm thermal stability findings to include regional data 

on the mutation’s structural effects, DSC was employed. The power of this technique in 

the context of Tm is its ability to give information on the thermal stability of both the N- 

and C-terminal regions of the molecule and thus determine if the mutational effects 

propagate to the ends of Tm. It should be noted that the use of the term “flexibility” to 

describe changes in the thermal stability of Tm has been well established in previous 

publications [39, 81-83]. We found that the overall thermal stability of Tm was increased 

for D230N-Tm and strikingly that this increase was more profound at the C-terminus 

proximal to the mutation (Figure 14, Table 8). This indicated that the flexibility of the C-

terminus of D230N-Tm is significantly decreased. Also observed at a great distance in the 

N-terminus of D230N-Tm was a significantly decreased enthalpy (ΔHVH) with no change 

in thermal stability (Tm). This could suggest enthalpy-entropy compensation where more 
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favorable entropy causes the solvation shells around D230N-Tm to loosen at the N-

terminus of the molecule destabilizing it and further altering Tm’s flexibility and therefore 

its regulatory function. These changes, at each terminus, lend support to our hypothesis 

that D230N-Tm causes propagating structural effects that can alter thin filament regulatory 

function.  

 While striking, these data on Tm dimers alone does not give us information on 

whether changes in stability at the termini of Tm affect the adjacent Tm dimers and thus 

the flexibility of the entire Tm filament. We hypothesize that, due to the increased stability 

(decreased flexibility) of the D230N-Tm C-terminus, a propagating effect would be 

transmitted to the neighboring Tm unit, via the Tm overlap, thus decreasing flexibility 

along its length. To test this, we partially reconstituted Tm with Actin, giving us 

information on the unfolding of Tm off actin as the complex melts. This results in the 

appearance of an additional unfolding domain between the thermal transitions of the 

termini of Tm (d2), which is related to the stability and cooperativity of the contiguous Tm 

filament (Figure 15). A more rigid (less flexible) Tm filament will dissociate from actin 

more quickly as it approaches its melting temperature resulting in a narrower peak and a 

smaller full-width half-max (FWHM). Conversely, a less rigid (more flexible) Tm filament 

will dissociate less quickly resulting in a wider peak and larger FWHM. Our results indicate 

that for partially reconstituted thin filaments the C-terminal thermal stability was found to 

be significantly higher than that of WT-Tm indicating a reduction in the flexibility for the 

C-terminus of D230N-Tm. Interestingly, a significant increase in the thermal stability of 

d2 was observed for D230N-Tm partial TF’s indicating that the change in C-terminal 

stability is transmitted through the Tm filament to the adjacent Tm (Figure 15). This 
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increase in thermal stability of the second transition suggests a more rigid Tm. The FWHM 

of the second transition was also significantly reduced for D230N-Tm partial TFs 

indicating that D230N-Tm unfolds off actin more cooperatively than WT-Tm which goes 

hand-in-hand with a more rigid filament (Figure 15). These data demonstrate that the 

structural effects of D230N-Tm not only propagate to the termini of the dimer but also 

alters the flexibility and cooperativity of the continuous Tm filament, likely by altering the 

flexibility of the crucial overlap region, further lending support to our hypothesis.     

Of note, our finding of decreased Tm flexibility for this DCM causing mutation is 

opposite of that reported for HCM causing mutations suggesting an intrinsic relationship 

between the flexibility of Tm and phenotypic cardiac pathology [84-86]. However, it was 

recently shown that mutations in the Tn-binding site of Tm (I172T, L185R, and E180V) 

that lead to HCM cause differential effects on the thermal stability of Tm despite being 

phenotypically similar [87]. This further demonstrates our incomplete understanding of 

how single amino acid mutations lead to a complex series of cardiomyopathies and 

underscores our need for accurate models and targeted therapies. It is likely that mutations 

in the regulatory Tm that alter its thermal stability and flexibility lead to disease in a 

specific manner that is dependent not only on the precise amino acid change but also the 

and location (periodically and helically) on Tm which dictates its interactions (or lack 

thereof) with neighboring proteins.  

