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Abstract

The C-terminus mobile domain of cTnI (cTnI-MD) is a highly conserved region which stabilizes 

the actin-cTnI interaction during the diastole. Upon Ca2+-binding to cTnC, cTnI-MD participates 

in a regulatory switching that involves cTnI to switch from interacting with actin toward 

interacting with the Ca2+-regulatory domain of cTnC. Despite many studies targeting the cTnI-

MD, the role of this region in the length-dependent activation of cardiac contractility is yet to be 

determined. The present study investigated the functional consequences of losing the entire cTnI-

MD in cTnI(1-167) truncation mutant, as it was exchanged for endogenous cTnI in skinned rat 

papillary muscle fibers. The influence of cTnI-MD truncation on the extent of the N-domain of 

cTnC hydrophobic cleft opening and the steady-state force as a function of sarcomere length (SL), 

cross-bridge state, and [Ca2+] was assessed using the simultaneous in situ time-resolved FRET and 

force measurements at short (1.8 μm) and long (2.2 μm) SLs. Our results show the significant role 

of cTnI-MD in the length dependent thin filament activation and the coupling between thin and 

thick filament regulations affected by SL. Our results also suggest that cTnI-MD transmits the 

effects of SL change to the core of troponin complex. 1
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1. Introduction

The Frank-Starling law of the heart describes beat-to-beat regulation of ventricular function 

by adjusting ventricular pressure and stroke volume in response to the extent of ventricular 

filling [1–3]. An increase in end diastolic volume stretches the muscular walls and therefore 

increases the length of myocardial sarcomeres thereby increasing muscle force generation 

and pressure [2]. An increase in sarcomere length (SL) is associated with the enhancement 

of myofilament Ca2+-sensitivity [4–6] and the contractile force of the left ventricle [2, 4, 6, 

7]. This cellular mechanism is commonly referred to as myofilament length dependent 

activation (LDA) [8]. Despite extensive efforts, the molecular mechanism underlying LDA is 

still elusive [8–12].

Previous studies suggest a complex dynamic interplay between different components of the 

myofilament in LDA, including inter-filament lattice spacing [13–15], titin-based passive 

tension [16–21], the orientation and number of cross-bridges [22–24], as well as the 

distinctive structural changes in both thin and thick filaments [25, 26]. Moreover, an increase 

in SL has been associated with the increased probability of strong cross-bridge force 

generating reactions at a given Ca2+ concentration [3, 27–32], which exerts a positive 

feedback on myocardial contractile regulation [33–38]. This feedback mechanism has been 

suggested to be a consequence of myosin-induced movement of tropomyosin from a closed- 

to open-state position on the thin filament [37]. Strong cross-bridges have been found to 

sensitize the myofilament to Ca2+ and stabilize the interaction between the switch region of 

cardiac troponin I (cTnI) and the N-domain of cardiac troponin C (N-cTnC) [39]. However, 

it is still unknown how myofilament Ca2+-sensitivity is regulated by SL, so there is a strong 

need to solve this fascinating molecular physiology mystery.

To understand the role of SL on Ca2+ mediated thin filament regulation, as well as the role 

of different cross-bridge states in LDA, our group developed an in situ optical-mechanical 

approach to study thin filament regulation at the molecular level [10, 39]. Ca2+-binding to 

N-cTnC, which triggers systole, is accompanied by a series of conformational changes in the 

thin filament proteins [40–42]. It starts with partially exposing a previously buried 

hydrophobic cleft in N-cTnC [10, 43–45], followed by the interaction between the switch 

region of cTnI and the hydrophobic cleft of N-cTnC [46–49]. Consequently, interactions of 

the inhibitory and switch regions of cTnI with actin is no longer favored and an interaction 

with N-cTnC [44, 45, 47–52] occurs and further stabilizes the Ca2+-induced N-cTnC 

opening [44, 45, 51, 52]. These Ca2+-induced structural changes are believed to be sensitive 

to changes in SL and cross-bridge states and are expected to be involved in LDA [10, 53].

Considering SL-induced increase in Ca2+-sensitivity is a key characteristic of LDA and 

cTnC is the myofilament Ca2+ sensor, simultaneous monitoring of Ca2+-induced opening of 

N-cTnC and mechanical force development of cardiac muscle fibers at various SLs and 

cross-bridge states can help to acquire information on how conformational changes in N-

cTnC responds to the molecular mechanism underlying the LDA. In our previous studies, in 
situ time-resolved Förster resonance energy transfer (FRET) measurements in chemically 

skinned muscle fibers were performed to monitor the opening of N-cTnC [10, 39], which is 

the triggering step of the thin filament regulation. The results revealed that Ca2+-induced 
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opening of the N-cTnC is SL dependent, and strongly bound cross-bridges play an important 

role in the modulation of myofilament activation by SL [10].

Among thin filament proteins, cTnI, a key component of Ca2+-activation [50, 52–54], is 

shown to be involved in LDA [53, 55–57]. The C-terminus of cTnI which plays a critical 

role in the regulatory function of cTnI, is composed of three functional regions: the 

inhibitory region, the switch region, and the mobile domain (cTnI-MD). The cTnI-MD 

(residues 168-210) plays an important role in the regulatory switching of cTnI interacting 

with actin and N-cTnC. The cTnI-MD is shown to stabilize the interaction between cTnI and 

actin at the relaxed state of thin filament [58–60]. NMR studies [61–63] and H/D-exchange-

mass-spectrometry [64, 65] have suggested a slow dynamics for cTnI-MD at relaxed state 

which denotes its rigid actin-binding conformation, and a highly dynamic behavior at 

activated state [52, 59, 62]. These studies suggest a vital role of cTnI-MD in the kinetics of 

thin filament regulation through “fly-casting mechanism” due to an intrinsically disordered 

nature of this region in solution [66]. Our recent study [56] using skinned rat papillary 

muscle fibers containing truncated cTnI, cTnI(1-167), revealed that the cTnI-MD truncation 

diminished the SL-induced increase in Ca2+-sensitivity of contraction, but not the SL-

dependent increase in maximal tension, showing an uncoupling between the thin and thick 

filament contributions to LDA. While important information has been uncovered regarding 

the role of the cTnI-MD in cardiac contractility and LDA, an ongoing question is how cTnI-

MD affects the structural transitions within thin filament and force production under 

different cross-bridge states as SL varies.

