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Abstract 

 The giant protein titin is the third myofilament in the cardiac sarcomere. It is 

responsible for generating passive forces in stretched myocardium and maintaining 

sarcomere structure. The force generation properties of titin are determined by titin’s 

elastic springlike elements, and this dissertation focuses on the determination of the 

physical properties of these springlike elements using atomic force microscopy. The 

primary project of this dissertation investigates the link between a single point mutation 

in one of titin’s subdomains and arrhythmogenic cardiomyopathy. 
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1. Introduction 

 The cardiac sarcomere contains three large myofilaments that account for force 

generation in the beating heart. While interaction between the actin-based thin filament 

and myosin-based thick filament is responsible for active force generation (contraction), 

the giant protein titin helps determine passive force levels in the sarcomere. A single titin 

molecule spans half the sarcomere and connects the thin and thick filaments (Appendix A 

Figure 1). In between the filament-binding regions of titin is titin’s elastic I-band, which 

is thought to be mostly unbound in the sarcomere and is the region of titin that is 

primarily responsible for generation of titin-based passive forces. Although the 

extracellular matrix also contributes to passive forces in stretched myocardium, titin is 

responsible for the majority of passive force within the physiological sarcomere length 

range. 

 The I-band region of titin consists of three serially-linked (titin is a single 

continuous polypeptide) segments that have distinct physical characteristics: tandem 

immunoglobulin(Ig)-like domains, the PEVK element, and the N2B element. These 

segments behave like a molecular spring, and the forces they generate upon sarcomere 

stretch are important for overall sarcomere structure. For example, because each half of 

the sarcomere contains an equal number of titin molecules (symmetry considerations 

dictate this fact), the thick filaments of the sarcomere experience equal and opposite titin-

based passive force upon sarcomere stretch, which maintains the thick filaments in the 

center of the sarcomere during diastole [1]. It has been shown previously that degradation 

of titin leads to unbalanced passive forces in the sarcomere and thick filament 

displacement from the center of the sarcomere towards either of the protein-rich Z-disks 
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upon active contraction [2]. Most importantly, this loss of titin function prevents re-

centering of the thick filament upon myofilament relaxation and critically damages 

sarcomeres. This example is one of many that underscore the fact that titin-based passive 

forces are an integral part of proper cardiac function. Diastolic function—the ability of 

the ventricles to relax and receive blood from the atria—is largely determined by titin-

based passive stiffness, and changes in the physical properties of titin’s elastic region are 

associated with diastolic dysfunction and cardiac disease. Titin-based passive tension is 

altered by two primary mechanisms: titin isoform splicing and post-translational 

modifications. 

 There are two titin isoforms in the adult heart (Appendix B Figure 1) that are 

largely identical except for their elastic I-band regions. The N2B isoform has a shorter I-

band region than the N2BA isoform and therefore is stiffer (i.e. requires more force to 

stretch and, concurrently, develops a higher restoring force). Changes in titin isoform 

expression have been associated with disease states, including a dilated cardiomyopathy 

dog model [3] and a hypertensive rat model [4]. In humans, patients with coronary artery 

disease express a higher percentage of N2BA isoforms that corresponds with decreased 

stiffness at the myofibril level [5], and patients with dilated cardiomyopathy have also 

shown a higher N2BA:N2B ratio and lower passive stiffness.  

Various protein kinases preferentially phosphorylate specific elastic segments of 

titin’s I-band that lead to changes in titin stiffness at the single molecule and tissue level 

[6-7]. For example, protein kinases A and G (PKA and PKG) phosphorylate the N2B 

element of titin, while PKC phosphorylates the PEVK element. Phosphorylation of titin 

can lead to increased [7] or decreased [6] passive stiffness, depending on the specific site 
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of phosphorylation. The effects of site specific phosphorylation can be directly measured 

with single-molecule techniques, and information garnered from such experiments can be 

very useful for suggesting therapies to combat cardiac dysfunction related to changes in 

myocardial stiffness. For example, molecules that alter α- and β-adrenergic stimulation 

(which activate downstream kinases) can be used to modify PKA/PKC activity which 

will then tune titin-based stiffness levels.  

The three elastic segments of titin have distinct mechanical properties under 

baseline conditions and respond differently to phosphorylation and mutation in a site-

specific manner. For this reason it is necessary to study these segments individually. A 

powerful method for studying the physical properties of proteins at the single molecule 

level is atomic force microscopy (AFM), which directly measures the force needed to 

stretch a protein. While powerful, care must be taken to design and analyze AFM 

experiments to avoid erroneous results and establish confidence in the technique. In 

particular, two aspects must be considered: the design of recombinant protein fragments 

and analysis of AFM data.  

 

2. AFM 

 All of my studies were performed with a MFP3D AFM (Asylum Research, Santa 

Barbara, CA). Purified recombinant protein in buffer (~5-10 ug/mL) was spotted on a 

clean microscope slide and incubated overnight at 4° C. Protein density was kept low to 

minimize protein-protein interactions and the chance than multiple protein molecules 

would attach to the cantilever tip simultaneously. Both of these scenarios can be detected 

by irregular force-extension traces that are inconsistent with the molecular fingerprint of 
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the protein of interest. Proteins randomly and nonspecifically attach to the piezo-driven 

silicon nitride cantilever tip (MLCT; Bruker) as the tip contacts the protein-coated slide 

surface. If a protein sticks to the cantilever, a force-extension trace is recorded as the tip 

retracts from the slide surface until the protein is displaced from either the slide surface 

or cantilever tip. The displacement of the cantilever base is directly measured by an 

integrated linear voltage differential transformer. Bending of the cantilever tip is 

measured by using an optical lever and quadrant photodetector system that is then 

converted to force by using Hooke’s Law F = -kx. Cantilever stiffness is determined by 

using the equipartition theorem. For more information see Materials and Methods in 

Appendix A or C.  

 

Synthetic Protein Design 

 When stretching a protein with AFM, the only output the user sees is the force 

(converted from tip displacement) and the extension (converted from cantilever base 

position) generated by whatever object was attached to the cantilever tip upon cantilever 

retraction. All parameters describing the tethered protein must be inferred from this force 

vs extension trace. Therefore, the protein of interest being stretched needs to be in 

solution absent other protein contaminants, and some knowledge about the protein’s 

structure is preferred. If various proteins are present during an AFM experiment, it cannot 

be known with certainty which protein was stretched that resulted in the force vs 

extension output. Knowing the size and generic structure of a protein helps, but this 

information is not always sufficient. Even when a protein solution is pure, it is not 

guaranteed that a single protein is being stretched; for example, it is common to stretch 
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two protein molecules simultaneously or to stretch proteins that are interacting with each 

other (such as dimers). In order to have confidence that a single protein is being 

stretched, the protein should have a characteristic pattern when stretched and/or unfolded 

(such as the five equally-spaced, low force peaks in Appendix A Figure 2). This 

molecular fingerprint is a good indicator of when a single protein is tethered and 

stretched using AFM. Proteins lacking well-defined structure, such as the PEVK element 

of titin, do not generate a clear fingerprint when stretched—they lack large structural 

transitions upon stretch that would result in identifiable force peaks. Therefore, additional 

protein domains are often inserted next to the protein of interest to generate a fingerprint. 

This idea was used in my AFM study on the PEVK element of titin (Appendix C). As its 

name suggests, the PEVK element contains a high concentration of proline (P), glutamate 

(E), valine (V), and lysine (K) residues. Although NMR and circular dichroism 

experiments suggest polyproline helix-coil motifs are present in the PEVK [8-9], its high 

proline concentration hinders the formation of large α-helix and β-sheet structures [10]. 

Most of the large force peaks recorded by AFM are due to large tertiary structure 

transitions, which the PEVK element lacks. Therefore, the PEVK element is often 

expressed in combination with titin Ig domains. Ig domains form a well-described β-

sandwich structure that results in large unfolding force peaks upon stretch. The contour 

length gain following Ig domain unfolding (as determined by fitting the AFM data with 

the wormlike chain equation [11]) is known by the length difference between a folded Ig 

domain (4-5 nm) and an unfolded, random coil Ig domain (number of residues ×  0.38 

nm/residue). Linking Ig domains to intrinsically disordered proteins like PEVK imparts a 

molecular fingerprint on the PEVK-Ig fragment for AFM study.  
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 I also studied the mechanics and kinetics of Ig domains using AFM. In particular, 

I investigated how a disease-linked point mutation affects Ig10 (the 10th Ig domain of 

titin’s proximal Ig segment—Appendix A Figure 1). For this project I designed Ig10 

pentamers—five identical Ig10 domains connected in series (synthetic DNA sequences 

coding for these fragments were purchased from Geneart (Regensburg, Germany)). 