Our results suggest that for D230N-Tm the induced structural changes could hinder 

the azimuthal shift of Tm along actin from the blocked (B) to closed (C) state, via decreased 

flexibility, thus impairing the initiation of muscle activation (Figure 4). As Ca2+ levels rise 

and bind to cTnC, D230N-Tm’s rigidity could hinder its movement resulting in the 
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observed decrease in Ca2+ sensitivity of sliding velocity (Figure 12, Table 7). A 

concomitant increase in peak Ca2+ amplitude, a likely compensatory response to this altered 

BC equilibrium, then occurs in an attempt to force the transition from BC state and 

maintain the hearts force generating capacity (Figure 11 D-F). The C to open (O) transition 

then occurs rapidly as myosin binds and pushes the more rigid Tm out of the groove as 

evidenced by the increase in the baseline rate of contraction for D230N-Tm myocytes 

(Figure 11 B). Together, these changes could lead to a biased activation equilibrium, in 

which the closed position becomes an activation barrier, causing downstream signaling that 

eventually results in the observed pathology (Figure 28 Diagram 1). 

In summary, we’ve generated an accurate model of DCM that advances our 

understanding of how a single amino acid mutation can lead to a severe primary disease of 

the heart muscle. This model provides a critical link that demonstrates how structural 

changes in the regulatory thin filament that affect its flexibility can ultimately effect 

pathology at the whole heart level. Further study into the precise structural changes 

undergone by Tm, and the role of the stabilizing helical N-terminus of cTnT, in the 

presence of the mutation is paramount. Advancing our understanding of this structure-

function relationship could eventually lead to disease-modifying therapies at the level of 

the sarcomere to treat genotype-positive/phenotype-negative individuals. 
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Figure 28: Diagram 1 Schematic of the Proposed Mechanism of Action of D230N-

Tm. 

The D230N mutation leads to disease by increasing the stability of the Tm C-terminus, this 

leads to a more rigid Tm filament and alters the dynamic position of Tm such that the 

closed position becomes an activation barrier. This leads to a thin filament with 

compromised force producing capacity and subsequently downstream compensatory 

responses that ultimately lead to the observed pathological remodeling.  

  



98 
 

Proposed Mechanism of Bimodal Distribution of Severity in D230N-Tm 

Induced DCM 

 The generation of a novel accurate animal model of DCM induced by D230N-Tm 

was a crucial first step to understanding how this disease is modulated early in life. It gave 

us the tools to investigate what developmental changes could be occurring to give rise to 

this striking bimodal pattern of ventricular remodeling. Given that D230N-Tm is present 

constitutively throughout life, it is striking that in these children (who present with a sudden 

and severe form of DCM), standard clinical intervention often results in a vast 

improvement in systolic function. This is surprising as, very few DCMs are known to be 

reversible and able to spontaneously regain function. Examples of reversible dilated 

cardiomyopathies include tachycardia, peripartum, and inflammatory induced [88]. As is 

evident from their names, reversible dilated cardiomyopathies typically constitute those 

that are secondary to a known treatable cause, abnormal heart rhythm, pregnancy, and 

infection (respectively). It is therefore not surprising that, if caught, these DCMs improve 

once the root cause is appropriately addressed, a solution not available in genetic DCM.  

In children with D230N-Tm we hypothesize that the increased disease severity is a 

result of temporal isoform switching on the part of its closely linked binding partner cardiac 

Troponin T. Many developmental changes occur in the sarcomere at or near birth. These 

include but aren’t limited to the switch from ssTnI to cTnI, Titin N2BA to Titin N2B, and 

predominately β-MyHC to α-MyHC (in mice, humans further increase β-MyHC). The 

possible involvement of many of these proteins in modifying D230N-Tm induced DCM 

was considered. For instance, the switch from ssTnI to cTnI which involves the additional 
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of a 32-amino acid long region containing the β-adrenergic phosphorylation site S22/23 

(S23/24 in mice). In fetal life, this would result in a heart that is more sensitive to calcium 

due to the lack of this phosphorylation site not less sensitive as was observed for D230N-

Tm patients. In fact, it has been shown in mice that prolonged expression of ssTnI (past 20 

days after birth) causes impaired relaxation and diastolic dysfunction which is inconsistent 

with D230N-Tm induced DCM [89]. Additionally, based on the changes in flexibility we 

observed in the overlap region in the presence of D230N-Tm and the known role of cTnT 

in stabilizing the overlap, the developmentally regulated cTnT was identified as a prime 

candidate for the modulation of disease severity in D230N-Tm induced DCM.  