In this study, we engineered a cTnI construct in which the entire mobile domain is truncated, 

cTnI(1-167). The cTnI(1-167) was reconstituted along with rat cTnT and rat AEDANS-

DDPM-modified cTnC(T13C/N51C), and subsequently exchanged into skinned rat papillary 

muscle fibers. In situ time-resolved FRET technique using time-correlated single-photon 

counting technology was implemented to investigate the functional significance of cTnI-MD 

in Ca2+-, cross-bridge-, and SL-induced opening of the hydrophobic cleft of the N-cTnC. In 

this study, the tested cross-bridge states included: the cycling cross-bridges (ATP state); 

Mg2+ADP-induced non-cycling strong binding cross-bridges (ADP state); and Vanadate-

induced non-cycling weak-binding cross-bridges (Vi state). Our results indicate that the 

entire cTnI-MD truncation blunts the SL-induced opening of N-cTnC under both ATP and 

ADP treatments by enhancing the opening of N-cTnC at short SL to match that of the long 

SL and this truncation uncouples the thin filament and thick filament-based regulations of 

LDA.

2. Materials and methods

2.1. Animal handling protocols

The handling of all the experimental animals followed the Institutional Animal Care and Use 

Committee at Washington State University and the Office of Laboratory Animal Welfare, 

National Institute of Health, Bethesda, MD. Our muscle preparations study followed the 

established guidelines of and was approved by the Washington State University Institutional 

Animal Care and Use Committee. Rats were deeply anesthetized by isoflurane inhalation 
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(3% volume in 95% O2-5% CO2 flowing at 2 l/min), following which hearts were 

immediately excised and placed into ice-cold dissecting solution.

2.2. Preparation of proteins

The recombinant double-cysteine mutant cTnC(T13C/N51C), as well as the C-terminus 

truncation of cTnI, cTnI(1-167), from a rat cDNA clone were sub-cloned into a pET-3d 

vector. The mutant clones were then transformed into BL21(DE3) cells and expressed under 

isopropyl β-D-1-thiogalactopyranoside induction. The expressed proteins were purified as 

previously described [39, 45, 46, 49]. The mutant cTnC was then fluorescently labeled with 

the FRET donor AEDANS using thiol-reactive 5-(iodoacetamidoethyl) aminonaphthelene-1-

sulfonic acid as previously described [39]. The DEAE column was used to separate the 

unlabeled, singly and doubly labeled cTnC(T13C/N51C). The concentrated singly labeled 

fraction of cTnC(T13C/N51C)AEDANS (donor-only sample), was collected and divided into 

two parts. One part was saved as reference sample (donor-only sample), and the other part 

was subsequently labeled with the excess amount of FRET acceptor DDPM at the other 

cysteine to achieve the doubly labeled cTnC(T13C/N51C)AEDANS-DDPM (donor-acceptor 

sample). The labeling ratio of the donor-only sample was verified to be >95% using UV-vis 

spectroscopy and the ε325 nm of AEDANS, which is 6000 cm−1 M −1.

2.3. Preparation of pCa solutions

Solution concentrations were formulated based on calculations of the program by Fabiato 

[67], with all concentrations reported in mM unless otherwise noted. The 20 mM ethylene 

glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) relaxing solution 

contained 20 EGTA, 50 N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), 30.83 

K-propionate, 10 sodium azide (NaN3), 6.29 MgCl2, and 6.09 Na2ATP. The activating 

solution (pCa 4.3) contained 50 BES, 5 NaN3, 10 EGTA, 10.11 CaCl2, 6.61 MgCl2, 5.95 

Na2ATP, and 51 K-propionate. Our relaxing solution (pCa 9) was composed of 50 BES, 5 

NaN3, 10 EGTA, 0.024 CaCl2, 6.87 MgCl2, 5.83 Na2ATP, and 71.14 K-propionate. To 

promote the ADP-mediated non-cycling, strong-binding cross-bridge interactions, ATP in 

the activating and relaxing solutions was replaced with 5 mM Mg2+ADP. To inhibit cross-

bridge interactions, 1 mM sodium Vi was added to the above pCa solutions. The ionic 

strength of all pCa solutions was 180 mM. Protease inhibitors including 5 μM bestatin, 2 μM 

E-64, 10 μM leupeptin, and 1 μM pepstatin were also added to these solutions [68].

2.4. Preparation of detergent-skinned cardiac muscle fibers

Left ventricular papillary muscle bundles were dissected from 5 hearts of adult (4-6 months 

in age) Sprague Dawley rats and pared down to thin fibers (~150-200 μm in diameter and 

2.0 mm in length) using previously established protocols [10, 39, 69]. After the hearts were 

excised, they were placed into ice-cold 20mM EGTA relaxing solution in the presence of 1.0 

mM dithiothreitol (DTT), and 20 mM 2, 3-butanedione monoxime (BDM). Fresh protease 

inhibitors including 4 mM benzamidine-HCl, 5 mM bestatin, 2 mM E-64, 10 mM leupeptin, 

1 mM pepstatin and 200 mM phenylmethyl-sulfonyl fluoride were added to the solution. 