Although this design is not native (Ig10 is flanked by Ig9 and Ig11 natively), it is 

necessary in order to guarantee that each unfolding peak in the molecular fingerprint is 

due to Ig10 unfolding. For example, if I stretched and unfolded an Ig9-Ig10-Ig11 

fragment, a three peak force-extension trace would be measured, but it would be 

impossible to assign a given peak to a certain domain’s unfolding. With an Ig10 repeat 

fragment, each unfolding peak is due to Ig10. The main concern in designing the Ig10 

pentamer is to maintain the native rotational constraints between adjacent Ig10 domains. 

This is done by choosing the short amino acid linker sequences between each Ig10 

domain such that the amino acids flanking Ig10 are the same as is present natively. 

Because at the time the atomic structure of Ig10 was unknown, I used secondary structure 

prediction (Jpred [12]) and multiple sequence alignment (ClustalW [13]) algorithms to 

determine the interfaces between the globular domain of Ig10 and the short linker 

sequences that connect it to adjacent domains. I also included two cysteine residues at the 

C-terminal of the pentamers to allow for thiol-gold bonds to anchor the protein to the 

gold-coated microscope slide. Few attachment chemistries allow for strong binding to 

gold, although the thiol group binds to gold with a bond strength of ~44 kcal/mol [14]. 

This promotes C-terminal binding to the microscope slide while minimizing attachment 

points between the globular Ig domains and the slide.  
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Analysis 

 The force needed to stretch an elastic biomolecule is well-described by the 

wormlike chain (WLC) equation [11]: ⎟⎟
⎠
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⎝
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is an approximate interpolation formula that describes the force needed to extend a 

polymer. The extension (end-to-end length) of the molecule (z) divided by its contour 

length (Lc) is referred to as the fractional extension, with the force needed to extend the 

molecule rapidly increasing as z/Lc approaches 1. The persistence length of the molecule 

(Lp) is a measure of its bending rigidity and is inversely proportional to the force needed 

to extend the molecule. It is counterintuitive that a more flexible protein (lower Lp) 

requires more external force to stretch, because this is the same thing as saying that a 

more flexible protein is a stiffer spring than a less flexible protein. This behavior is 

explained by realizing that random coil proteins (such as the PEVK element of titin) 

behave as entropic springs, not enthalpic springs (although at high fractional extensions 

bond stretching must be considered). See Section 3 of Appendix B for a qualitative 

discussion on the matter. 

The persistence length and contour length of an elastic protein can be estimated 

by fitting the force-extension trace with the WLC equation. When an elastic, 

predominantly unstructured protein is connected in series with a more stable domain, the 

force-extension trace leading up to the first unfolding peak describes the behavior of the 

elastic region of the protein fragment (Appendix C Figure 1). In my PEVK study, I 

looked at the effect that point mutations and phosphorylation had on the persistence 

length and contour length of PEVK by analyzing the force-extension trace up to the first 

Ig unfolding event with the WLC equation. I found that phosphorylation of two serine 
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residues in the PEVK element reduces the persistence length of PEVK (consistent with 

increased titin-based passive tension at the tissue level [7]) and that mutation of these 

residues to alanine similarly reduced PEVK persistence length (see Appendix C for 

details).  

My main research project has investigated a disease-linked point mutation (T16I) 

found in Ig10. The link between this titin mutation and the specific cardiac disease 

(arrhythmogenic cardiomyopathy; see Beyond Single Molecules for discussion) is still 

being investigated, but the critical first step was to determine if the mutation has an effect 

at the single molecule level. I performed three different AFM stretch protocols (stretch, 

refolding, and force clamp) on recombinant Ig10 pentamers (five native Ig10 domains 

connected in series (WT Ig10 5mer) or five mutant Ig10 domains connected in series 

(T16I Ig10 5mer)). The fragments exhibit a well-defined molecular fingerprint of five 

unfolding force peaks separated by ~28 nm periodicity (see Appendix A Figure 2). 

Although each unfolding force peak is attributed to Ig10, the average unfolding force 

increases as a function of peak number (i.e. the unfolding force of peak 1 is the lowest on 

average and the unfolding force of peak 5 is the highest; Table 1).  

 

     

Initial AFM work on heteropolyprotein Ig fragments reasoned that the peak 

dependence of unfolding force indicates that less stable Ig domains unfold before more 

stable Ig domains [15-16]. However, this peak dependence on unfolding force was also 

seen when homopolyproteins were stretched [17]. Because each unfolding force peak was 

Table 1: Average unfolding force (pN) of WT and T16I Ig10 pentamers 

126 ± 4**117 ± 2***106 ± 2***97 ± 3***92 ± 2*** T16I
143 ± 4134 ± 2 128 ± 2124 ± 2120 ± 2WT

Peak 5Peak 4Peak 3Peak 2Peak1

126 ± 4**117 ± 2***106 ± 2***97 ± 3***92 ± 2*** T16I
143 ± 4134 ± 2 128 ± 2124 ± 2120 ± 2WT

Peak 5Peak 4Peak 3Peak 2Peak1
** p<0.01  
*** p<0.001 
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due to identical domains unfolding, these studies analyzed unfolding force data with all 

unfolding force peaks combined (as is shown in Figure 1 for my Ig10 pentamer data). 

This results in unfolding force distributions that have a lower mean compared to the 

distribution describing the unfolding probability of a single (isolated) domain (Figure 2). 

The peak dependence of unfolding force is due to the combinatorics of the system (see 

section 5.4.1 of Appendix B for more information), but a theoretical method based on 

order statistics theory was developed [18] that removed the peak dependence of unfolding 

forces and allowed for all unfolding force data to collapse onto a single distribution 

(describing the unfolding force of a single isolated domain; Figure 3). This allows all 

unfolding peaks to be analyzed together, which quintuples (in the case of 

homopolyprotein pentamers) the unfolding force data set and results in more accurate 

fitting procedures. My work was the first to show that this theory can be effectively 

applied to experimental data (Appendix A). 

 

Figure 1: Gaussian fits to the distribution of each unfolding force peak from WT and T16I Ig10 
pentamers. The five small distributions are for peaks 1-5 and the large distribution (blue line and 
histogram) are with all unfolding force peaks combined. Red = peak 1, magenta = peak 2, cyan = peak 
3, green = peak 4, orange = peak 5.   

WT Ig10 Unfolding Force Distributions

Peaks 1-5 combined

T16I Ig10 Unfolding Force Distributions

Peaks 1-5 
combined



 16

 

 

 Although not directly measured, the unfolding rate of a protein (α0) is an 

important parameter that can be determined from unfolding force distributions. In the 

case of Ig domains of titin, unfolding rate is important because the average unfolding 

force of an Ig domain under AFM pulling velocities is greater than100 pN [19], which is 

over 20 times more than the tension present in titin’s elastic I-band region at the high end 

of the physiological sarcomere length range [20]. Since the unfolding rate of a protein 

Figure 2: The red lines represent the unfolding force distributions of Ig10 pentamers when the peak 
dependence of unfolding force is not corrected for (same as blue Gaussian lines in Figure 1). The blue 
lines are the unfolding force distributions that describe a single isolated domain (i.e. after correcting 
for the peak dependence of unfolding force).Notice that combining all unfolding force peaks 
underestimates the actual mean unfolding force. The corrected distributions are determined by using 
order statistics theory; see Figure 3. 

Normalized T16I Ig10 Distributions 

Uncorrected

Corrected

Figure 3: Cumulative distribution functions of the unfolding forces of each peak in WT (left) and T16I 
(right) Ig10 pentamers. The blue traces are the uncorrected cdfs of peaks 1-4, while the red peaks are 
the corrected cdfs after correcting for order statistics. Notice that the transformation collapses the cdfs 
onto a master curve describing a single domain (peak 5 of the unfolded Ig10 pentamer, by definition, 
represents the unfolding force distribution of a single domain). The average of these transformed cdfs is 
used to determine the “corrected” unfolding force distribution shown in Figure 2. 
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describes the rate under zero net external force that a protein transitions from its native 

(folded) state to an unfolded state due to stochastic fluctuations, if we know α0 for a 

protein we have a much better idea of its propensity to unfold under physiological force 

levels (<5 pN) compared to only knowing its behavior at high force levels (such as in 

AFM pulling experiments). Force-dependent unfolding is often assumed to follow Bell’s 

formula [21]: α(F) = α0·exp(F·∆x/kBT), where F is the force acting on the molecule and 

∆x is the distance along the reaction coordinate from the folded state to the transition 

barrier. This formula was introduced to describe how force accelerates the disruption of 

chemical bonds and is clearly a simplification when used in the context of protein 

unfolding. However, Bell’s formula does fit my experimental data surprisingly well (see 

Bell’s Formula and Monte Carlo Simulations). Since I can infer α0 from my experimental 

data and use Bell’s formula to scale the unfolding rate to determine α(F) at intracellular 

force levels, I can estimate the rate of protein unfolding under physiological conditions 

(see Figure 9 Appendix A).  

