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a b s t r a c t

Ca2þ-regulation of cardiac contractility is mediated through the troponin complex, which comprises
three subunits: cTnC, cTnI, and cTnT. As intracellular [Ca2þ] increases, cTnI reduces its binding in-
teractions with actin to primarily interact with cTnC, thereby enabling contraction. A portion of this
regulatory switching involves the mobile domain of cTnI (cTnI-MD), the role of which in muscle
contractility is still elusive. To study the functional significance of cTnI-MD, we engineered two cTnI
constructs in which the MD was truncated to various extents: cTnI(1e167) and cTnI(1e193). These
truncations were exchanged for endogenous cTnI in skinned rat papillary muscle fibers, and their in-
fluence on Ca2þ-activated contraction and cross-bridge cycling kinetics was assessed at short (1.9 mm)
and long (2.2 mm) sarcomere lengths (SLs). Our results show that the cTnI(1e167) truncation diminished
the SL-induced increase in Ca2þ-sensitivity of contraction, but not the SL-dependent increase in maximal
tension, suggesting an uncoupling between the thin and thick filament contributions to length depen-
dent activation. Compared to cTnI(WT), both truncations displayed greater Ca2þ-sensitivity and faster
cross-bridge attachment rates at both SLs. Furthermore, cTnI(1e167) slowed MgADP release rate and
enhanced cross-bridge binding. Our findings imply that cTnI-MD truncations affect the blocked-to
closed-state transition(s) and destabilize the closed-state position of tropomyosin.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Contraction of vertebrate striated (skeletal and cardiac) muscle
is Ca2þ-regulated by the troponin complex through interactions
with the actin filament and tropomyosin [1]. The troponin complex
consists of three subunits: troponin C (TnC), the Ca2þ-binding
subunit; troponin I (TnI), the actomyosin MgATPase-inhibitory
subunit; and troponin T (TnT), the tropomyosin-binding subunit
[2e4]. During diastole, cTnI interacts tightly with actin and tropo-
myosin, and as a result, cTnI-tropomyosin prevents the actomyosin
interaction through steric blocking of myosin binding sites on actin

[5,6]. During systole, Ca2þ binding to the N-domain of cTnC causes a
partial exposure of the hydrophobic cleft of the N-domain of cTnC
[7,8], followed by the interaction between the hydrophobic cleft of
cTnC and the switch region of cTnI [1,4,9e11]. This latter interaction
drags both the inhibitory region and mobile domain of cTnI (cTnI-
MD) toward cTnC as they release from actin [7,8,10,12e16]. These
movements of the C-terminus of cTnI alter the orientation and
flexibility of troponin and tropomyosin relative to the actin fila-
ment [17], and cause tropomyosin to move on the actin surface
from the blocked-state toward the closed-state [18], thereby
permitting strong cross-bridge binding with actin [6,18e22].

Beside Ca2þ regulation, cross-bridge formation is spatially-
regulated by sarcomere length (SL) [1,4,23]. Length dependent
activation (LDA) of cardiac muscle is an outstanding feature of the
heart which is associated with increased tension development and
increased Ca2þ-sensitivity of myofilament activation. Consequently,
the number of potential cross-bridges that become available to
generate force during a heartbeat is influenced by both Ca2þ-
regulation and SL. However, the underlying mechanism of LDA is
still unknown. Different characteristics of the myofilaments
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contribute to LDA, such as the inter-filament lattice spacing
[24e26], the distinctive structural changes in thick and thin fila-
ments [27,28], the orientation and number of cross-bridges
[29e31], titin-based passive tension [32e37], and the increase in
positive feedback on myocardial contractile regulation [38e40].
Our previous studies have shown that Ca2þ-induced opening of the
N-domain of cTnC [40], and Ca2þ-inducedmovement of C-terminus
of cTnI [41] are both SL- and cross-bridge-dependent. These results
suggest an interplay between the thin filament- and thick filament-
based regulatory mechanisms of LDA [27].