Muscle fibers were dissected and skinned overnight at 4 °C using 1% triton X-100 in 20 mM 

EGTA relaxing solution.
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2.5. Incorporation of cTnI(1-167) and fluorescently labeled cTnC constructs into detergent 
skinned myocardial fibers

In the previous study by our group [10], the extraction/replacement protocol using CDTA 

was used to incorporate fluorescently labeled cTnC into cardiac muscle fibers. However, the 

CDTA extraction procedure causes muscle fibers to shrink substantially. Also, CDTA 

extraction method may leave some parts of myofilament lacking cTnC or myosin regulatory 

light chain. In this study, to address such issues caused by CDTA extraction, we implement a 

whole troponin exchange protocol, which does not require CDTA extraction.

Troponin complex containing cTnC(T13C/N51C)AEDANS-DDPM, cTnI(1-167), and the wild-

type cTnT was reconstituted at a molar ratio of 1:1:1 cTnC:cTnI:cTnT using a protocol 

published previously [10, 53]. The endogenous troponin in the detergent skinned muscle 

fibers were exchanged by overnight incubation in exchange solution containing 25 μM of 

reconstituted cTn complex followed by another overnight incubation of fibers in exchange 

solution containing 10 μM of only cTnC. The exchange solution contained (in mM): 50 

BES, 30.83 K-propionate, 10 NaN3, 20 EGTA, 6.29 MgCl2, 6.09 Na2ATP, 10 BDM,1 DTT, 

0.005 bestatin, 0.002 E-64, 0.01 leupeptin, and 0.001 pepstatin. For the donor-only samples 

the same exchange protocol was followed, but cTnC(T13C/N51C)AEDANS-DDPM was 

replaced with cTnC(T13C/N51C)AEDANS. The same exchange procedure was followed 

using wild-type cTnI that served as our control fibers.

One potential issue with whole troponin exchange is that the capability to replace 

endogenous proteins by each troponin subunit may be different, which may lead to non-

uniform exchange ratio of cTnC(13C-51C)AEDANS-DDPM to cTnI. Although the whole 

troponin exchange protocol is not perfect, the mechanic behavior of the reconstituted fibers 

is much better than the ones exposed to CDTA.

2.6. Western blotting analysis of reconstitution levels of modified cTnI in cardiac muscle 
fibers

To evaluate the efficiency of the protein exchange using our protocol, the reconstituted 

muscle fibers containing cTnI(1-167) was incubated in 10 μL of a protein extraction buffer 

per 1 muscle fiber on ice for 1 h. The control sample was created using the skinned muscle 

fibers that had not undergone exchange. The protein extraction buffer contained 2.5% SDS, 

10% glycerol, 50 mM Tris-base (pH 6.8 at 4 °C), 1 mM DTT, 1 mM phenylmethylsulfonyl 

fluoride, 4 mM benzamidine-HCl, 5 μM bestatin, 2 μM E-64, 10 μM leupeptin and 1 μM 

pepstatin. The procedure was followed by a 20 minute sonication of samples in a water bath 

at 4 °C and centrifugation at 10k rpm. Equal amounts of supernatants fractions were loaded 

into 4-20% SDS-PAGE gels for Western blotting analysis following the protocol established 

previously [39]. The incorporation of cTnI(1-167) was assessed using a primary antibody 

against cTnI (Abcam #19615) followed by horseradish peroxidase conjugated anti-mouse 

antibody (GE healthcare NXA931). The exchange ratio of the truncated cTnI-MD with the 

endogenous cTnI was calculated as the ratio of the density of the band for truncated cTnI-

MD to the density of the band for the wild-type cTnI in the same lane.
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2.7. Simultaneous measurements of isometric force and time-resolved FRET in detergent-
skinned cardiac muscle fibers

To conduct synchronized measurements of force and time-resolved FRET of N-cTnC 

opening, the measurements protocol described previously was followed [10, 39]. The 

protocol scheme for simultaneous fluorescence lifetime and isometric force measurements at 

different cross-bridge states is shown at Fig. 1. The simultaneous monitoring of 

biomechanical and optical measurements was done using Güth MRS OPT modified with a 

TBX picosecond photon detection module (HORIBA Jobin Yvon) which allows using the 

time-correlated single-photon counting technology for fluorophore lifetime determination. 

Briefly, to perform the measurements, the skinned muscle fiber was mounted onto the force 

transducer (SI Heidelberg KG7A) and a stationary tweezer. The force transducer capable of 

measuring 5 mN with a resonance frequency of 500 Hz was used to perform the isometric 

force measurements. A quartz perfusion cuvette with a diameter of 1 mm was slipped over 

the preparation and pCa solution was continuously perfused through the mounted fiber 

during experimentation. The SL of the muscle fiber was then adjusted to either 1.8 or 2.2 μm 

using He-Ne laser diffraction measurements. The bipolar temperature controller (Cell 

Micro-Controls TC2BIP) coupled with a cooling/heating module (Cell MicroControls CH) 

was used to maintain the experimental temperature of the pCa solutions at 20 ± 0.2 °C. 

Excitation light at 340 nm was projected onto the muscle fiber through the cuvette from a 

NanoLED (HORIBA Jobin Yvon N-340) with a < 1.2 ns pulse width and a 460 nm cutoff 

filter. The total fluorescence emission from the central area of the muscle fiber was isolated 

for measurement. Fluorescence intensity decays of muscle fibers containing either donor-

only or donor-acceptor modified cTnC(T13C/N51C) were processed and recorded by a 

FluoroHub-B (HORIBA Jobin Yvon). With this instrument setup, a total of 10,000 photon 

counts at peak channel for each decay collection was achieved in 1–1.5 min. Time-resolved 

measurements were conducted when force reached steady state to exclude the uncontrolled 

factors that can affect protein conformation during the rising phase of force development 

(Fig.1) For more information regarding the experimental apparatus please refer to our 

previous publication [10, 53].