 

3. Serially-Linked Springs 

 Although it is important to study the springlike elements of titin’s I-band region 

individually, knowing the mechanical properties of one of the elements does not explain 

how the three elements work in series. Because the entire I-band region of titin 

experiences the same tension at any time, the mechanical properties of the tandem Ig 

domains, PEVK element, and N2B element need to be known in order to determine their 

collective contribution to passive tension as a function of sarcomere length. It has been 

shown that the three elastic elements extend to different degrees depending on the 
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sarcomere length [22], with the tandem Ig domains straightening out (but not unfolding) 

prior to elongation of the end-to-end distance of the PEVK and N2B elements. When the 

sarcomere is stretched, the most compliant regions of titin’s I-band are the first to extend 

which results in a low titin-based restoring force. As sarcomere length increases, the less 

compliant regions of titin are extended, which necessarily corresponds with a higher titin-

based restoring force. This passive interplay within titin’s elastic region can also be seen 

in the fact that mouse models missing one element of titin’s I-band region show an 

increased, compensatory extension in the remaining springlike elements [23]. 

 Since the contour length and persistence length of the tandem Ig domains, PEVK 

element, and N2B element are known from their primary sequences and single molecule 

studies, I can determine the force-extension characteristic of the entire I-band region of 

titin. To do this, an inverted WLC model is needed that describes the extension of a 

polymer as function of force, contour length, and persistence length. A simple formula 

for this is such [24]: 
⎥
⎥
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determine z(F,Lc,Lp) for each springlike element for all the force values of interest. Then, 

assuming force balance across the three elastic segments, I sum the z(F,Lc,Lp) values for 

the tandem Ig segment, the PEVK element, and the N2B element to generate total 

extension as a function of force. With this method, results from single molecule studies 

can be translated to the tissue level. For example, if phosphorylation of the PEVK 

element changes its persistence length, the effect of this phosphorylation on the overall 

force-extension behavior of titin’s I-band region can be estimated. This allows for 

comparison between data at the single molecule level and at the tissue level, the latter of 
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which is determined by the entire I-band region of full-length titin molecules that are 

packed into sarcomeres at an approximate density of 3 billion titin molecules per mm2 

[25]. A major benefit of this extrapolation from single molecule studies to tissue level is 

that it helps determine if effects seen at the tissue level are due entirely from primary 

changes at the single molecule level. For instance, if protein kinase activity increases 

passive tension in skinned (demembranated) cardiac tissue, it cannot be known if this 

effect is due solely to titin phosphorylation, since most kinases have a variety of 

sarcomeric substrates. However, if this passive tension increase is fully explained by a 

change in the physical properties of an elastic element of titin (by using single molecule 

studies in concert with the inverted WLC model), then it can be concluded that a 

particular elastic element (or even specific residue) of titin is responsible for the passive 

tension changes seen at the tissue level following phosphorylation treatment. 

 

4. Bell’s Formula and Monte Carlo Simulations 

 The force dependence of Ig domain unfolding is often assumed to follow Bell’s 

formula [21]: α(F) = α0·exp(F·∆x/kBT) [17, 20, 26]. This formula has been assumed 

because of its simplicity which allows it to be easily integrated into Monte Carlo (MC) 

simulations of Ig domain unfolding. MC simulations are used to infer α0 and ∆x¸ the 

unfolding rate of a protein and the distance from the folded state to the transition barrier 

(which separates the folded and unfolded states) along some reaction coordinate, 

respectively. The purpose of MC simulations in regards to Ig domain unfolding is to 

generate large unfolding force (UF) distributions that depend on two parameters (α0 , ∆x). 

These distributions are then compared to experimental UF distributions to find the (α0 , 
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∆x) parameter pair that best reproduces the experimental data. This is how the unfolding 

rate of an Ig domain under no external force can be estimated from UF distributions that 

are centered between 100-200 pN. 

 In my MC simulations, experimental conditions were mimicked as best as 

possible. I start with 5 folded Ig domains of known diameter and stretch the entire tandem 

at 1000 nm/s (AFM pulling velocity) by increasing their end-to-end length in 40 μs (0.4 

Å) intervals. At each interval, the force acting on the Ig tandem is determined by force 

balance between cantilever bend (|F| = kx) and the force required to stretch the 

polypeptide using the wormlike chain equation. The probability of an Ig domain 

unfolding at each interval is given by p = j·α(F)·∆t, where j is the number of folded 

domains, α(F) follows Bell’s formula, and ∆t is the time step. After an Ig domain unfolds, 

a contour length increase of 28 nm occurs, the number of folded domains decreases by 1, 

and the process continues. The parameter ∆x is inversely proportional to unfolding force 

and has a major effect on the standard deviation of the UF distribution, while α0 does not 

affect the standard deviation (Table 2). For this reason, matching the deviation of the 

simulated UF distribution with AFM data gives a good estimate of ∆x. The (α0 , ∆x) pair 

that best reproduces the experimental UF distribution is taken as best estimates for the Ig 

domain of interest.  
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 The question still remains: is Bell’s formula a reasonable approximation for the 

effect of force on unfolding rate? Rearranging Bell’s formula gives 
0

)(ln
α
α F

x
Tk

F B

Δ
= , 

which shows that a linear relationship should exist between a given external force F and  

the natural logarithm of α(F)/ α0. The validity of this relationship can be nicely tested 

with my AFM force clamp dataset. For force clamp studies, an Ig10 pentamer was 

tethered and stretched until a set force point is reached. At that point the cantilever stops 

its retraction from the slide surface to maintain a constant force level. When an Ig domain 

unfolds, the force in the system drops as the molecule’s slack length is increased. The 

cantilever then retracts from the slide surface until the set force level is reached again. 

This process continues until all domains have unfolded. This technique allows for direct 

measurement of force-dependent unfolding rate. Table 3 presents the force clamp data for 

T16I Ig10 and Figure 4 shows that there is a good linear relationship between clamp 

force and ln α(F)/ α0.  

Table 2. Top: The distance from the 
folded state to the transition barrier 
(∆x) significantly impacts the 
standard deviation of unfolding 
forces. Bottom: The unfolding rate 
of a protein under no net external 
force (α0) does not affect the 
standard deviation of unfolding 
forces. Therefore, ∆x can be 
estimated solely from the standard 
deviation of unfolding force 
distributions generated from Monte 
Carlo simulations. Both parameters 
affect unfolding force. 
 

12.30.45 nm.005 s-1

17.20.35 nm.005 s-1

27.00.25 nm.005 s-1

STDEV of 
unfolding forces

∆xα0

12.30.45 nm.005 s-1

17.20.35 nm.005 s-1

27.00.25 nm.005 s-1

STDEV of 
unfolding forces

∆xα0

17.10.35 nm.0005 s-1

17.20.35 nm.005 s-1

17.40.35 nm.00005 s-1

17.30.35 nm.000005 s-1

STDEV of 
unfolding forces

∆xα0

17.10.35 nm.0005 s-1

17.20.35 nm.005 s-1

17.40.35 nm.00005 s-1

17.30.35 nm.000005 s-1

STDEV of 
unfolding forces

∆xα0
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The slope of this relationship equals kBT/∆x, and from the linear fit we find that ∆x = 0.27 

nm, which is very close to the ∆x determined from comparing MC simulations with AFM 

data (0.3 nm). Admittedly, this method is not perfect: notice that the y-intercept from the 

linear fit does not match what is expected for F = 0. However, this method does a 

surprisingly good job of describing force-dependent unfolding in Ig domains. This is 

likely due to the fact that Ig domains usually unfold in a single step from the globular 

structure to a random coil polypeptide. This all-or-nothing unfolding behavior is 

characteristic of proteins with short ∆x values. Large ∆x values indicate that the protein 

can withstand large displacements along the reaction coordinate of interest (such as the 

distance between two amino acids) prior to reaching the transition barrier that separates a 

protein’s folded and unfolded conformations.  

 

 

 

α0 = 0.005 s-1.
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Table 3: Force-dependent unfolding rates 
(α(F)) and ln α(F)/α0 at various force clamps 
for T16I Ig10.  

Figure 4: A linear relationship exists between 
the clamp force and ln α(F)/α0, which suggests 
that Bell’s formula is a good approximation for 
the effect of force on unfolding rate. 
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5. Beyond Single Molecules 

 While single molecule spectroscopy is a powerful tool for studying the primary 

effects that mutation and phosphorylation have on protein mechanics, the behavior of an 

isolated protein is not necessarily indicative of how the protein behaves at the tissue 

level. In the case of titin, the three dimensional myofilament lattice is a protein-dense 

environment that is constantly changing as sarcomeres expand and contract. Although the 

enormous size of titin has precluded in-depth investigation of each of its subdomains, it is 

apparent that titin associates with numerous binding partners and signaling pathways. As 

the field of titin research continues to expand, one thing is clear—we have only just 

begun to understand the myriad functions that titin performs in the heart. This reservoir 

of untapped knowledge makes titin research both exciting and daunting.  