Among thin filament proteins, cTnI plays a critical role in the
regulation of myofilament activation and LDA via three contiguous
regions within its C-terminus: the inhibitory region (residues
130e150), the switch region (residues 151e167), and the mobile
domain (residues 168e210). The inhibitory region of cTnI is mainly
responsible for inhibiting muscle contraction via binding to actin
during diastole [41,42]. The switch region of cTnI binds to the hy-
drophobic cleft of Ca2þ bound cTnC initiating a series of allosteric
conformational changes in the thin filament as mentioned above
[9,10,13]. The cTnI-MD has been shown to stabilize the actin-cTnI
interaction at low levels of Ca2þ concentration [43]. The cTnI-MD
is a highly conserved region which is required for the full inhibi-
tion of the actomyosin MgATPase activity [43,44]. Mutations within
the MD have been associated with hypertrophic cardiomyopathy
[45e48], restrictive cardiomyopathy [47e50], and dilated cardio-
myopathy [47,48,51]. The functional importance of cTnI-MD is
believed to be associated with the unique structural properties of
the region. The cTnI-MD is intrinsically disordered, and undergoes a
disordered-ordered structural transition while interacting with
actin, allowing the cTnI-MD to perform its fly-casting activity to
rapidly initiate the relaxation [16,52e54]. The C-terminal end
segment of cTnI-MD (residues 193e210) has been shown to
interact with tropomyosin [55] and cTnC [56] in a Ca2þ-sensitive
manner and to help restrict tropomyosin position at diastole. The C-
terminal deletion of cTnI, residues 193e210, is found to be associ-
ated with myocardial stunning [57,58]. Our knowledge from these
studies strongly suggest that cTnI-MD plays an important role in
maintaining healthy heart function via its dynamic interactionwith
the actin filament. However, it is unclear how the dynamic in-
teractions between the cTnI-MD and the actin filament influences
cross-bridge cycling and force production as Ca2þ concentration
and SL change, and how the MD affects the balance between thin
filament vs. thick filament regulation of LDA.

In this study, two C-terminus truncations of cTnI were chosen to
investigate the functional significance of the cTnI-MD inmyocardial
tension development and the kinetics of cross-bridge cycling at
different Ca2þ concentrations and SLs. The first, cTnI(1e167),
effectively removes the entire MD; and the second, cTnI(1e193),
removes only the last 17 amino acids of cTnI. These truncations
were exchanged with endogenous cTnI in skinned rat papillary
muscle fibers. Our results show that the entire MD truncation
diminished the SL-induced increase in Ca2þ-sensitivity of myocar-
dial contraction, but did not affect the SL-induced increase in
maximal developed tension, suggesting an uncoupling between
thin filament- and thick filament-based regulation of LDA. This
potential uncoupling due to the MD truncation highlights the role
of this region in balancing the interplay between thin and thick
filament mechanisms that, in combination, underlie LDA of cardiac
contractility.

2. Materials and methods

2.1. Animal models

The handling of all experimental animals was approved by the

Institutional Animal Care and Use Committee at Washington State
University and complied with the Guide for the Use and Care of
Laboratory Animals published by the National Institutes of Health.
Our muscle preparation study also followed the established
guidelines of and was approved by theWashington State University
Institutional Animal Care and Use Committee. Rats were anes-
thetized by isoflurane inhalation (3% volume in 95% O2e5% CO2
flowing at 2 l/min), following which hearts were immediately
excised and placed in dissecting solution on ice.

2.2. Preparation of proteins

Wild-type recombinant cTnC, cTnI and cTnT were overex-
pressed in Escherichia coli strain BL21(DE3) cells (Invitrogen) and
purified as described previously [8,9,12]. The C-terminus trunca-
tions of cTnI, cTnI(1e167) and cTnI(1e193), were constructed by
site-directed mutagenesis from rat cTnI cDNA clones and then sub-
cloned into the pET-3d vector according to the manufacturer's
protocols (GenScript). The truncated cTnI clones were then trans-
formed into BL21(DE3) cells and expressed under isopropyl b-D-1-
thiogalactopyranoside induction. The expressed proteins were
purified as previously described for rat cTnI(WT) [8,9,12].