To eliminate experimental uncertainty from variations in handling between fiber 

preparations, same muscle fiber was used to perform isometric force and time-resolved 

fluorescence measurements at both 1.8 and 2.2 μm SLs, according to the following 

measurement protocol. Half of our measurements were started at 1.8 μm SL, whereas the 

other half was started at 2.2 μm SL. The SL was adjusted to either 1.8 or 2.2 μm SL using 

laser diffraction and subjected to an initial cycle of activation and relaxation. Isometric force 

and a fluorescence lifetime decay were then synchronously and digitally recorded as the 

fiber was subjected to pCa 4.3 solution at the chosen SL. This followed by the addition of 

highly relaxing solution, containing 20 mM EGTA, to completely relax the fiber. The SL of 

the fiber was then adjusted to the opposite SL of the one that was initially chosen; for 

example, if the measurement had started with 2.2 μm SL, then the fiber was adjusted to a SL 

of 1.8 μm. Measurements were performed using the same procedure as before. The order 

with which SLs were tested was later found not to affect the outcome of experiments.
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The time-resolved FRET measurements of N-cTnC opening were performed in the presence 

of cycling cross-bridges (5 mM Mg2+ATP); Mg2+ADP -induced non-cycling, strong-binding 

cross-bridges (5 mM MgADP + 0 mM ATP); and Vi-induced non-cycling, weak-binding 

cross-bridges (1 mM Vi + 5 mM Mg2+ATP). There are some important experimental design 

considerations for using Vi to inhibit strong cross-bridge binding [70–73], and we have 

previously demonstrated that using low concentration of Vi works reliably under our 

experimental conditions [39, 53]. In our case, regardless of test condition and following the 

FRET measurement protocol, we confirmed that the maximal force could be recovered on 

average to 85.0 ± 2.1%. Moreover, no significant change in passive tension at pCa 9 was 

observed following the time-resolved FRET measurement protocol conducted under Vi 

treatment.

2.8. Determination of inter-probe distance distribution from measured fluorescence 
intensity decays

The distribution of inter-probe distance of AEDANS-DDPM associated with a specific test 

condition using time-correlated single-photon counting technique was determined as 

follows. The excited-state decays observed for donor-only AEDANS samples were fitted to 

a double-exponential function [74]:

ID(t) = ∑i = 1
n αie

−tτi
−1

(1)

where the αi represents the fractional amplitude associated with each correlation time τi that 

contributes to the overall excited-state decay process. In the presence of the non-fluorescent 

acceptor DDPM, the AEDANS excited-state decays observed for donor–acceptor samples 

were fit to the following equation using DecayFit 1.4 (Fluorescence Decay Analysis 

Software, FluorTools):

IDA(t) =

∫
0

∞
P(r) ∑i = 1

n αDi
e

− t
τDi

1 +
R0
r

6

dr

∫
0

∞
P(r)dr

(2)

where r is the distance between the donor and acceptor fluorophores; αDi
 and τDi

 are the 

fractional amplitude and correlation time parameters, respectively, determined for AEDANS 

in the absence of DDPM. Ro is the Förster critical distance at which energy transfer is 50% 

efficient, and was calculated from the spectral properties of AEDANS and DDPM:

R0 = (8.79 × 10−5)n−4Qκ2J (3)
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where n is the refractive index of the solution which was assumed to be 1.4, Q is the donor 

quantum yield, κ2 is the orientation factor, and J is the spectral overlap integral that is given 

by:

J =
∫ FD(λ)εA(λ)λ4dλ

∫ FD(λ)dλ
(4)

where FD(λ) is the fluorescence intensity of the donor at wavelength λ and εA(λ) is the 

molar absorptivity of the acceptor at λ. J was calculated by numerical integration. The 

Cys-13 and Cys-51 of cTnC are both located in surface-exposed loops so the dynamic 

averaging and the associated value of ⅔ for κ2 were assumed. The R0, which determines 

sensitivity of FRET between a specific donor and acceptor pair to distance changes, is about 

28 Å for the AEDANS-DDPM.

P(r) in Eq. 2 is the probability distribution of inter-probe distances, and in this study, we 

assume it to be a single Gaussian as follows:

P(r) = 1
Zσ 2π

e
− 1

2
r − r

σ
2

(5)

where r is the mean distance and σ is the standard deviation of the distribution. P(r) is 

normalized by area, and Z is the normalization factor. The integration limits in Eq. 5 are 

calculated over a range of distances from rmin to rmax with the lower limit being about 5 Å.

Due to the locations of Cys-13 and Cys-51 within the quaternary structure of N-cTnC, “r” 

represents the ensemble-averaged extent of N-cTnC hydrophobic cleft exposure [39]. Thus, 

when a greater population of N-cTnC ensemble transitions from the closed to the open 

conformation of N-cTnC [44, 75], r increases. The spread of the distance distribution 

between Cys-13–Cys-51 of N-cTnC transitioning between the conformational sub-states is 

described by a half-width at half-maximum (HWHM). The equilibrium between the closed 

and open conformations with significantly different extents of ensemble-averaged opening 

results in a broadened HWHM.

To fit the AEDANS excited-state decays observed for donor–acceptor samples, using 

DecayFit 1.4 (Fluorescence Decay Analysis Software, FluorTools), the predefined FRET 

decay model was used. The model implements a Gaussian distance distribution between the 

donor and acceptor with the distribution center (r-mean) and Full Width at Half Maximum as 

fitting parameters. The critical distance, R0, as well as two lifetimes for donor in absence of 

acceptor ( τD1
 and τD2

), each with a pre-exponential factor ( αD1
 and αD2

) must be supplied 

as input and is not meant to be a fitting parameter. Dynamic averaging and single Gaussian 

distribution was assumed to fit the FRET data, so the donor-acceptor distance is the mean of 

the Gaussian distribution (r-mean).
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3. Statistical Data Analysis

All values are means ± SE. The three-way ANOVA followed by Tukey post-test was used to 

examine the influence of SL, truncation, cross-bridge state, and the interaction effect 

between these three independent variables on the contractile and conformational parameters 

at each pCa. All statistical analysis was done using GraphPad Prism 7.01. Statistical 

significance is reported at P < 0.05.