Therefore, to determine if cTnT isoform switching could be responsible for 

modulating disease severity in the presence of D230N-Tm we generated a novel Double-

Tg (DTg) mouse model expressing 70% fetal cTnT and 60% D230N-Tm. This mouse 

model allowed us to track disease progression and ventricular remodeling in response to 

exposure to the fetal isoform of cTnT. Gross morphological and functional measurements 

at four months in age-matched littermates revealed an additive increase in dilation and 

decrease in systolic function when D230N-Tm is in the presence of fetal cTnT as opposed 

to adult cTnT (Figure 16, Table 10). Of note, there was no functional difference observed 

for transgenic mice expressing fetal cTnT alone. Importantly, the effects of splice variants 

of the N-terminal hypervariable (HV) domain have been extensively characterized, and no 

adverse effect of fetal cTnT has been found [34, 43, 45, 47, 51, 90]. Not surprisingly, this 

indicates that fetal cTnT on its own is not disease causing. Rather, in the presence of 

D230N-Tm it modulates disease severity. These observations are consistent with other 

known modulators of disease severity in DCM. For example, in a study by Golbus et al 
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utilizing the 1000 Genomes Project database, a higher than expected rate of protein-

disrupting sequences was observed in the genes MHY7, MYBPC3, and TTN given the 

know prevalence of DCM [91]. This suggests that many variants may exist that are 

insufficient to cause disease but instead modify the phenotype of susceptible individuals. 

Additionally, although our longitudinal data revealed an additive decrease in function at 4 

months of age, at 2-3 months there was no significant difference in systolic function 

between D230N-Tm and DTg mice via 2D echo or PV loops (Figure 16, Figure 17, Table 

10, and Table 11). It is likely that early in life the endogenous levels of fetal cTnT in 

D230N-Tm and DTg mice are similar and that prolonged exposure to fetal cTnT is 

necessary to cause additive ventricular remodeling. In fact, only the DTg animals exhibited 

a significant decrease in systolic function over time from 2 to 4 months (Figure 16). Of 

note, at 3 months of age, PV loops did reveal a decrease in systolic function for female 

fetal cTnT mice compared to Non-Tg (Figure 17, Table 11). This is likely a result of the 

low N of the PV loop recordings and studies are ongoing to address this. These data support 

of our hypothesis that fetal cTnT is responsible for the bimodal pattern of ventricular 

remodeling observed in the patient population. Therefore, we interrogated the underlying 

mechanism leading to the differential remodeling across multiple levels of biological 

complexity. 

 To assess the effect of fetal cTnT on myofilament activation in the presence of 

D230N-Tm, regulated in vitro motility was employed (Grinspan LT). It was shown that 

the admixture of D230N-Tm and fetal cTnT in fully reconstituted regulatory thin filaments 

resulted in an additive decrease in calcium sensitivity of sliding velocity compared to 

filaments containing D230N-Tm and adult cTnT (Figure 18, Table 12). This was 
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particularly striking as filaments containing fetal cTnT with WT Tm exhibited no decrease 

in calcium sensitivity of sliding velocity. Although significant, further study is required on 

the effect of fetal cTnT in the presence of D230N-Tm on myofilament activation in loaded 

myocytes. As mentioned previously, decreased calcium sensitivity is a commonly reported 

finding in DCM and may not be sufficient to explain the additive remodeling observed. 

Based on our proposed mechanism, by which D230N-Tm leads to disease, we therefore 

sought to determine the structural impact of fetal cTnT in the presence of D230N-Tm.  