2.3. Solutions for skinned myocardial strips

Muscle mechanics solution concentrations were formulated by
solving equations describing ionic equilibria according to Godt and
Lindley [59], and all concentrations are listed in mM unless other-
wise noted. Dissecting solution: 50 N,N-Bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid (BES), 30.83 K propionate, 10 sodium
azide (NaN3), 20 ethylene glycol-bis(b-aminoethyl ether)-
N,N,N0,N0-tetraacetic acid (EGTA), 6.29 MgCl2, 6.09 ATP, 1 Dithio-
threitol (DTT), 20 2,3-Butanedione monoxime (BDM), 50 mM Leu-
peptin, 275 mM Pefabloc, and 1 mM E�64. Skinning solution:
dissecting solution with 1% Triton-X100 wt/vol and 50% glycerol
wt/vol. Storage solution: dissecting solution and 50% glycerol wt/
vol. Relaxing solution: pCa 8.0 (pCa ¼ -log10[Ca2þ]), 5 EGTA, 5
MgATP, 1 Mg2þ, 0.3 Pi, 35 phosphocreatine, 300 U/mL creatine ki-
nase, 200 ionic strength, pH 7.0. Activating solution: same as
relaxing with pCa 4.8. Rigor solution: same as activating solution
without MgATP.

2.4. Incorporation of cTnI(1e167)/cTnI(1e193) into detergent
skinned myocardial fibers

Cardiac troponin complex containing wild-type cTnC,
cTnI(1e167) or cTnI(1e193) and wild-type cTnT was reconstituted
at a molar ratio of 1:1:1 cTnC:cTnI:cTnT using a protocol published
previously [40,60]. Endogenous troponin in the detergent skinned
rat papillary muscle fibers were exchanged by overnight incubation
of fibers in exchange solution containing 25 mM of reconstituted
cTn complex followed by another overnight incubation of fibers in
exchange solution containing 10 mM of only cTnC. The same ex-
change procedure was followed using wild-type cTnI that served as
our control fibers. The exchange solution contained (in mM): 50
BES, 30.83 K-propionate, 10 NaN3, 20 EGTA, 6.29 MgCl2, 6.09
Na2ATP, 20 BDM,1 DTT, 0.005 bestatin, 0.002 E�64, 0.01 leupeptin,
and 0.001 pepstatin.

2.5. Skinned myocardial strips

Left ventricular papillary muscles were dissected from three
hearts and trimmed down to thin strips (~180 mm in diameter and
700 mm long). Strips were skinned overnight at 4 �C and stored
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at �20 �C for up to one week. Aluminum T-clips were attached to
the end of each strip and strips were mounted between a piezo-
electric motor (P841.40, Physik Instrumente, Auburn, MA) and a
strain gauge (AE801, Kronex, Walnut Creek, CA), lowered into a
30 mL droplet of relaxing solution maintained at 17 �C, and
stretched to 1.9 or 2.2 mm SL measured by digital Fourier Transform
(IonOptix Corp, Milton, MA). These strips were calcium activated
from pCa 8.0 to pCa 4.8 and then [MgATP] was titrated towards
rigor ([MgATP] < 0.05 mM).

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

To assess the efficiency of the protein exchange using our pro-
tocol, the reconstituted muscle fibers with cTnI truncations were
incubated in 10 mL of a protein extraction buffer per 1 muscle fiber
on ice for 1 h. Skinned muscle fibers that had not undergone ex-
change were similarly incubated to create a negative control. 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 mM bestatin, 2 mM E�64, 10 mM
leupeptin and 1 mMpepstatin. The incubationwas followed by a 20-
minute sonication of samples in a water bath at 4 �C and centri-
fugation at 10 k rpm. Equal amounts of supernatants fractions were
loaded to 4e20% SDS-PAGE gels for Western blotting analysis
following the protocol established previously [40,61,62]. Loading
amounts were standardized by estimating the total protein con-
centration using a Protein Assay Kit (Biorad #5000121). The
incorporation of cTnI-MD truncations was evaluated using a pri-
mary antibody against cTnI (Abcam #19615) followed by horse-
radish peroxidase conjugated anti-mouse antibody (GE healthcare
NXA931).

2.7. Dynamic mechanical analysis

Stochastic length perturbations were applied for a period of 60 s
using an amplitude distribution with a standard deviation of 0.05%
muscle length over the frequency range 0.5e250 Hz as previously
described [63,64]. Elastic and viscous moduli, E(u) and V(u), were
measured as a function of angular frequency (u) from the in-phase
and out-of-phase portions of the tension response to the stochastic
length perturbation. The complex modulus, Y(u), was defined as
E(u) þ iV(u), where i ¼ √-1.