 The majority of my graduate research has investigated the link between a 

mutation in Ig10 (T16I) and the primary heart muscle disorder arrhythmogenic 

cardiomyopathy (AC). AC is characterized by the breakdown of healthy cardiac 

myocytes and subsequent replacement by fat and fibrous tissue. Various desmosomal 

mutations have been causally linked to AC [27], but the T16I mutation in Ig10 is the first 

sarcomeric protein mutation to be implicated in AC. The mutation (C39453T in the titin 

gene) showed complete segregation with the AC phenotype in affected individuals and 

provided strong genetic evidence that the mutation is linked to the disease.  

 I showed at the single molecule level that the T16I mutation weakens the 

mechanical stability of Ig10 and increases Ig10 degradation in vitro (Appendix A). In 

order to gain insights into the potential disease mechanism that links the mutation to the 
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AC phenotype, my lab generated a genetically-engineered mouse model with the T16I 

mutation knocked-in (KI) to the titin gene (Figure 5). 

 

Based on my single molecule results, I hypothesized that the disease-linked titin mutation 

leads to the AC phenotype (fibrofatty replacement of myocardium) via a titin degradation 

mechanism. My AFM data showed that the presence of T16I significantly reduces the 

force needed to unfold Ig10 and increases its unfolding rate by a factor of four. I also 

performed a variety of in vitro degradation assays with recombinant Ig7-13 fragments 

and Ig10 pentamers that showed that the presence of T16I in Ig10 increases the rate at 

which Ig10 is cleaved by proteases (Appendix A), presumably due to disrupted local 

structure (i.e. loss of native protein contacts) at the mutation location. This increased 

degradation could also be due to the mutation increasing the amount of time that Ig10 

occupies a protease accessible conformation without altering the native structure 

drastically. At the level of the sarcomere, any break in the titin chain would completely 

abolish titin’s ability to generate passive forces. The passive force generated by stretched 

Figure 5: Targeting vector 
schematic for inserting the T16I 
mutation into the 37th exon of 
titin. Exon 37 encodes Ig10. 
Mice referred to as wildtype 
(WT) contain native Ig10 on 
both alleles, and mice referred 
to as knock-in (KI) contain the 
T16I mutation on both alleles 
(homozygous KI).  
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titin molecules are crucial for keeping thick filaments centered in the sarcomere [1], and 

degradation of titin leads to M-band misalignment [2]. Titin has also been implicated in 

cell signaling pathways (see section 7 in Appendix B), and it is likely that a broken titin 

molecule would negatively impact the signaling pathways associated with titin. Because 

titin is so large, accelerated titin turnover due to the T16I mutation may place 

unprecedented burden on the protein synthesis machinery of the cell and could disrupt the 

translation of other cellular proteins. For example, a rough calculation based on the 

transcription rate of RNA polymerase (~3.9 kilobases/min)[28] and translation rate of 

ribosomes (18 amino acids/sec)[29] shows that the creation of a single titin molecule 

probably takes at least 100 minutes (this does not include RNA splicing, which probably 

takes on the order of minutes). A lot of cellular resources and energy are needed for titin 

synthesis, which does not even include the effort needed to transport and integrate titin 

molecules into the protein-dense sarcomere environment. Not much is known about titin 

turnover in the cell, but it clearly is a complex and demanding process and may 

contribute to the mechanism that links the AC mutation to the disease phenotype. The 

generation of a mouse model with the T16I mutation knocked-in (KI) allows me to study 

the potential mechanism that links the titin mutation to the AC phenotype, but first it 

must be shown that the KI mice develop AC. 

 

Searching for the AC Phenotype in the Mouse Model 

 A causal linkage between a mutation and disease in humans does not guarantee 

that the same mutation in a different organism will also lead to disease. Mice are most 

often used when genetically engineering a mammalian disease model because of their 
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short gestation period (3 weeks) and relatively low cost. However, there are obvious 

differences between humans and mice, including that the mouse heart beats ten times 

faster than human hearts, mouse hearts contain less fat than human heats, and mice are 

extremely resilient creatures.  

 Under baseline conditions the KI mice do not show a disease phenotype. They 

reproduce normally and appear healthy and active. This is not surprising, since in humans 

the AC phenotype is characterized by a “concealed phase” [30] in which affected 

individuals are asymptomatic and present with little or no cardiac pathology. The disease 

progresses with age and often time is not diagnosed until post-mortem. In the family 

harboring the Ig10 T16I mutation, three of the seven affected family members required 

heart transplants at age 57 or older, two died from heart failure in their 60s, and two are 

stable (36 and 72 yrs). For these patients, the average age of disease onset was 36 years. 

Endurance athletes have been implicated as having a high risk to develop AC, and it is 

speculated that this is because endurance sports are associated with long-lasting volume 

overload of the right ventricle [31]. For these reasons, I decided to subject 10 month old 

male mice to a five week treadmill exercise regimen to try to instigate expression of the 

disease phenotype. After the treadmill regimen was completed (WT and KI mice did not 

show differences in running capacity) the geometry and pump function of the mouse 

hearts were determined by echocardiography (echo; Dr. Kirk Hutchinson performed the 

echo experiments). The four groups studied by echo were WT Exercised, WT Sedentary, 

KI Exercised, and KI Sedentary. Mitral valve A wave velocity (which measures the blood 

flow as the left atrium contracts to squeeze out any remaining blood into the left 

ventricle) was significantly reduced in both exercise groups compared to sedentary WT 
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mice and was trending towards significance in sedentary KI mice compared to sedentary 

WT (Figure 6). A lower mitral valve A wave velocity indicates that the atrial kick is not 

as strong, which may be due to a stiffer left ventricle (LV). In addition, the mitral valve 

deceleration time was significantly shorter in sedentary KI mice compared to sedentary 

WT mice (Figure 6). Reduced mitral valve deceleration time implies that the LV is 

stiffer, and these two echo parameters being reduced could indicate restrictive filling in 

the KI mice.  

 

After echo, the mice were then sacrificed and their hearts were excised. Cross sectional 

cuts (~2 mm thick) were made through the right ventricle (RV) and left ventricle (LV) of 

the heart for histology studies. One cross section slice was fixed in 3% glutaraldehyde for 

picrosirius red (PSR) staining, and one slice was snap frozen in OCT for oil red O 

staining. PSR stains linearized collagen fibers and presents as bright orange/yellow 

birefringence under polarized light. Increased collagen volume fraction in the heart 

indicates fibrosis. Oil red O stains adipose tissue. Since a hallmark of arrhythmogenic 

cardiomyopathy is myocardial infiltration by fibrous and fat tissue, I wanted to determine 

Figure 6: Left—The velocity of the mitral valve A wave is reduced in WT and KI mice after five weeks 
of treadmill running compared to sedentary WT mice. KI sedentary mice also have a lower A wave 
velocity, but this difference is not yet significant. Right—Sedentary KI mice have a shorter mitral 
valve deceleration time compared to sedentary WT mice, which implies a stiffer left ventricle. 
Significance was determined using two-way ANOVA and Tukey’s post-hoc test. N=6 for all groups. 
**  p<0.01, *** p<0.001. 
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if this phenotype was present in the KI mice and if long-term volume overload due to 

treadmill running exacerbated the phenotype. Figure 7 shows bright collagen fibers after 

PSR staining. Two-way ANOVA shows no significant difference between the four 

groups, although the variance due to the interaction factor is nearly significant (p = 0.06). 

This interaction factor is lessened (p = 0.10) when the outlier in the exercised WT dataset 

is removed.  

  

Figure 8 shows fat deposits stained with oil red O. There was no significant difference 

between groups, although exercised WT mice exhibited less fat content while exercised 

KI mice had more fat relative to the respective sedentary group. The fact that exercise 

influences the amount of cardiac fat in opposite ways can be seen by the variance due to 

the interaction factor being significant (p = 0.03). Although speculative, it is interesting to 

suggest that the lower fat percentage in the exercised WT mice compared to sedentary 

WT mice is the expected, beneficiary physiological response to exercise while the 

increase in fat in the exercised KI mice compared to sedentary KI mice is indicative of 

the AC phenotype beginning to show itself due to exercise-induced volume overload.  