 The N-terminal HV-domain of cTnT has been shown to have a wide range of roles 

in the thin filament (TF). In addition to its role in stabilizing the crucial 5-helix overlap 

region the conformation of cTnT as a whole is modulated by the structure of the HV-

domain [17, 32, 92]. Additionally, the binding affinity of cTnT for its neighboring proteins 

(cTnI, cTnC and Tm) is modulated by this region. Fetal cTnT results in the addition of 10 

highly acidic amino acids in the HV-domain, it is therefore not surprising that it could alter 

the conformation of cTnT and possibly the structure and stability of the Tm overlap. To 

assess this, we employed DSC on fully reconstituted TFs containing fetal cTnT with and 

without D230N-Tm and adult cTnT with and without D230N-Tm (Figure 19). The addition 

of Tn to the TF does not dramatically alter the peak profile observed in the partial 

reconstitution, however, the second transition (d2) now corresponds to the unfolding of the 

Tn-Tm complex off actin. Our DSC studies revealed, like the partially reconstituted TFs, 

that D230N-Tm with adult cTnT decreased the full-width half-max (FWHM) of d2 but did 

not increase the thermal stability of the transition as it had in the partial TF (Figure 19). It 

is likely that the addition of troponin (Tn) to the reconstitution increased the stability of the 

transition enough to mask the effect that was present for Tm-actin alone. In fact, the 
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addition of Tn caused the thermal transition of every domain to increase, in agreement with 

its biophysical role [17]. For TFs containing D230N-Tm and fetal cTnT DSC revealed an 

additive decrease in FWHM indicating that their admixture further decreases the flexibility 

of Tm-Tn filament. This may be due to a structural “pinning” of the overlap region. The 

exact position of the N-terminal HV-domain of cTnT is unknown but it is possible that the 

addition of the highly negative fetal exon which alters the conformation of cTnT, impairs 

its binding to Tm when D230N is present further compromising its regulatory function. 

Strikingly, fetal cTnT on its own does not significantly alter the thermal stability of thin 

filaments (Figure 19). However, it did significantly increase the FWHM suggesting a TF 

that is more flexible. The increased flexibility of fetal cTnT TFs may be important 

developmentally. Additionally, a slight increase in the enthalpy (area under the curve) for 

filaments containing fetal cTnT was observed. The addition of ten highly acidic amino 

acids could have this effect as it would require more energy input to unfold the protein. In 

fact, an increase in enthalpy was an observed non-specific finding in all non-wild type thin 

filament complexes run via DSC. This is likely due to the fact that the thin filament is 

comprised of many finely tuned weak electrostatic interactions. Any perturbation in this 

highly-regulated system could result in increased energy input being necessary for 

unfolding.  

 Our results suggest that in utero and early life, when fetal cTnT is physiologically 

expressed, there is an additive increase in rigidity of the D230N-Tm filament. In turn, this 

further bias’s the three-state equilibrium and increases the barrier to activation resulting in 

increased disease severity. Then, sometime in the first year of life, the physiological 

transition of fetal to adult cTnT occurs. The presence of adult cTnT relieves some of the 



103 
 

rigidity of the Tm filament thus decreasing the activation barrier. Ultimately this allows for 

the observed regain of systolic function (Figure 29 Diagram 2).  

 In summary, we’ve generated a novel transgenic mouse model that mimics the early 

phase of the bimodal remodeling observed in D230N-Tm induced DCM. Further study is 

required to determine if the transition of fetal cTnT to the adult isoform results in the 

reversal of the severe DCM and a regain of some systolic function. Additionally, it is 

important to determine if this physiologically expressed protein could be playing a role in 

other cardiomyopathies. If successful this could lead to targeted disease modifying 

therapies, whose goal is to prevent the early “crash” phase of the disease thus improving 

outcome in this highly susceptible population.  
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Figure 29: Diagram 2 Schematic of the Proposed Mechanism of Bimodal 

Remodeling in D230N-Tm Induced DCM. 

In Utero/early life the additive increase in rigidity caused by fetal cTnT, further biases the 

three state equilibrium causing the closed state to be an even greater activation barrier. This 

results in the increased disease severity. Sometime in the first year as the adult isoform of 

cTnT replaces fetal cTnT the rigidity of the Tm filament is somewhat alleviated reducing 

the activation barrier on the closed state and thus regaining some systolic function.  
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Assessment of Reversibility and Implications for the Role of Fetal cTnT 

in Other Form of Heart Failure 

Our novel Double-Tg animal model provided valuable insight into the possible 

mechanism underlying the distinct age-dependent bimodal remodeling observed in 

D230N-Tm induced DCM. It demonstrated that our hypothesis that temporal isoform 

switching on the part of cTnT was a plausible explanation for the early increased severity. 