Estimates of six model parameters (A, k, B, 2pb, C, 2pc) were
provided by fitting Eq. (1) to the entire frequency range of moduli
values.

YðuÞ ¼ AðiuÞk � B
�

iu
2pbþ iu

�
þ C

�
iu

2pcþ iu

�
(1)

The A-, k-, B-, and C-terms in Eq. (1) related to viscoelasticity and
cross-bridge binding are discussed in detail in the online data
supplement. Herein, we focus on the kinetic parameters of cross-
bridge cycling (i.e. cross-bridge attachment and detachment rates).

Rate parameters 2pb and 2pc reflect cross-bridge kinetics that
are sensitive to biochemical perturbations affecting enzymatic ac-
tivity, such as [MgATP], [MgADP], or [Pi] [65]. Molecular processes
contributing to cross-bridge recruitment or force generation
correspond to the cross-bridge attachment rate (2pb). Similarly,
processes contributing to cross-bridge detachment or force decay
correspond to the cross-bridge detachment rate (2pc). The cross-
bridge detachment rate can be described by Eq. (2):

2pc ¼ k�ADP ½MgATP�
k�ADP
kþATP

þ ½MgATP�
(2)

As explained by Tyska and Warshaw [66] and implemented by
Tanner et al. [67,68], fitting the 2pc-[MgATP] relationship to Eq. (2)
allow us to calculate (1) cross-bridge MgADP release rate (k-ADP)
and the asymptotic, maximal myosin detachment rate in s�1 at
saturating [MgATP]; and (2) cross-bridge MgATP binding rate in
M�1 s�1 (kþATP).

2.8. Statistical analysis

All values are means ± SE. Constrained nonlinear least squares
fitting of Eqs. (1) and (2) to the datawas performed using sequential
quadratic programming methods in Matlab (v 7.9.0; The Math-
works, Natick, MA). Three-way ANOVA followed by Tukey post-test
was used to examine the influence of SL, truncation, pCa, and the
interaction effect between these three independent variables on
the developed tension-pCa relationship. Two-way ANOVA followed
by Tukey post-test was used to examine the influence of SL, trun-
cation and their interaction effect on all the fit parameters to a 3-
parameter Hill equation for normalized tensionepCa relationship.
Two-way ANOVA analysis was performed to examine the difference
between two SLs on the MgATP dependent parameter estimates
from modulus data fit to Eq. (1) for fibers containing cTnI(WT). To
compare fibers containing cTnI(1e167) to cTnI(1e193) and to
compare them to cTnI(WT) fibers, three-way ANOVA was per-
formed. Three-way ANOVA followed by Tukey post-test was used to
examine the influence of SL, truncation, [MgATP], and the interac-
tion effect between these three independent variables on the
MgATP dependent parameter estimates from modulus data fit to
Eq. (1). All statistical analysis was done using GraphPad Prism 7.01.
Statistical significance is reported at P < 0.05.

3. Results

3.1. Western blot analysis of the reconstituted cardiac muscle fibers

To estimate the relative amount of cTnI (1e167) and cTnI(1e193)
that was incorporated into the samples, equal quantities of digested
muscle fiber samples were separated on SDS-PAGE gels followed by
western blotting analysis (Fig. 1). The differences in migration
speed between the cTnI(1e167)/cTnI(1e193) and the endogenous
cTnI showed 64% ± 5 relative incorporation of both cTnI(1e167)
and cTnI(1e193) in skinned cardiac muscle fibers.