Figure 7: Left—Collagen fibers appear as bright strands upon PSR staining. Right—The collagen 
volume fraction is determined from the percentage of collagen present in cross sectional slices of 
the heart. No significance between groups was seen using two-way ANOVA. 
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The same fixed heart slices used for PSR staining were also used in an assay to detect 

apoptotic cells (cells undergoing programmed cell death). It is thought that the fibrofatty 

pathology seen in AC patients occurs after myocardial degradation, and apoptosis is one 

pathway that would lead to a reduction of myocytes in the heart. This assay detects the 

presence of cleaved caspase 3, a central protease in the apoptosis pathway that is often 

used as an apoptotic marker. Unfortunately, apoptotic cells were not seen in my mouse 

heart samples.  

 Since my hypothesis is that the link between the T16I mutation and the AC 

phenotype involves titin degradation, I looked at titin isoform expression and degradation 

with 1% agarose gel systems specialized for resolving giant proteins. These gels allow for 

quantification of full-length cardiac titin isoforms (N2BA and N2B) as well as titin 

degradation products. Extensive gel analysis with the help of Mr. Chandra Saripalli was 

performed on a large set of 4 month old female WT and KI mice (Figure 9). The KI mice 

have less degraded titin in both the left and right ventricle compared to WT mice. This 

result was surprising since I expected the presence of the T16I mutation to increase titin 

Figure 8: Left—Fat appears bright red after staining with oil red O. The percentage of fat was 
determined by the total area of fat divided by the total cross section of the heart slice. Right—There 
is no significant difference amongst the four groups studied, although the variance due to the 
interaction factor is significant (p = 0.03). 
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degradation rates (such as what is seen at the single molecule level). However, protein 

turnover mechanisms in the cell are quite complex and this reduced level of degraded 

titin in the KI tissue could be due to a variety of factors. This needs to be studied further 

in the future. 

  

6. Future Directions 

There is an acute need for improved methods to analyze unfolding force 

distributions to estimate parameters such as unfolding rate, the distance along the reaction 

coordinate from the folded state to the transition barrier, and the height of the activation 

barrier. Theories have been developed to improve such analyses that take into account 

force-dependent loading rates (which is the case in constant speed pulling experiments 

when flexible linkers are present) and explicit free energy surfaces (force dependent 

unfolding rates and probability distributions can be evaluated analytically for simple 

energy profiles such as a linear-cubic surface) [32]. An untested assumption of these 

theories is that the process of irreversible unfolding as a function of external force is 

quasi-adiabatic, that the characteristic relaxation time of the system in the folded state is 

much faster than the escape over the activation barrier separating folded and unfolded 

Figure 9: Left—Titin gels allow for quantification of full-length titin isoforms (T1) and titin 
degradation products (T2). Right—T2/T1 ratio is significantly reduced in the LV and RV of KI mice. 
This either indicates that T1 is degraded less rapidly in KI mice or that T2 is degraded more rapidly.  
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conformations [33]. If the adiabatic assumption is correct, the theory predicts that force-

depending unfolding rates should be independent of pulling speed: 

∫−
= F
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vFvpk
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)|(
)(α  for all v, where ks·v is the loading rate (pN/s) and p(F|v) is the 

probability of unfolding at a force F given the pulling speed v [32]. This implies that α(F) 

determined from different pulling speeds should collapse onto a master curve. This 

behavior is seen with my simulated UF data for pulling speeds covering four orders of 

magnitude (Figure 10).  

 

The fact that my AFM data from different pulling speeds does not overlap most likely 

implies that Ig10 unfolding involves intermediate unfolding barriers and multiple 

unfolding pathways [34]. My AFM data suggests that two-step unfolding sometimes 

occurs (partial refolding events were seen during refolding experiments and two-step 

Figure 10: For protein 
unfolding under monotonically 
increasing external force, the 
survival probability (S(t); the 
probability that the protein is 
still folded at time t) is related 
to the unfolding rate by 

)())(()( tStFktS −=& . Under the 
quasi-adiabatic assumption the 
unfolding rate is independent of 
pulling speed. Using the p(F|v) 
from my simulated and 
experimental UF data and a 
force-dependent loading rate 
(due to non-linearity of 
wormlike chains) I plotted α(F) 
for all forces probed by various 
pulling speeds. 
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unfolding was occasionally seen during force clamp experiments), but these events were 

too infrequent to generate a robust two-step unfolding dataset.  

Improved accuracy of α(F) estimation can be achieved by performing force clamp 

experiments with lower force clamps. This would allow testing of the applicability of 

Bell’s formula over a larger force range and, more importantly, could directly determine 

α(F) at low (perhaps approaching physiological) forces. These experiments would require 

very low AFM drift and stable binding between the protein fragment and cantilever tip 

since unfolding rates are much slower at low force.  

 A lot of work is still needed to determine how the T16I mutation leads to AC (and 

if our mouse model even exhibits the classical disease phenotype). At this point my 

hypothesis remains that the link between the mutation and the AC phenotype is related to 

titin degradation. The decreased T2/T1 ratio in KI mice (Figure 9) suggests that titin 

turnover dynamics are different in the KI mice, but this needs to be investigated further. I 

have done preliminary assays to determine proteasome activity in the WT and KI tissue 

and found that proteasome activity is 15% less in the KI animals (n=2). This initial result 

was surprising because increased protein turnover would correspond to increased 

proteasome activity, but more work is needed to elucidate the rates of titin synthesis and 

titin degradation in cardiac tissue.  

Perhaps the most direct way to probe the effect that the T16I mutation has on titin 

degradation in intact sarcomeres is with myofibril mechanics. Myofibrils are long, 

cylindrical structures in muscle that are composed entirely of serially-linked sarcomeres. 

Single myofibrils can be isolated by blending muscle tissue and can subsequently be 

tethered between a micromanipulator-controlled glass needle and cantilever. The glass 
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needle is attached to a piezotube that allows for quick length changes of the myofibril. 

Force in the system is measured by a quadrant photodetector that receives laser light that 

deflects off the cantilever, very similar to the optical detection system used in AFM, 

except that now horizontal forces can be measured instead of vertical forces. With this 

experimental setup, I can stretch myofibrils and then flow through protease-rich solution 

that will degrade titin. This allows for direct measurement of force-dependent 

degradation (titin degradation will be determined by a reduction in titin-based passive 

stiffness in the stretched myofibril). My hypothesis is that titin molecules in myofibrils 

from the KI mice (with the T16I mutation present in every titin molecule) will be 

degraded more rapidly compared to WT myofibrils, which will be measured by a faster 

reduction in titin-based passive force upon the introduction of proteases. This novel 

experiment will be important for showing that the T16I mutation has a primary effect on 

Ig10 structure and stability in full-length, sarcomere-integrated titin molecules.  

It is possible that the disease phenotype has not been apparent because the 

animals we have studied are too young (treadmill mice were ~10 months old at time of 

dissection). It is well-known that the AC phenotype is age-dependent, and future 

experiments will be performed on 18 month old WT and KI male mice. These mice will 

be echoed, and upon dissection the heart tissue will be used for histological studies, titin 

isoform gels, and proteasome assays. Depending on the echo results, additional studies 

may also be performed.   

 Currently, our collaborators at UCSD (the lab of Dr. Farah Sheikh) are 

performing extensive Western Blots on LV and RV tissue from the mice used in the 

treadmill exercise study. They are looking at the protein levels of desmosomal proteins 
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because AC has been causally linked to various desmosomal mutations [31]. 

Desmosomes, along with gap junctions and fascia adherens junctions, make up the 

intercalated disks that hold cardiomyocytes together and allow for mechanical coupling 

and intercellular signaling. Interestingly, a recently-defined subcellular structure called 

the transitional junction connects myofilaments (including titin) and the intercalated disk 

[35], which may offer insights regarding how the T16I mutation in titin leads to a disease 

phenotype that mimics those often associated with desmosomal mutations.  

 The link between the T16I mutation and AC is not clear, but the generation of the 

T16I KI mouse model is a valuable tool for studying the disease mechanism. This mouse 

model would not have been made if not for the strong single-molecule studies that 

showed a clear effect of the T16I mutation on Ig10 mechanics and stability. I think 

performing single molecule studies in conjunction with cell, tissue, or organism level 

studies is crucial for achieving a robust understanding of biophysical processes.  
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7. Investigating the link between the T16I Ig10 mutation and arrhythmogenic 

cardiomyopathy using a knock-in (KI) mouse model (Manuscript in Progress) 

 

Introduction  

 The giant protein titin is the third myofilament of the sarcomere, helps determine 

diastolic stiffness, and is crucial for sarcomere organization. Mutations in titin have been 

associated with dilated cardiomyopathy [36], but recently a mutation in titin was linked 

with arrhythmogenic cardiomyopathy (AC) for the first time [37]. AC has been termed a 

“disease of the desmosome” because numerous desmosomal mutations have been 

identified that cause the disease phenotype [31]. The primary phenotype is identified by 

replacement of the myocardium with fibrofatty tissue, which leads to problems with 

electrical conduction and arrhythmias early on and reduced contractility and heart failure 

as patients age. 