However, it left unanswered the question of how children with D230N-Tm seemingly 

spontaneously regain systolic function with clinical care. Therefore, we sought to model 

the physiological transition from fetal to adult cTnT to assess disease reversibility and 

timing, and if there is a so called “point of no return”. To do this we generated a novel 

cardiac specific fetal cTnT Tet-OFF transgenic mouse whose fetal cTnT expression “turns 

off” in response to doxycycline (dox). The tet-OFF system was chosen not only for is 

relative simplicity but also because other readily available inducible models (such as the 

tamoxifen inducible system) are known to have cardio-toxic side effects which would 

confound our analysis [93]. We hypothesize that by switching off fetal cTnT early (around 

2 months of age in mice) before functional differences arise (Figure 16), we can prevent 

the increased disease severity seen in Double-Tg animals.  

Preliminary data suggest that inducible control over the expression of fetal cTnT has 

been achieved in our current ind-cTnT transgenic line (Figure 24). Treatment with dox at 

0.2 g/L/day elicited an approximately 3-fold decrease in fetal cTnT expression after 2 

weeks. It is likely at this low dose that some leakiness is occurring resulting in the 

continued expression of fetal cTnT despite sufficient time for cTnT turnover [94]. Due to 
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detection of endogenous fetal cTnT at low levels up to one month of age in mice this 

repression level was determined to be insufficient for assessment of functional differences 

and disease reversibility moving forward (Figure 22). Therefore, dox dose responsiveness 

was assessed (from 0.2 g/L and 2.0 g/L) to determine if we could titrate the amount of fetal 

cTnT. After 2 weeks of treatment (2.0 g/L n = 1) no further significant decrease in the 

expression level of fetal cTnT was observed. There are several possible explanations for 

this lack of dose response, the most likely being the dox delivery method. Dox is given via 

water mixed with 1% sucrose to hide the bitter flavor. This method is simple; however, 

mice are highly sensitive to smells, and it’s likely that this mouse simply wasn’t taking in 

enough medicated water to elicit a response. In fact, it has been shown that mice given dox 

in water with 1% sucrose exhibited noticeable dehydration within 2 days of the initiation 

of treatment and became severely dehydrated after 72 hours (lost > 20% of body weight) 

independent of strain or presence of disease [95]. The turnover rate of cTnT is 3-4 days, a 

treatment window of 2-weeks ensures complete turnover of fetal cTnT [94]. Therefore, it’s 

not surprising the mouse may not have been getting a sufficiently increased dosage of dox 

compared to the 0.2 g/L/day group. To address this in the future, ind-cTnT mice will be 

given dox via their feed thus ensuring minimal dehydration and sufficient dox delivery. 

For future studies ind-cTnT mice will need to be on dox long term (2-6 months) to 

continually repress fetal cTnT expression for assessment of systolic function. Of note, we 

also assessed the recovery of fetal cTnT expression after 2 weeks of dox treatment followed 

by 2 weeks without (Figure 24, +Dox/-Dox) and found that fetal cTnT does recover 

expression approximately 2-fold. This is highly useful as it will allow us to assess disease 
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progression in response to fetal cTnT expression at a later time point in mice who have had 

little to no exposure to fetal cTnT.  

Studies are ongoing to prepare for the assessment of disease reversibility in D230N-

Tm induced DCM. Figure 25 outlines our timeline for these experiments. The two 

treatment groups were chosen based on our findings in specific aim 2 that at 2-months of 

age there was no significant difference in systolic function between D230N-Tm and DTg 

animals (Figure 16). In group one, at two months of age, we will commence treatment with 

dox feed and follow cardiac function over the next four months. This will be paired to a 

group with delayed onset of dox feed at 4 months of age. Throughout these two additional 

months, additive cardiac remodeling will occur in the DTg animals and, as seen in children 

with D230N-Tm induced DCM, upon treatment the mice may exhibit the ability to regain 

systolic function. However, this delayed onset in dox treatment time could also represent a 

“point of no return” for the heart, with no viable improvement in function.  