3.2. Isometric tension-pCa relationships

Isometric tension developed in a sigmoidal manner as a function
of pCa for fibers when either cTnI(WT), cTnI(1e167), or cTnI(1e193)
was exchanged for endogenous cTnI (Fig. 2). These tension-pCa
relationships were fit to a 3-parameter Hill equation, with the
estimated parameters shown in Fig. 3 and listed in Table 1. As SL
increased from 1.9 to 2.2 mm, the maximal developed tension

Fig. 1. Western blot analysis of reconstituted cardiac muscle preparations. Anti cTnI
antibody was used to assess the level of the incorporation of cTnI-MD truncations into
the reconstituted cardiac muscle preparations. Starting from the left, lanes 1, 2, and 3
shows cTnI(WT), cTnI(1e167), and cTnI(1e193) reconstituted cardiac muscle fibers,
respectively. Image J software was used for densitometric analysis of band intensities
and the relative amount of incorporated cTnI(1e167) and cTnI(1e193) was 64% ± 5
(n ¼ 3) for both.
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increased for fibers containing either of the truncated cTnIs, as well
as the cTnI(WT) (P < 0.001 for the SL effect and pCa � SL

interaction; Fig. 2). Different cTnI-MD truncations influenced the
maximal developed tension to various extents as SL varied
(P < 0.001 for truncation effect, truncation � SL interaction, and
pCa � truncation � SL interaction; Fig. 2B and C). Under maximally
activated conditions, cTnI(1e167) increased the developed tension
by 2.2-fold at short SL and 1.6-fold at long SL, compared to
cTnI(WT) (P < 0.001 for truncation and truncation � SL; Fig. 3B). In
contrast, the cTnI(1e193) truncation showed no significant effects
on the maximal developed tension at both SLs, based on a two-way
ANOVA (Fig. 3A and B). However, there was a significant interaction
between the cTnI(1e193) truncation and SL for maximal developed
tension (P < 0.001; Fig. 3A and B), which shows that the
cTnI(1e193) truncation affects tension development differently at
short vs. long SL. Compared to cTnI(WT), the cTnI(1e193) trunca-
tion resulted in a slight increase in maximal developed tension at
short SL and a 14.3% decrease in maximal developed tension at long
SL (Table 1), but these modest tension differences were not statis-
tically significantly.

Another novel observation from the isometric tension-pCa re-
lationships (Fig. 2) is the truncation effects on SL-induced changes
on the Ca2þ-sensitivity and cooperativity of contraction. Fibers
containing cTnI(WT) showed a SL-dependent increase in Ca2þ-
sensitivity (DpCa50 ¼ 0.08) that accompanied greater cooperativity
as SL increased (P < 0.001 for the SL effect; Fig. 3CeF and Table 1).
The cTnI(1e167) fibers showed no significant increases in Ca2þ-
sensitivity and cooperativity with increase in SL (Fig. 3CeF), sug-
gesting SL-induced changes in Ca2þ-sensitivity and cooperativity of
myocardial fibers are diminished by truncating the entire cTnI-MD.
Similar to cTnI(WT), cTnI(1e193) fibers showed SL-dependent in-
creases in Ca2þ-sensitivity (DpCa50 ¼ 0.09) and cooperativity as SL

Fig. 2. cTnI-MD truncations affected the tension-pCa relationship differently at long vs. short SL. Developed tension-pCa relationships for (A) cTnI(WT) (C) and (B) at 2.2 and
1.9 mm SLs, respectively; (B) cTnI(1e167) (;) and ðVÞ at 2.2 and 1.9 mm SLs, respectively; and (C) cTnI(1e193) (:) and ðDÞ at 2.2 and 1.9 mm SLs, respectively. Lines represent 3-
parameter Hill fits to the tension-pCa data, with the fine dashed line representing cTnI(WT) fit at 1.9 mm SL, and bold dashed line for cTnI(WT) fit at 2.2 mm SL replotted in panel B
and C.
*: SL effect for cTnI(WT); P < 0.05.
y: Truncation effect compared to cTnI(WT) at same SL; P < 0.05.

Fig. 3. cTnI-MD truncations sensitize the muscle to Ca2þ at both short and long SLs.
Developed tension, pCa50 and nH (A, C, and E for short SL and B, D, and F for long SL) for
cTnI(WT), cTnI(1e167), and cTnI(1e193) exchanged skinned fibers were plotted at
each SL.
*: truncation effect at same SL; P < 0.05, based on two-way ANOVA results.
NS: not statistically significant.