 Genetic analysis of 38 well-characterized AC families identified a C39453T 

nucleotide transition in the 37th exon of titin that showed complete segregation with the 

AC phenotype in six affected patients [37]. In addition, two fifth-degree relatives with 

AC shared this mutation, which strongly suggests that the mutation is linked with the 

disease phenotype. The 37th of titin’s 363 exons codes for the 10th immunoglobulin(Ig)-

like domain of titin’s elastic I-band region (Ig10; Figure A1). The AC-linked mutation 

changes the native threonine residue into isoleucine (T16I), and single molecule studies 

have shown that the mutation significantly weakens the mechanical stability of Ig10 and 

increases its rate of unfolding [20]. This study also showed that the T16I mutation 

increases Ig10 degradation in vitro due to changes in the structure of Ig10 local to the 
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mutation location. This single molecule evidence suggested that the cellular mechanism 

that links the titin Ig10 mutation to AC involves accelerated titin degradation rates, which 

is consistent with the fact that a primary AC phenotype is breakdown/replacement of 

ventricular myocardium.  

 

 To investigate the molecular mechanisms that lead to the disease, a genetically 

engineered mouse model was created with the Ig10 mutation knocked-in. Mice with the 

T16I mutation present on both alleles (homozygous knock-in animals) were used in this 

study and are termed T16I KI mice. Although the T16I mutation has a clear effect on 

recombinant Ig10 polyproteins at the single molecule level [20], these studies cannot 

replicate the conditions that titin experiences in vivo. With a mouse model in hand, we 

can study the effects that T16I has on Ig10 in full-length titin molecules that are properly 

integrated into the protein dense sarcomere environment. The goal of this study is two-

fold: 1) to determine if the T16I mutation causes the arrhythmogenic cardiomyopathy 

Figure A1: A single titin molecule spans the half-
sarcomere from the Z-disk to the M-band. The T16I 
mutation in Ig10 is found on the C-terminal side of the A’ 
beta strand, a region that also is thought to contain a 
hydrogen bond network important for determining the 
mechanical stability of Ig domains. Upon sarcomere 
stretch, tension in titin pulls the termini of Ig10 away from 
its center of mass.
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phenotype in homozygous KI mice and 2) to gain insights into the potential molecular 

mechanisms responsible for development of the disease. 

 

Experimental Procedures 

 Generation of Mouse Model—A gene targeting strategy was employed to 

introduce an ACC to ATC point mutation in exon 37 of the mouse titin gene in order to 

mimic the T16I Ig10 human mutation. The targeting vector was built using a vector 

backbone carrying neomycin resistance for a positive selection. The targeting vector 

consists of two arms of homology. The short arm of homology was 3.3 kb in size and 

carries the point mutation, and the long arm of homology was 4.1 kb. The point mutation 

was introduced using a site-directed mutagenesis kit (Agilent, Santa Clara, CA) and its 

presence was confirmed by sequencing. The targeting vector DNA was electroporated 

into 129S6 embryonic stem cells. The neomycin resistant clones were screened by PCR 

using primers outside the homologous arms and neomycin primers in order to select the 

clones that have taken the targeting DNA by homologous recombination. Mice carrying 

the mutation were genotyped by PCR across the mutation, using a forward primer on the 

5’ end of the mutation and a neo reverse primer. The PCR amplified bands were cut out 

from the gel, purified, and sent for sequencing to prove the presence of the mutation.  

 Mouse genotyping—Mouse tails were digested in tail lysis buffer and incubated at 

55° C overnight. Primers were added and a standard PCR cycling protocol was 

performed. PCR products were determined by capillary electrophoresis using an Applied 

Biosystems 3730 DNA Analyzer, with the WT amplicon at 253 bp and the T16I KI 

amplicon at 330 bp.  
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 Exercise Protocol—Age-matched male mice were randomly selected for treadmill 

exercise similar to published protocols [38]. The mice were acclimated to the treadmill 

environment (Exer 3/6, Columbus Instruments, Columbus OH) for one week (at low to 

moderate running speeds) before the five week exercise protocol began. The exercise 

protocol was 60 minutes and always began at a low speed (5 m/min) with stepwise speed 

increases every 3-6 minutes until a maximum velocity was reached at 27.5 m/min. Mice 

were removed from the treadmill upon exhaustion (when the mice rested on the shock 

grid) or until the entire protocol was complete. Treadmill exercise took place in the 

morning each day.  

Echocardiography— Mice were echoed under 1.0% isoflurane anesthesia (USP, 

Phoenix) in 100% oxygen. Transthoracic echo images were obtained with a Vevo 2100 

High Resolution Imaging System (Visual-Sonics, Toronto) using the model MS250 scan 

head designed for murine cardiac imaging. Care was taken to avoid animal contact and 

excessive pressure. Images were collected and stored as a digital cine loops for offline 

analysis (Vevo 2100 software suite). Standard imaging planes, m-mode, Doppler, and 

functional calculations were obtained according to American Society of 

Echocardiography guidelines [39]. The short-axis view was used for m-

mode acquisition of percent fractional shortening and ventricular geometry. Left atrium 

dimensions were measured in the parasternal long-axis view directly below the aortic 

valve leaflets. Passive LV filling peak velocity, atrial contraction flow peak velocity, and 

E and A wave velocities were determined from the images of mitral valve Doppler flow 

from apical four-chamber view. Mouse heart rates were maintained between 500-550 

bpm for M-mode and 350-450 bpm for Doppler studies. 



 39

 Histology—After cutting off the apex of the heart, 2 mm thick cross sectional 

slices were made through the left and right ventricles. The slice closer to the apex of the 

heart was snap frozen in OCT using an isopentane boat on liquid nitrogen. From this 

slice, three step sections (separated by ~100 um) were cut and stained with oil red O for 

detection of fat droplets. The second 2 mm thick slice was fixed in 3% glutaraldehyde. 

Step sections were cut from this slice and stained with picrosirius red, which stains 

linearized collagen fibers. The percentage of fat accumulation in the heart slices was 

determined by the fractional area of oil red O stained tissue normalized by the total cross 

sectional area of the heart slices using a Zeiss AxioImager M1 microscope and 

AxioVision 4.7.2 software. Similarly, the collagen volume fraction of the heart slices was 

determined by the percentage of the heart slice occupied by picrosirius red-stained 

collagen fibers that appear as bright birefringence under polarized light.  

 For identifying apoptotic cells in the mouse hearts, cross sectional slices through 

the ventricles were fixed in 10% neutral buffered formalin for 24 hours, processed, and 

embedded in paraffin.  Routine hematoxylin and eosin (H&E) stains were performed on 

sections of tissue cut with a width of 3 microns from the formalin fixed, paraffin-

embedded blocks.  Immunohistochemistry for Cleaved Caspase 3 (clone D175) was 

performed using rabbit monoclonal antibodies (#9661S, Cell Signaling Technology, 

Danvers, MA), with human tonsil tissue used as the positive tissue controls. Mouse 

spleen tissue sections were stained with a Discovery XT Automated Immunostainer 

(Ventana Medical Systems, Tucson, AZ) using reagents for deparaffinization, cell 

conditioning (antigen retrieval with a borate-EDTA buffer), primary antibody staining, 

detection, and amplification using a biotinylated-streptavidin-HRP and diaminobenzidine 
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system and hematoxylin counterstaining.  Following staining on the instrument, slides 

were dehydrated through graded alcohols to xylene and coverslipped with mounting 

medium.    

 Skinned Tissue Mechanics—Papillary muscles from the LV were dissected and 

skinned overnight in skinning solution (in mM: BES 40, EGTA 10, MgCl2 6.56, Na-ATP 

5.88, DTT 1, K-propionate 46.35, creatine phosphate 15, E-64 0.1, leupeptin 0.4, and 

PMSF 0.5, and 1% Triton X-100) . After skinning, the tissues were washed with Triton-

free relaxing solution and then transferred to a 50% (v/v) solution of glycerol and 

relaxing solution. Tissues were stored at -20 C. Small fibers (~0.05 mm2 CSA and ~1 mm 

long) were dissected along the long axis of the papillary muscle and clipped with 

aluminum T-clips. Fibers were attached to a force transducer (AE801, SensorOne, 

Sausalito, CA) and motor (308B, Aurora Scientific, Aurora, Canada). Cross sectional 

area was calculated using the length and width of the muscle strip and assuming an 

ellipsoid shape. Mechanical protocols were performed in relaxing solution at room 

temperature. Muscle strips were stretched using a stretch-hold-frequency sweep protocol 

at a speed of 10% length/sec. After stretch to a given sarcomere length, the stretched 

tissue was held for 90 seconds to allow for passive tension to reach steady state, and then 

a frequency sweep of 0.1-100 Hz at 2% amplitude was performed. A 15 minute rest 

period was allowed between each stretch. To extract the relative contributions of the 

extracellular matrix and titin to total passive force, thick filaments were depolymerized 

with KCl (1 M) and thin filaments were depolymerized with KI (0.6 M). The stretch-

hold-frequency sweep protocol was then repeated, with the resulting passive forces 
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attributed to the ECM and the difference between the total force and ECM force defined 

as titin-based passive tension.  