We next sought to determine if fetal cTnT could modify disease severity in other animal 

models of heart failure. To do this we turned to another transgenic mouse model, the HCM 

causing R92L cTnT. Interestingly, since the gene for cTnT is alternatively spliced both 

fetal cTnT and R92L cTnT could exist simultaneously on the same protein. When 

quantified, we found that ~80% of the cTnT expressed was exogenous (data not shown) 

although it was not possible to distinguish between fetal cTnT and myc-tagged R92L 

transgenes as both are ~10 amino acids larger than endogenous cTnT. The R92L mutation 

is also proximal to the crucial overlap domain and likely influences thin filament regulatory 

function. We generated double transgenic R92L x fetal cTnT mice to compare functionally 

to our DTg (D230N-Tm x fetal cTnT) line. Strikingly, preliminary data found that the 
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addition of fetal cTnT to R92L animals appears to improve systolic function, reducing it 

back to Non-Tg levels (Figure 26). Additional studies are necessary to further quantify this 

via 2D echo for diastolic function. These preliminary data indicate that fetal cTnT can 

modify disease severity in a mutation specific fashion 

Lastly, based on our findings that fetal cTnT can differentially affect the structural and 

functional properties of the regulatory thin filament we sought to determine if it may have 

a wider role in modulating disease severity in other forms of human heart failure. To 

address this, we obtained non-failing and failing (idiopathic and ischemic heart failure) 

donor tissue from a collaborator (Dr. Sharlene Day, University of Michigan) and probed 

for the RNA levels of fetal and adult cTnT (Figure 27). Additionally, we obtained 

embryonic whole heart RNA from spontaneously aborted fetuses to assess the expression 

up to 40 weeks’ gestation in humans. Analysis via RT-qPCR suggested that a significant 

decrease in the expression of adult cTnT is present in failing tissue, and while slightly 

increased, the levels of fetal cTnT are not significantly different. This warrants further 

investigation into the role of fetal cTnT in additional causes of heart failure, as fetal cTnT 

isoforms have been detected in human failing tissue [28]. It will also be important to probe 

these tissues for the protein level expression of fetal cTnT with our novel fetal antibody as 

most work thus far characterizes the expression of fetal proteins at the RNA level which is 

not linearly related to protein expression in the cardiac sarcomere. Studies are ongoing to 

assess the expression of fetal cTnT in human heart failure, and Dr. Day has kindly agreed 

to provide additional tissue for testing in the future. Of note, we did detect a significant 

amount of fetal cTnT RNA in embryonic whole heart RNA (40%) which is encouraging as 

it indicates that as late as 40 weeks’ gestation a substantial proportion of fetal RNA is 
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present. This lends support to our hypothesis that fetal cTnT could be responsible for the 

early severe remodeling seen in D230N-Tm induced DCM.  
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Chapter 6 - Conclusion 
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The D230N-Tm mutation was first identified via linkage analysis in 2010 and found to 

have a striking bimodal pattern of ventricular remodeling [33]. Through the use of novel 

accurate mouse models as a tool to study this complex cardiomyopathy we have shown 

across multiple levels of biological complexity that the D230N-Tm mutation alters the 

flexibility and stability of the crucial overlap region leading to changes in thin filament 

regulatory function and eventually the observed pathology. Furthermore, we have 

identified fetal cTnT as a modulator of disease severity responsible for the bimodal 

remodeling seen in D230N-Tm associated DCM and established fetal cTnT as a potential 

mutation-specific modifier of disease in multiple forms of heart failure.  