4. Results

4.1. Western blot analysis of the reconstituted cardiac muscle fibers

To estimate the relative incorporation of cTnI(1-167) into the samples, equal quantities of 

digested muscle fiber samples were separated on SDS-PAGE gels for Western blotting 

analysis (see Methods). The differences in migration speed between the cTnI(1-167) and the 

endogenous cTnI showed 60% ± 4 relative incorporation of cTnI(1-167) in skinned cardiac 

muscle fibers.

4.2. Effects of sarcomere length and cTnI-MD truncation on the conformational transitions 
of N-domain of cTnC

The in situ conformational changes of N-cTnC was quantitatively characterized using time-

resolved FRET measurements performed on myocardial fibers reconstituted with 

cTnC(T13C/N51C)AEDANS as a donor-only sample or cTnC(T13C/N51C)AEDANS-DDPM as 

a donor-acceptor sample. The AEDANS intensity decay observed under each test condition 

was analyzed in terms of FRET distance between N-cTnC(Cys-13) and N-cTnC(Cys-51). 

The mean distances (r) and HWHM recovered from analysis of intensity decay 

measurements for fibers containing cTnI(WT) and cTnI(1-167) are summarized in Table 1. 

As described below, changes in r and HWHM were used to evaluate the effects of cTnI-MD 

truncation, cross-bridge state, and SL on the conformational behavior of N-cTnC at both 

relaxed and activated states. We will first discuss the results at each section at the relaxed 

state (pCa 9), followed by the results at activated state (pCa 4.3).

At relaxed state—We will first focus on the effects of SL on the structural transitions of 

the N-cTnC for each of the cTnI(WT) and cTnI(1-167) reconstituted muscle fibers at 

different cross-bridge states and then explain how cTnI(1-167) affects these transitions at the 

relaxed state (pCa 9). Our results from three-way ANOVA show that in absence of Ca2+, 

increase in SL results in a significant increase in the opening of N-cTnC hydrophobic cleft 

for cTnI(WT) fibers just under ADP treatment (2.03 ± 0.56 Å increase in r; P < 0.001; Fig. 

3; Table 1). Among all three cross-bridge states, cTnI(WT) fibers show a greater HWHM at 

longer SL just under ATP treatment, which indicates that the shift in equilibrium from closed 

to open conformation is accompanied by more underlying conformational sub-states at ATP 

state. Increase in SL did not affect the N-cTnC cleft opening and HWHM for cTnI(1-167) 

fibers under any of the cross-bridge states at relaxed state (Table 1).

At short SL, the cTnI(1-167) resulted in a significant 1.43 ± 0.61 Å increase in r under ADP 

treatment compared to cTnI(WT) at relaxed state (Fig 3). The cTnI(1-167) did not 

significantly alter the HWHM compared to cTnI(WT) fibers at short SL.
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At long SL, the cTnI(1-167) did not affect the extent of N-cTnC opening in any of three 

cross-bridge states (Fig. 3). However, the cTnI(1-167) significantly reduced HWHM at long 

SL, compared to cTnI(WT), which indicates an equilibrium between fewer conformational 

sub-states after truncating the entire cTnI-MD (Table 1).

At activated state—At saturating Ca2+ level (pCa 4.3), increase in SL for fibers 

containing cTnI(WT) resulted in a significant 2.60 ± 0.77 Å and 3.56 ± 0.62 Å increase in r 

in the presence of normal cycling and strong-binding cross-bridges, respectively (Fig. 3 and 

Table 1). At pCa 4.3, increase in SL resulted in a greater HWHM for cTnI(WT) just under 

normal cross-bridge cycling condition, which implies more conformational sub-states with 

the shift in equilibrium from closed to open conformation (Table 1). In contrast to cTnI(WT) 

fibers, increase in SL did not affect either of r or HWHM for cTnI(1-167) fibers under any of 

the cross-bridge states (Fig. 3 and Table 1).

At short SL, the cTnI(1-167) fibers showed a greater r value compared to cTnI(WT) fibers 

under both normal cycling and strong binding cross-bridge states (Fig. 3). No significant 

difference in HWHM was observed with the cTnI(1-167) truncation under any of the cross-

bridge states at short SL (Table 1).

At long SL, the cTnI(1-167) did not influence the ensemble-averaged opening of the N-

cTnC compared to cTnI(WT) fibers at any of the cross-bridge states (Fig. 3). However, it 

showed a significantly lower HWHM under normal cross-bridge cycling condition, which 

denotes that N-cTnC is more stabilized at open state after truncating cTnI-MD (Table 1).

4.3. Effects of cross-bridge states on the conformational transitions of N-domain of cTnC 
for fibers containing cTnI(WT) or cTnI(1-167)

At relaxed state—At short SL, Fig. 3 shows that in presence of ATP at relaxed state, the 

N-cTnC ensemble exhibited low r values of 12.30 ± 0.09 and 12.21 ± 0.11 Å for cTnI(WT) 

and cTnI(1-167) fibers, respectively. Subsequent treatment with Vi to block strong cross-

bridge attachment, and treatment with ADP to produce strong-binding non-cycling cross-

bridges did not significantly alter r for fibers containing either of cTnI(WT) or cTnI(1-167) 

(Fig. 3).