Table 1
Characteristics of tension-pCa relationships in rat myocardium at 1.9 and 2.2 mm SLs, for cTnI(WT), cTnI(1e167), and cTnI(1e193) fibers (Mean ± SEM).

cTnI(WT) cTnI(1e167) cTnI(1e193)

1.9 mm 2.2 mm 1.9 mm 2.2 mm 1.9 mm 2.2 mm

Tmin (mN mm�2) 1.00 ± 0.06 3.74 ± 0.26a 1.24 ± 0.19 3.34 ± 0.09a 0.67 ± 0.03 2.15 ± 0.29a,b,c

Tmax (mN mm�2) 13.25 ± 1.75 31.25 ± 0.62a 28.42 ± 1.59b 47.96 ± 1.37a,b 13.38 ± 1.07c 25.72 ± 0.73a,c

Tdev (mN mm�2) 12.25 ± 1.50 27.51 ± 0.54a 27.18 ± 2.21b 44.62 ± 1.29a,b 12.71 ± 1.1c 23.57 ± 0.69a,c

pCa50 5.29 ± 0.01 5.37 ± 0.02a 5.44 ± 0.01b 5.46 ± 0.02b 5.39 ± 0.01b,c 5.48 ± 0.02a,b

nH 4.64 ± 0.21 6.18 ± 0.11a 8.15 ± 0.39b 7.27 ± 0.21b 4.68 ± 0.15c 5.78 ± 0.13a,c

n fibers 6 6 7 7 6 6

Tmin, absolute tension value at pCa 8.0; Tmax, absolute tension value at pCa 4.8; Tdev, Ca2þ-activated developed tension (Tmax- Tmin); pCa50 and nH represent fit parameters to a
3-parameter Hill equation.

a Effect of SL for each truncation or wild-type; P < 0.05.
b Truncation effect compared to cTnI(WT) at same SL; P < 0.05.
c Difference between cTnI(1e193) and cTnI(1e167) at same SL; P < 0.05.
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increased from 1.9 to 2.2 mm.
Analysis of the isometric tension-pCa relationships also pro-

vides information regarding the role of truncations on thin
filament-based regulation of myocardial tension development.
Compared to cTnI(WT), the cTnI(1e167) truncation was more
sensitive to [Ca2þ] at both SLs, which also accompanied increased
cooperativity (Table 1). The cTnI(1e193) truncation also increased
Ca2þ-sensitivity of the force-pCa relationship at both SLs, compared
to cTnI(WT). However, the cooperativity coefficient (nH) was
similar for cTnI(1e193) and cTnI(WT) at either SL (Fig. 3). Despite
the shift in the Ca2þ-sensitivity andmaximal tension for cTnI(1e93)
compared to cTnI(WT), the SL-induced increase in Ca2þ-sensitivity
and maximal tension behaves in a similar fashiondsuggesting the
thin filament aspects are preserved for cTnI(1e193) in a manner
that is consistent with the cTnI(WT) results.

3.3. The effects of sarcomere length on the kinetics of cross-bridge
cycling for myocardial fibers containing cTnI(WT) and cTnI-MD
truncations

Moduli values obtained from our stochastic length perturba-
tions (described in online data supplement) were fit to Eq. (1) to
extract model parameters related to myocardial viscoelasticity,
cross-bridge binding, and cross-bridge kinetics under maximally
activated (pCa 4.8) conditions as [MgATP] varied from5 to 0.05mM.
Model parameters related to cross-bridge attachment rate (2pb)
and detachment rate (2pc) are plotted against [MgATP] in Fig. 4,
with the resulting P-values listed within each panel for significant
effects of [MgATP], SL, or truncation as well as any significant
interaction effects between each of these variables.

In this section, we will discuss model parameters related to the
kinetics of cross-bridge cycling, with a focus on the effects of SL