With possible mechanisms established, we can utilize our integrative approach to 

attempt to predict phenotypic outcome and identify novel “druggable” sites (in 

collaboration with the molecular dynamics predictions from the Schwartz lab). Utilizing 

isothermal titration calorimetry (ITC, which assesses the binding kinetics of small 

molecules to their target) paired with DSC we can test small molecules predicted to bind 

the thin filament and determine the resulting effects on the stability and flexibility of the 

system. Recently, we began testing one such molecule in the hopes of validating our 

predictive tools (Figure 30). Preliminary data suggest that in our highly complex multi-

protein system, an in silico predicted molecule bound the thin filament and the binding 

kinetics including the binding constant and number of binding sites were determined. This 

allows for further refinement between these two experimental modalities. Future studies 

aim to develop specific small molecules that ameliorate the structural changes elicited by 

D230N-Tm and fetal cTnT. This could ultimately lead to disease modifying therapies for 

genotype-positive/phenotype-negative individuals. 



112 
 

Figure 30: Preliminary Isothermal Titration Calorimetry (ITC) of Small Molecule 

Binding to the Cardiac TF. 

ITC was employed with the WT TF to obtain binding kinetics for a small molecule that 

MD simulations predicts to bind cTnC. An independent model was fit to the data and 

plotted as a function of injection number. The concentration of WT TF was ~1.5mg/mL in 

hepes buffered saline and the small molecule was injected in 2μL increments at a 

concentration of 0.25mM over 40 injections. Inset table summarizes binding kinetics. N = 

1 reconstitution. 
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Chapter 7 - Appendix 
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Appendix A - Related Publications 

 Lynn ML*, Grinspan LT*, Holeman TA, Jimenez J, Strom JG, Tardiff JC. The 

Structural Basis of Alpha-Tropomyosin Linked (Asp230Asn) Familial Dilated 

Cardiomyopathy. J Mol Cell Cardiol. 2017; 108: 127-137. 

 

 McConnell MT, Williams MR, Grinspan LT, Lynn ML, Schwartz BA, Fass OZ, 

Schwartz SD, Tardiff JC. Clinically Divergent Mutation Effects on the Structure and 

Function of the Human Cardiac Tropomyosin Overlap. Biochemistry.2017; 56(26): 

3403-3413. 

 

o Contribution to this work included the planning, execution, analysis, and 

interpretation of DSC on fully reconstituted thin filaments containing either 

D230N-Tm or R92L cTnT versus wild type as outlined in Figure 31.   

 

 Jimenez J, Lynn ML, Manning EP, Grinspan LT, Guinto PJ, Murphy MD, Schwartz 

SD, Tardiff JC. Genetic Switch of Cardiac Troponin I Residues Serine 22/23 to 

Aspartate 22/23 Rescues the Blunted B-Adrenergic Responsiveness in Familial 

Hypertrophic Cardiomyopathy-Related Cardiac Troponin T Mutations. In Preparation. 

 

o Contribution to this work included the isolation and treatment, western blots, 

and interpretation of results for adult R92L cardiomyocytes cTnI 

phosphorylation compared to Non-Tg as outlined in Figure 32.  
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Figure 31: DSC Unfolding of Full Thin Filament. 

Figure and legend adapted from McConnell et al. DSC results for fully reconstituted thin 

filaments of A. Wildtype B. Tm D230N and C. hcTnT R92L variants. The full width half 

max (FWHM) of the actin-Tm binding interaction is represented by the sharp peak near 

47°C (outlined in A), and represents the cooperativity of the interaction. The wildtype 

complex peak (0.993 ± 0.01°C) is wider than that of the peak from the Tm D230N complex 

(0.883 ± 0.01°C), but narrower than that of the hcTnT R92L complex (1.38 ± 0.14°C). 

Values are expressed as Mean ± S.E.M.  
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Figure 32: Phospho-troponin I (P-TnI) Quantitation in Isolated Adult 

Cardiomyocytes. 

A: Representative semi-quantitative Western of Ser-22/23 phosphorylation status of cTnI, 

and actin loading control performed on isolated adult cardiac myocytes before and 

following treatment with isoproterenol (ISO), calyculin A (CA), and both isoproterenol 

and calyculin A (ISO/CA) in non-transgenic (Non-Tg) and R92L (RL) mice. B: Summary 

of Ser-22/23 P-TnI phosphorylation levels, normalized to actin, before and following 

treatment with ISO, CA, and ISO/CA. An n of 3 animals was used per group. 2-way 

ANOVA was used to determine significance, values are expressed as means ± SE. ** p < 

0.01 versus non-Tg. 
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