At long SL, our results show that in presence of ATP at relaxed state, the N-cTnC ensemble 

still exhibited low r values of 12.50 ± 0.21 and 12.36 ± 0.06 Å for cTnI(WT) and 

cTnI(1-167) fibers, respectively. Subsequent treatment with Vi to block strong cross-bridge 

attachment at long SL did not significantly change the r value for cTnI(WT) nor for 

cTnI(1-167) fibers. However, treatment with ADP to produce strong-binding cross-bridges 

resulted in a significant increase in r to the value of 13.81 ± 0.08 Å for cTnI(WT) and caused 

no significant change for cTnI(1-167) fibers compared to that of ATP state (Fig 3). At long 

SL, treatment with Vi and ADP both resulted in a significant decrease in HWHM just for 

cTnI(WT) fibers (Table 1).

At activated state—At short SL, Fig. 3 shows that the ATP treatment at activated state 

results in greater r values of 21.12 ± 0.74 and 24.37 ± 0.42 Å for cTnI(WT) and cTnI(1-167) 

fibers, respectively, showing a greater N-cTnC opening by Ca2+. Treatment with Vi 

Ghashghaee et al. Page 10

Arch Biochem Biophys. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significantly reduced r compared to both ATP and ADP states for both cTnI(WT) and 

cTnI(1-167) at short SL (Fig. 3). However, ADP treatment did not affect N-cTnC opening 

compared to normal cross-bridge cycling state for cTnI(WT) nor for cTnI(1-167).

At long SL, similar to short SL, Vi treatment significantly reduced r compared to both ATP 

and ADP states for both cTnI(WT) and cTnI(1-167) at activated state (Fig. 3). Treatment 

with ADP did not affect N-cTnC opening compared to ATP state for cTnI(WT) nor for 

cTnI(1-167). Treatment with both Vi and ADP resulted in a significant decrease in HWHM 

for cTnI(WT) fibers at long SL (Table 1).

4.4. Effects of cTnI-MD truncation on the steady state isometric force production at 
different cross-bridge states

Consistent with our previous studies [10, 53], increase in SL at both relaxed and activated 

states of thin filament results in significant increases in maximal tension in all three cross-

bridge states (ATP, Vi, and ADP states) for fibers containing either of cTnI(WT) or 

cTnI(1-167) (Fig. 4). Force values for fibers containing cTnI(WT) and cTnI(1-167) are 

summarized in Table 1.

At relaxed state—At short SL and at pCa 9, the cTnI(1-167) did not significantly affect 

the steady state isometric tension under either of ATP and Vi treatments (Fig. 4). However, 

the cTnI(1-167) resulted in a significant 11.32 ± 1.63 mN mm−2 increase in steady state 

tension under ADP treatment.

At long SL, the cTnI(1-167) resulted in significant 7.26 ± 2.21 and 5.57 ± 0.80 mN mm−2 

increases in the isometric tension under ATP and Vi treatments, respectively (Fig. 4). 

However, no significant change in maximal tension was observed for cTnI(1-167) fibers 

when treated with ADP compared to cTnI(WT) (Fig. 4).

At activated state—At short SL, the cTnI(1-167) resulted in significant 13.19 ± 2.18 and 

10.73 ± 2.50 mN mm−2 increases in the maximal isometric tension under ATP and ADP 

treatments, respectively. Under Vi treatment, this truncation did not affect the maximal 

tension compared to cTnI(WT) fibers at the same condition (Table 1).

At long SL, the cTnI(1-167) resulted in a significant 13.05 ± 2.09 mN mm−2 increase in 

maximal tension under ATP treatment, compared to cTnI(WT) fibers (Fig. 4). The 

cTnI(1-167) did not significantly affect the maximal tension under Vi and ADP treatments at 

long SL and at the activated state of thin filament (Table 1).

5. Discussion

To clarify the molecular mechanisms underlying the role of the cTnI-MD in the modulation 

of Ca2+-activated troponin regulation by SL, in this study, we investigated how truncating 

the entire cTnI-MD responds to the effects of the Ca2+, cross-bridges and SL within 

chemically skinned papillary muscle fibers. Our results suggest that the MD, downstream 

from the switch region, is critical to the regulatory role of cTnI in modulating myocardial 
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length dependent activation (LDA) as it balances the interplay between thin and thick 

filament components of LDA.

The result of our SL-dependent structure-function study for myocardial fibers containing 

cTnI(WT), is consistent with our previous study noting that in the relaxed state of thin 

filament, the SL-induced opening of N-cTnC occurs under strong binding cross-bridge 

treatment [10]. It is worth noting that the FRET distances observed in the current study are 

shorter than the ones observed in our previous study [10]. The differences are likely caused 

by different reconstitution protocols that were used for incorporation of the mutant 

cTnC(13C-51C)AEDANS-DDPM into the skinned myocardial fibers. As mentioned in the 

method section, in the previous study by our group, the CDTA extraction procedure was 

used [10], which caused the muscle fibers to shrink more than normal skinned fibers. To 

circumvent the issue, the current study uses whole troponin exchange protocol. The 

reconstituted fibers in current study are much like normal skinned fibers. In both studies, 

calcium-induced relative changes in ensemble FRET distances in cTnC are used as a 

parameter for structural/functional evaluation of troponin regulation. Despite the shorter 