within fibers containing cTnI(WT) or cTnI-MD truncations. As
[MgATP] decreased, the cross-bridge attachment rate (2pb) and
cross-bridge detachment rate (2pc) slowed at both short and long
SLs for fibers containing cTnI(WT) and both cTnI-MD truncations
(Fig. 4). There was not a significant effect of SL on the rate of cross-
bridge attachment for cTnI(WT) fibers (Fig. 4A). However,
cTnI(1e167) and cTnI(1e193) both showed a faster cross-bridge
attachment rate as SL increased from 1.9 to 2.2 mm (P < 0.001 for
SL and [MgATP]; Fig. 4B and C). Fibers containing cTnI(WT) showed
a significantly slower cross-bridge detachment rate as SL increased
from 1.9 to 2.2 mm (P < 0.001 for SL and [MgATP] � SL interaction
effect; Fig. 4D). Cross-bridge detachment rate was more sensitive to
[MgATP] at 1.9 vs. 2.2 mm SL for cTnI(WT) fibers (interaction effect
between [MgATP] � SL), evident by a greater decrease in the value
of 2pc over the entire range of [MgATP] at 1.9 mm SL. This finding
may follow from a greater dynamic range for cross-bridge
detachment at shorter SL that results in a steeper decrease in
cross-bridge detachment rate (Fig. 4D). Fibers containing
cTnI(1e167) showed a modest SL effect on cross-bridge detach-
ment rate, with 2pc-MgATP response shifting toward slower
detachment rate values as SL increased from 1.9 to 2.2 mm
(P < 0.001 for [MgATP] � SL interaction effect; Fig. 4E). The
cTnI(1e193) fibers showed a slightly slower cross-bridge detach-
ment rate at longer SL (P < 0.001 for SL and [MgATP] � SL inter-
action effect; Fig. 4F).

To link the cross-bridge detachment rate with the cross-bridge
rate of MgADP release (k-ADP), and the cross-bridge rate of MgATP
binding (kþATP), the 2pc-MgATP relationships were fit to Eq. (2)
[63,67e69] (Fig. 4DeF). This analysis showed that increasing SL
slowedMgADP release for cTnI(WT) and both cTnI-MD truncations,
but MgATP binding rates were not statistically different between
short and long SLs among all constructs (Table 2).

Fig. 4. cTnI-MD truncations influenced cross-bridge kinetics as [MgATP] varied at pCa 4.8. Cross-bridge attachment rates (2pb) and cross-bridge detachment rates (2pc) are plotted
against [MgATP] for (A and D) cTnI(WT) (C) and (B) at 2.2 and 1.9 mm SLs, respectively; (B and E) cTnI(1e167) (;) and ðVÞ at 2.2 and 1.9 mm SLs, respectively; and (C and F)
cTnI(1e193) (:) and ðDÞ at 2.2 and 1.9 mm SLs, respectively. Solid lines at 2pc (D, E, and F panels) represents fitting 2pc-[MgATP] relationship to Eq. (2) to extract the model
parameters explaining nucleotide handling rates. The fine dashed line represents the cTnI(WT) at short SL, and bold dashed line represents cTnI(WT) at long SL replotted on the
middle and right panels for easy comparison.
*: SL effect for each truncation or wild-type fibers; P < 0.05.
y: truncation effect compared to cTnI(WT); P < 0.05.
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3.4. The effects of cTnI-MD truncations on the kinetics of cross-
bridge cycling at both short and long sarcomere lengths

We will now discuss the effects of cTnI-MD truncations on
cross-bridge cycling kinetics among all constructs. Compared to
cTnI(WT), both cTnI(1e167) and cTnI(1e193) fibers led to faster
cross-bridge attachment rates at both SLs (Fig. 4B and C). However,
the cTnI(1e167) truncation significantly slowed the rate of cross-
bridge detachment at short SL, compared to cTnI(WT) fibers
(P < 0.001 for truncation and truncation � SL effect; Fig. 4E). In
contrast, the cTnI(1e193) truncation sped cross-bridge detachment
rate at long SL, compared to cTnI(WT) (significant truncation,
truncation � SL, and [MgATP] � truncation � SL interaction effects;
Fig. 4F). These SL-dependent differences between the rates of cross-
bridge attachment and detachment for cTnI(1e167) and
cTnI(1e193) in comparison to cTnI(WT), may imply different roles
for the different regions of cTnI-MD in regulating thin vs. thick
filament contributions to LDA of contraction in cardiac muscle.