 Titin Quantification Gels—Cardiac tissues were quick frozen in liquid nitrogen 

and finely ground with glass pestles cooled in liquid nitrogen. Pulverized tissues were 

allowed to warm to -20° C and then suspended in 50% urea buffer (in M: urea 8, thiourea 

2, Tris-HCl 0.05, DTT 0.075, with 3% SDS and 0.03% bromophenol blue) and 50% 

glycerol with protease inhibitors (in mM: E-64 0.04, leupeptin 0.16, and PMSF 0.2). 

Tissues were solubilized for four min at 60° C and then incubate for 10 more minutes at 

60° C. After cooling, solubilized samples were centrifuged for 5 min at 13k rpm; the 

supernatant was loaded into 1% vertical agarose gels. Each gel was run for 3 hr 20 min at 

15 mA and then Coomassie stained. Protein bands were quantified using One-Dscan 

(Scanalytics Inc, Rockville, MD). Titin isoform and myosin heavy chain optical densities 

were determined as a function of volume, and the linear relationship of protein versus 

loading volume was used to quantify protein expression ratios.   

 Western Blots—Proteins were separated by 0.8% agarose gels (titin) or SDS-

PAGE gels (recombinant protein), transferred to PVDF membranes and Ponceau S 

stained (Sigma) to determine protein levels. To determine the presence of WT and T16I 

Ig10 the membranes were blotted with custom made rabbit polyclonal antibodies raised 

against the Ig10 peptides (GL Biochem Ltd., Shanghai). Secondary antibodies conjugated 

with fluorescent dyes with infrared excitation spectra (Biotium, Hayward, CA) were used 

for detection with the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, 

NE) and analyzed densitometrically.  
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Results and Discussion 

 Sequencing confirmed the presence of the T16I mutation at the DNA level (see 

Experimental Procedures). In addition, quantitative reverse transcriptase PCR was 

performed on left ventricular tissue from heterozygous T16I KI mice and showed that 

equal levels of WT and T16I KI RNA were present, which shows that the mutation does 

not affect transcription of the titin gene, as expected.   

 The confirm that the T16I mutation is present at the protein level, we used 

antibodies raised against the WT and T16I Ig10 sequences. Because the sequences differ 

by only one amino acid, cross-reactivity was expected. The specificity of the respective 

antibodies was tested by performing Western Blots on recombinant Ig7-13 fragments 

(with either WT Ig10 or T16I Ig10 present as the central Ig domain in the 7 domain 

heteropolyprotein). The WT Ig10 antibody detects the Ig7-13 fragment with WT Ig10 15 

times more strongly than the fragment with T16I Ig10 present. Similarly, the T16I Ig10 

antibody detects the Ig7-13 fragment with T16I Ig10 present 7 times more strongly 

(Figure A2). The antibodies were less specific when used on full-length titin isoforms, 

most likely because there are many Ig domains in titin. For example, the I-band region of 

the N2B titin isoform has ~40 distinct (i.e. different primary sequences) Ig domains, 

while the N2BA titin isoform has additional Ig domains. Also, there are more than 50 Ig 

domains in the Z-disk, A-band, and M-band regions in both the N2B and N2BA isoforms 

[40]. Nonetheless, the T16I Ig10 antibody detects titin molecules from the T16I 

homozygous KI mice 1.5x more strongly than titin from WT mice, and the WT Ig10 

antibody detects native titin molecules 2.4x more strongly than titin with the T16I 

mutation present (Figure A2). 
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 The T16I KI mice breed and develop normally under baseline conditions. There 

are no morphological differences between WT and T16I KI female mice except for a 

shorter tibia length in the WT animals (17.90 mm compared to 18.26 mm; p < 0.001). To 

see if the mutation alters titin isoform expression or titin degradation in vivo we ran 1% 

agarose gels specialized for separating and visualizing large proteins [41] on all four 

heart chambers from four month old WT and T16I KI female mice (Figure A3). The 

N2BA/N2B ratio was not different between the WT and T16I mice in any chamber of the 

heart. This was expected because the presence of a single point mutation in a titin exon 

should not affect titin splicing, although its possible that N2BA and N2B degradation 

rates are differentially influenced by T16I since strain is higher in the shorter N2B titin 

isoform at a given sarcomere length. The T16I KI tissue did show a decrease in degraded 

titin compared to WT tissue, as shown by a reduced ratio of degraded titin to full-length 

titin. The reduction was significant in all chambers except for the left atrium. This result 

was surprising because our hypothesis was that the T16I mutation would lead to 

Figure A2: Western blots with WT and T16I Ig10 antibodies. The antibodies show more specificity 
when probing recombinant Ig fragments compared to full-length titin molecules, which was 
expected. The bar graphs represent the relative Western blot signals normalized by total protein 
levels as determined by Ponceau S staining.  
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increased titin degradation, which would presumably lead to an increase in the ratio of 

degraded titin to full-length titin in the T16I KI mice. However, a reduction in titin 

degradation products could also be due to accelerated degradation of already degraded 

titin, i.e. once full-length titin (N2BA or N2B) is degraded initially it is subsequently 

degraded further and therefore no longer identifiable as a discernible protein band on the 

gel. For this reason it is unclear if these gel results indicate an overall increase or 

decrease in protein degradation rates in the T16I KI mice compared to WT. 

 

To determine if the T16I KI mice have a difference in degradation compared to WT mice, 

we will measure the proteasome activity in WT and T16I KI LV. The ubiquitin-

proteasome pathway is the major proteolytic system in eukaryotic cells and assaying for 

proteasome activity can give a general picture of the rate of protein turnover in cells. This 

work is in the preliminary stages. 

Figure A3: Left—Visualization of titin on 
1% agarose gels. Full-length (T1) and 
degraded titin can be quantified. Below: 
No differences in N2BA/N2B ratio were 
seen in any chamber of the heart, but the 
T16I KI mice had significantly less 
degraded titin in the LV, RV, and RA. 
N=10 for all chambers. * p<.05, **p<.01, 
***p<.001. 
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It was not unexpected that the T16I KI mice do not show a phenotype under 

baseline conditions because arrhythmogenic cardiomyopathy is often preceded by a 

concealed phase in which the disease phenotype is absent, especially in younger 

individuals [42]. To try to instigate development of the disease phenotype we subjected 

nine month old male mice to five weeks of treadmill exercise, as the increased pre-load 

associated with sustained exercise has been suggested to explain the reason that 

endurance athletes have a high risk to develop AC [31]. It has previously been shown that 

endurance training accelerates the disease phenotype in an AC mouse model deficient in 

the desmosomal protein plakoglobin [43]. After one week of acclimation, age-matched 

mice were treadmill exercised five days a week for five weeks. Physical exhaustion was 

defined by the mice remaining on the shock grid on the backside of the treadmill for five 

seconds consecutively, at which point the mice were removed. On average, 1/3 of the 

mice were able to complete the entire treadmill regiment, and endurance did not correlate 

with genotype. Following the five week treadmill protocol the geometry and pump 

function of the exercised mice and a matching group of sedentary mice was studied using 

echocardiography (echo). Mitral valve A wave velocity (which measures the blood flow 

as the left atrium contracts to squeeze out any remaining blood into the left ventricle) was 

significantly reduced in both exercise groups compared to sedentary WT mice and was 

trending towards significance in sedentary T16I KI mice compared to sedentary WT 

(Figure A4). A lower mitral valve A wave velocity indicates that the atrial kick is not as 

strong, which may be due to a stiffer left ventricle (LV). In addition, the mitral valve 

deceleration time was significantly lower in sedentary T16I KI mice compared to 

sedentary WT mice (Figure A4). Reduced mitral valve deceleration time implies that the 
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LV is stiffer, and these two echo parameters being reduced could indicate restrictive 

filling in the T16I KI mice.  

 

After echo, the mice were then sacrificed and their hearts were excised. Cross sectional 

cuts (~2 mm thick) were made through the RV and LV of the heart for histology studies. 

One cross section slice was fixed in 3% glutaraldehyde for picrosirius red (PSR) staining, 

and one slice was snap frozen in OCT for oil red O staining. PSR stains linearized 

collagen fibers and presents as bright orange/yellow birefringence under polarized light. 