FRET distances observed in this study, both studies show a similar trend for calcium-

induced hydrophobic cleft opening of N-cTnC for fibers containing cTnI(WT). Consistent 

with our previous study [10], increase in SL together with the feedback effects from strongly 

bound cross-bridges cause more opening of N-cTnC at the relaxed state for fibers containing 

cTnI(WT). This observation is believed to be associated with the strong binding myosins 

promoting the release of the switch region of cTnI from actin and subsequent interaction 

with N-cTnC. However, cTnI-MD truncation blunts this SL effect under ADP treatment by 

enhancing the ensemble-averaged N-cTnC opening at short SL to the level of long SL. Our 

results show that the SL-induced increase in maximal tension is preserved in fibers 

containing cTnI(1-167) at relaxed state under ADP treatment. This implies that the thick 

filament-based regulations of LDA reflected by a greater force produced at longer SL is 

preserved with cTnI-MD truncation but the thin filament-based regulations of LDA reflected 

by the enhanced N-cTnC opening is abolished. Therefore, our results suggest that truncation 

of cTnI(1-167) perturbs thin filament-based regulatory mechanisms of LDA and the 

interplay between thin and thick filament-based regulation mechanisms of LDA, which is 

consistent with our previous study [56]. A recent study by Zhang et al. also supports our 

finding that the SL-induced increase in maximal force and N-cTnC opening are not 

necessarily coupled. They found that the SL-induced enhancement of Ca2+ sensitivity is 

mediated through a direct effect on the structure of troponin in the thin filament and the 

increase in maximal force is mediated through structural changes of myosin in thick filament 

[25].

Our finding that the deletion of cTnI-MD induces an increase in N-cTnC opening at short 

SL under ADP treatment at relaxed state indicates a potential increase in the availability of 

the cTnI-switch region for N-cTnC at short SL that could result in a greater N-cTnC opening 

in absence of Ca2+. The cTnI(1-167) lacks the second actin-binding region of the C-terminus 

of cTnI (residues 170-181) which may lead to a weaker cTnI-actin binding and a more 

flexible tropomyosin. This may promote the release of the switch region of cTnI from actin 

under ADP treatment at relaxed state that results in a greater N-cTnC opening at short SL 

and potentially activates the thin filament. However, at relaxed state, our observation that the 
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increase in SL under ADP treatment does not further enhance the N-cTnC opening, may 

imply that the cTnI-MD plays a critical role in sensing and/or transmitting the effects of the 

change in SL to the regulatory domain of cTnC. It should be noted that our results do not 

exclude the possibility that the combined effects of the cTnI-MD truncation and strongly 

bound cross-bridges may saturate the opening of the N-cTnC at the relaxed state of thin 

filament at short SL. Therefore, further increasing SL would not further enhance these 

effects. Additional structure-function studies are needed in future to illustrate the detailed 

regulatory role of different regions of MD in LDA.

At saturating Ca2+ concentrations, fibers containing cTnI(WT) showed SL-induced opening 

of N-cTnC under both ATP and ADP treatments. However, the cTnI(1-167) diminished this 

SL effect by promoting opening of N-cTnC at short SL to the same extent as long SL (Fig. 

3). This observation may be due to the N-cTnC reaching the maximal ensemble-averaged 

opening at short SL. We speculate that this increase in the N-cTnC opening at short SL 

could result if i) the cTnI-MD truncation affects the structure and/or orientation of thin 

filament such that it increases the probability of N-cTnC to interact with the switch region of 

cTnI and to stabilize this interaction; ii) the cTnI(1-167) truncation causes re-positioning of 

the tropomyosin on the actin filament such that it increases the probability of strong cross-

bridge binding at short SL, which can work in synergy with the positive feedback regulation 

to shift the conformational equilibrium of N-cTnC more toward the open state. Both 

scenarios are supported by the observation of the significant decrease in HWHM for fibers 

containing cTnI(1-167) compared to cTnI(WT) under both ATP and ADP treatments, which 

shows a more stabilized open conformation of the N-cTnC for cTnI(1-167) fibers. In our 

study, we rule out the possibility of residual endogenous cTnI masking the effects of the 

partially exchanged cTnI-MD, since the 60% exchange ratio resulted in a significant 

increase in the opening of N-cTnC at short SL.

Another finding of this study is that the observed effect of cTnI-MD truncation on the SL-

induced opening of N-cTnC is uncoupled from the SL-induced enhancement of maximal 

force (Fig. 4). Our mechanical measurements showed that the SL-induced increase in 

maximal force is retained for fibers containing cTnI(WT) or cTnI-MD truncation at both 

relaxing and activating Ca2+ concentrations and under all three cross-bridge states (Fig. 4). 

The uncoupling between SL effects on force and the extent of N-cTnC opening that was 

observed for fibers containing cTnI(1-167) implies that the truncation of cTnI-MD likely 

disrupts the modulation of the thin filament regulation by SL. Interestingly, our data for 

cTnI(1-167) fibers show that under normal cross-bridge cycling, truncating the cTnI-MD at 

saturating Ca2+ level and at long SL mimics the strong binding cross-bridge (ADP) state in 

terms of tension development. Increase in maximal tension under normal cross-bridge 

cycling for cTnI(1-167) may be a result of the repositioning of tropomyosin on thin filament 

in a way that it resembles its conformation under strong binding cross-bridge state. Our 

result for cTnI(1-167) is consistent with our previous study which was performed under 

normal cross-bridge cycling state and showed an uncoupling between SL-induced increase 

in tension development and Ca2+-sensitivity and cooperativity of contraction [56]. Our 

results suggest that the effect of cTnI-MD truncation on tension development is more 

pronounced at short SL at both relaxed and activated states because the increase in SL partly 

compensates the increased maximal force caused by cTnI-MD truncation (Fig. 4). 

Ghashghaee et al. Page 13

Arch Biochem Biophys. Author manuscript; available in PMC 2019 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, at long SL and under Vi treatment, the cTnI(1-167) showed an increase in the 

amount of force development in the relaxed state compared to cTnI(WT) fibers that 

highlights the critical role of cTnI-MD in mediating the equilibrium position of tropomyosin 

between the blocked-, closed-, and open-states on actin filament which can modulate the 

level of thin filament activation and force development. This mediating role of cTnI-MD is 

expected at relaxed state by promoting the blocked-state position of tropomyosin. However, 

the effects of cTnI-MD truncation on the amount of force development at activated state 

under ATP and ADP treatments may suggest the potential role of the cTnI-MD sampling 

arm in modulating the equilibrium position of tropomyosin on actin filament at activated 

state despite dissociation from actin filament.

In summary, our biophysical data presented here implicates the functional significance of the 

cTnI-MD in length dependent thin filament activation and coupling between thin and thick 

filament-based regulations of LDA. Our results show that truncating the entire mobile 

domain disrupts the Length-dependent thin filament regulation which involves greater 

ensemble-averaged N-cTnC opening at longer SL while the length-dependent increase in 

maximal tension is preserved. Our observations suggest that the cTnI-MD truncation 

increases the availability of the switch region of cTnI for the N-cTnC which results in an 

increase in the population of cTnC with the hydrophobic cleft at open state. In this study, we 

also show that the effect of cTnI-MD truncation at the level of thin filament activation is 

more pronounced at short SL, evident by the greater extent of ensemble-averaged N-cTnC 

opening in cTnI(1-167) fibers compared to cTnI(WT) fibers at short SL. Altogether, our 

mechanical force measurements and FRET measurements revealed the significance of cTnI-

MD in modulating the level of thin filament activation and the potential role of this region in 

blocked- to closed- to open-state transition(s) of tropomyosin on actin filament at both 

relaxed and activated states. Additional works in future are needed to characterize the thin 

filament backbone dynamics after cTnI-MD truncation. Future studies such as 3D 

reconstructions from electron micrographs for fibers containing cTnI-MD truncations may 

provide us a better understanding of the role of MD in thin filament-based regulations of 

LDA.
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Abbreviations

cTnC cardiac troponin C

cTnI cardiac troponin I

cTnT cardiac troponin T

cTnI-MD mobile domain of cardiac troponin I

cTnI(WT) wild-type cTnI
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SL sarcomere length

LDA length dependent activation

N-cTnC N-domain of cTnC

FRET Förster resonance energy transfer

Vanadate Vi

BES N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid

EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid

DTT Dithiothreitol

BDM 2,3-Butanedione monoxime

HWHM half-width at half-maximum
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Highlights

• cTnI(1-167) perturbs the thin filament-based regulatory mechanisms of length 

dependent activation.

• cTnI(1-167) uncouples the thin and thick filament-based regulations of length 

dependent activation.

• cTnI(1-167) promotes the opening of the N-cTnC hydrophobic cleft at short 

SL.

• cTnI(1-167) diminishes the sarcomere length-induced opening of N-cTnC.

• The cTnI(1-167) effects on thin filament activation are more pronounced at 

short SL.
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Figure 1. 
Protocol scheme for simultaneous fluorescence lifetime decay and isometric force 

performed in detergent skinned papillary muscle fibers. (A) represents the trace of the total 

intensity fluorescence decay for fibers containing FRET donor (AEDANS) in presence of 

non-fluorescent acceptor (DDPM) (grey dots), which was measured at 1.8 μm SL at pCa 4.3. 

The decay data was fitted with Eq. (2) (black line). The autocorrect (inset) and residual 

(lower panel) were used to judge the goodness of fit. (B) Fluorescence intensity decays were 

measured when force had reached steady state as indicated by the arrows and dash lines. The 

example force traces were measured at pCa 4.3 at indicated cross-bridge state. The 

magnitudes of force and time are indicated by the horizontal and vertical bars.
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Figure 2. 
Western blot analysis of reconstituted cardiac muscle preparations. Anti-cTnI antibody was 

used to assess the level of the incorporation of cTnI(1-167) into the reconstituted cardiac 

muscle preparations. Starting from the left, lanes 1and 2 shows cTnI(WT) and cTnI(1-167) 

reconstituted cardiac muscle fibers, respectively. Image J software was used for 

densitometric analysis of band intensities and the relative amount of incorporated 

cTnI(1-167) was 60% ± 4 (n=3).
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Figure 3. 
Comparison of N-cTnC Cys-13–Cys-51 distance distributions as a function of cTnC site-II 

Ca2+ occupancy (pCa 9 and 4.3) and cross-bridge binding state (ATP, Vi, and ADP) when 

observed at 1.8μm (solid bars) and 2.2 μm (hatched bars) SLs in cTnC(T13C/

N51C)AEDANS-DDPM-reconstituted myocardial fibers containing recombinant cTnI(WT)-left 

panel or cTnI(1-167)-right panel.

*: Effect of SL for wild-type or truncated cTnI; P <0.05
†: Truncation effect compared to cTnI(WT) at same SL, cross-bridge state, and pCa; P <0.05
#: Effect of cross-bridge state compared to ATP state at same SL and pCa for wild-type or 

truncated cTnI; P <0.05
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Figure 4. 
Comparison of steady state maximal tension as a function of cTnC site-II Ca2+ occupancy 

(pCa 9 and 4.3) and cross-bridge binding state (ATP, Vi, and ADP) when observed at 1.8μm 

(solid bars) and 2.2μm (hatched bars) SLs in cTnC(T13C/N51C)AEDANS-DDPM-reconstituted 

myocardial fibers containing recombinant cTnI(WT)-left panel or cTnI(1-167)-right panel. 

Increase in SL resulted in a greater maximal tension at all cross-bridge states and pCa 

conditions for both wild-type and truncated cTnI fibers.
†: Truncation effect compared to cTnI(WT) at same SL, cross-bridge state, and pCa; P <0.05
#: Effect of cross-bridge state compared to ATP state at same SL and pCa for wild-type or 

truncated cTnI; P <0.05
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