Increased collagen volume fraction in the heart indicates fibrosis. Oil red O stains adipose 

tissue. Since a hallmark of arrhythmogenic cardiomyopathy is myocardial infiltration by 

fibrous and fat tissue, we wanted to determine if this phenotype was present in the T16I 

KI mice and if long-term volume overload due to treadmill running exacerbated the 

phenotype. Figure A5 shows bright collagen fibers after PSR staining. Two-way 

ANOVA shows no significant difference between the four groups, although the variance 

due to the interaction factor is nearly significant (p = 0.06). This interaction factor is 

lessened (p = 0.10) when the outlier in the exercised WT dataset is removed. It is unclear 

Figure A4: Left—The velocity of the mitral valve A wave is reduced in WT and T16I KI mice after five 
weeks of treadmill running compared to sedentary WT mice. T16I KI sedentary mice also have a 
lower A wave velocity, but this difference is not yet significant. Right—SedentaryT16I  KI mice have a 
shorter mitral valve deceleration time compared to sedentary WT mice, which implies a stiffer left 
ventricle. Significance was determined using two-way ANOVA and Tukey’s post-hoc test. N=6 for all 
groups. **  p<0.01, *** p<0.001. 
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why exercise tends to increase fibrosis in WT mice and decrease fibrosis in the T16I KI 

mice, which was unexpected. It should be noted that performing a simple student’s t-test 

on the WT and T16I KI sedentary groups gives a p-value of 0.016, which would indicate 

significantly more fibrosis in the sedentary T16I KI animals if not for the necessary 

inclusion of the exercised datasets.  

  

Figure A6 shows fat deposits stained with oil red O. There was no significant difference 

between groups, although exercised WT mice exhibited less fat content while exercised 

T16I KI mice had more fat relative to the respective sedentary group. The fact that 

exercise influences the amount of cardiac fat in opposite ways can be seen by the 

variance due to the interaction factor being significant (p = 0.03). Although speculative, it 

is interesting to suggest that the lower fat percentage in the exercised WT mice compared 

to sedentary WT mice is the expected, beneficiary physiological response to exercise 

while the increase in fat in the exercised T16I KI mice compared to sedentary T16I KI 

mice is indicative of the AC phenotype beginning to show itself due to exercise-induced 

volume overload. However, this idea is not supported by the results from PSR staining. 

Figure A5: Left—Collagen fibers appear as bright strands upon PSR staining. Right—The collagen 
volume fraction is determined from the percentage of collagen present in cross sectional slices of 
the heart. No significance between groups was seen using two-way ANOVA. N=9 for all groups. 

50 μm

Collagen Volume  Fraction

0.0

0.5

1.0

1.5

WT
KI

%

Sedentary           Exercised
50 μm



 48

 

It is possible that the 10 month old mice used in the treadmill study are too young to 

show the AC phenotype.  

It is thought that the fibrofatty pathology seen in AC patients occurs after 

myocardial degradation, and apoptosis is one pathway that would lead to a reduction of 

myocytes in the heart. Therefore, the same fixed heart slices used for PSR staining were 

also used in a cleaved caspase 3 immunohistochemistry assay to detect apoptotic cells. 

Cleaved caspase 3 is a central protease in the apoptosis pathway that is often used as an 

apoptotic marker. Unfortunately, apoptotic cells were not seen in the mouse heart 

samples from 10 month old mice.  

We also performed tissue mechanics on skinned papillary muscles from WT and 

T16I KI mice to see if the T16I mutation affects passive tension in stretched cardiac 

muscle. Figure A7 shows the normalized total passive tension, extracellular matrix-based 

passive tension, and titin-based passive tension as a function of sarcomere length in four 

month old female mice. At this point (n=6 for WT, n=5 for T16I KI) there is no 

difference between the groups, which is not unexpected. If we assume that every Ig10 

Figure A6: Left—Fat appears bright red after staining with oil red O. The percentage of fat was 
determined by the total area of fat divided by the total cross section of the heart slice. Right—There 
is no significance amongst the four groups studied, although the variance due to the interaction 
factor is significant (p = 0.03). N=9 for all groups. 
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domain is unfolded in the T16I KI mice instead of folded, this would only change passive 

tension levels by <1% between SL 2.0-2.3 μm [20]. If instead the presence of the T16I 

mutation increases titin degradation and reduces the stoichiometry of titin in the 

sarcomere, this would reduce passive tension, but this does not seem to be the case based 

on tissue mechanics data and titin gels (T1/MHC ratio is not different between the two 

genotypes). More tissue mechanics data would strengthen these results.  

 

During a stretch-hold protocol on skinned tissue the difference between the peak passive 

tension and the steady-state passive tension is the viscous stress (i.e. the steady-state 

force is due entirely to elasticity). Figure A8 shows the viscous stress for WT and T16I 

KI mice as a function of sarcomere length. No difference was seen between genotypes.  

 

Figure A7: Total, titin, and ECM passive forces 
in skinned muscle strips from LV papillary 
muscles. No differences are significant, as 
determined by using two-way ANOVA and 
Mann-Whitney rank sum tests. However, the 
datasets are quite variable. 
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Once steady-state forces are reached a frequency sweep is executed that spans from 0.1-

100 Hz. The amplitudes of the stress trace and strain trace and the phase difference 

between the two determines the elastic and viscous moduli of the muscle (Figure A9). 

Quantifying the elastic and viscous moduli gives an overall description of the relative 

contributions of elastic and viscous sources of passive force. For example, if the stress 

and strain traces overlap perfectly than a material is purely elastic, while a 90° phase 

difference describes purely viscous materials.  

 

 

 

Figure A8: Viscous stress is defined by the 
difference between peak and steady state stress. 
No difference was seen between WT and T16I KI 
i

Figure A9: Imposing 
sinusoidal length 
changes at various 
frequencies allows 
for determination of 
the elastic and 
viscous moduli of 
muscle. Although 
both parameters 
were higher in the 
WT tissue, these 
differences were not 
significant. 
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Future directions 

It is not surprising that it has been difficult to actuate the AC phenotype in the 

T16I KI mice. To begin, the disease often occupies a concealed phase in which the 

disease pathology is absent. Furthermore, compared to other familial nonischemic 

cardiomyopathies (such as hypertrophic and dilated cardiomyopathies), individuals with 

AC present with a wider spectrum of phenotypes, which suggests that other genetic or 

epigenetic factors are important for determining the severity of the disease [30]. The 

difficulty in inducing the disease in mice is also evidenced by previous studies that 

investigated desmosomal mutations that cause AC. For example, in a plakoglobin-

deficient AC mouse model the mice did not show right ventricular abnormalities as 

determined by histology and electron microscopy [43]. Also, an inducible cardiorestricted 

plakoglobin knockout mouse did not show increased fat deposition, which was attributed 

to the fact that mouse hearts have much less fat compared to human hearts [44].  

It is possible that the AC phenotype will be apparent if older mice are studied. For 

this reason, we will perform a thorough study on 18 month old WT and T16I KI male 

mice. The geometry and pump function of these mice will determined via 

echocardiography, and histology will be performed to determine fat accumulation and 

fibrosis. We will also perform a cleaved caspase 3 immunohistochemistry assay on the 

ventricular tissue from these animals to determine if apoptotic cells are present. Any 

leftover tissue will be quick frozen for future gel analysis and Western Blots.  

A novel way that we can look at the effect of the T16I mutation on titin 

degradation is by performing single myofibril mechanics on WT and T16I KI myofibrils. 

Myofibrils are subcellular organelles that are composed entirely of serially-linked 
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sarcomeres. Studying the mechanics of isolated myofibrils is ideal because there is no 

tensile contribution from the extracellular matrix and the diffusion distance from the 

periphery of the myofibril to its center is very short, which allows for measurements of 

fast kinetics. The goal of this experiment will be to directly measure force-dependent 

degradation of titin. Our setup allows us to tether a single myofibril (or small myofibril 

bundle) between a glass needle and cantilever. Length changes can be imposed on the 

myofibril via a piezotube that moves the position of the glass needle. As the myofibril is 

stretched, the cantilever displaces and force can be recorded using a focused laser and a 

quadrant photodetector (very similar to the optical lever system utilized by AFM 

systems). Then, at different myofibril strains (i.e. different forces borne by titin’s elastic 

I-band region) we will introduce a protease rich solution into the myofibril environment. 

The proteases will then cleave titin at its most vulnerable locations, with titin degradation 

inferred by a decrease in titin-based passive tension. If we see a difference in the rate at 

which titin is degraded between myofibrils from WT and T16I KI mice, we will have 

direct evidence that the T16I mutation leads to increased titin degradation at the level of 

the sarcomere.  

These proposed experiments are novel and exciting and will hopefully lead to 

conclusive evidence that the T16I KI mice develop the AC phenotype. This project is 

worth investigating further because it has the potential to make key discoveries in linking 

titin to arrhythmogenic cardiomyopathy. Titin is the first sarcomeric protein to be linked 

to AC and therefore much can be learned about the disease itself and the myriad roles that 

titin plays in cardiac myocytes.  
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