4. Discussion

The objective of this study was to better understand the regu-
latory role of cTnI-MD in Ca2þ- and SL-induced myocardial tension
development and cross-bridge cycling. Our results suggest that the
MD is critical to the regulatory role of cTnI in modulating
myocardial Length dependent activation, particularly the thin
filament-based regulations. Each region within the cTnI-MD plays
unique role in Ca2þ-activated and SL-induced tension development
of myocardium as we will discuss in this section. To facilitate the
comparison between cTnI-MD truncations and cTnI(WT), we pre-
pared a table to qualitatively summarize the functional effects of
each cTnI-MD truncations on myocardial tension development and
kinetics of cross-bridge cycling compared to cTnI(WT)
(Supplemental Table 1).

Tension production and Ca2þ-sensitivity of contraction increase
as SL increases; these key characteristics of physiological cardiac
muscle function are known as length-dependent activation (LDA).
The mechanisms underlying LDA are complicated, but recent
studies suggest it involves multiple regulatory components of the
myofilaments [26e39]. This dual-filament regulation includes: (i)
thin filament-based regulation that is reflected by SL-induced in-
creases in Ca2þ sensitivity and/or cooperativity of the force-pCa
relationship, (ii) thick filament-based regulation that is reflected
by SL-induced increases in cross-bridge binding, cycling behavior,
and/or tension development, and (iii) the coupled interplay be-
tween these regulatory pathways.

The results of our SL-dependent functional study for myocardial
fibers containing cTnI(WT) (Fig. 2A and Table 1), are consistent with
previous studies [70e74]. Similar SL-induced behavior, increased
maximal tension, Ca2þ-sensitivity, and cooperativity of contraction,

was observed when cTnI(WT) was replaced by cTnI(1e193)
(Figs. 2C and 3), suggesting that both thin filament- and thick
filament-based regulatorymechanisms of LDAwere preservedwith
the cTnI(1e193) truncation. This result implies that the C-terminus
truncation of the MD, cTnI(1e193), does not perturb the regulatory
role of cTnI-MD in SL-induced function of myocardium, despite the
shift in the absolute values of pCa50 at both short and long SLs. In
contrast, truncating the entire MD via cTnI(1e167) led to greater
force and greater cross-bridge binding at longer SL (consistent with
greater values of B and C as SL increased from 1.9 to 2.2 mm;
Supplemental Fig. 2H&K), thereby suggesting that cTnI(1e167)
preserved thick filament-based regulation of LDA. However,
cTnI(1e167) eliminated the SL-induced increases in Ca2þ-sensi-
tivity and cooperativity (Fig. 2B and Table 1), suggesting that
cTnI(1e167) perturbed thin filament-based regulatorymechanisms
of LDA and the interplay between thin filament- and thick filament-
based mechanisms of LDA. These observations are significant
because they show how the cTnI-MD contributes to the LDA by
directly or indirectly sensing the effects of SL changes on the thin
filament.

The cTnI-MD may help balance the interplay between different
regulatory components of SL-dependent myocardial function. Thus,
truncating the cTnI-MD perturbs this balance and uncouples the
SL-induced effects on tension development (i.e. thick filament
regulation mechanisms) from the thin filament-based regulation
mechanisms. This speculation is consistent with the recent study
by Zhang et al. (2017) which shows distinctive effects of SL on thin
and thick filaments [27]. Specifically, they found that the SL-
induced structural changes in Tn are distinct from those caused
by Ca2þ activation or strongly bound cross-bridges, and SL-induced
structural changes in myosin is responsible for the increased
maximal force. Our study suggests that the region between resi-
dues 167 and 193 of cTnI-MD is important to sense and/or transmit
the effects of the SL change to the regulatory domain of cTnC, and
this regionmay play an important role inmediating the level of thin
filament activation that is modulated with SL changes. It should be
noted that our results do not exclude the possibility that the
removing the entire cTnI-MD saturates the Ca2þ-sensitivity and
cooperativity of contraction, therefore, further increasing SL would
not further enhance these effects. Additional structure-function
studies are needed in the future to illustrate the detailed regula-
tory role of different regions of the MD in LDA.

Truncating the MD to various extents exhibited different effects
on Ca2þ-activated regulation of tension development and cross-
bridge kinetics. The increased maximum tension, Ca2þ-sensitivity
and cooperativity of cTnI(1e167) compared to cTnI(WT) fibers may
be due to a partial loss of the inhibitory function after deletion of
the cTnI-MD, which contains the second actin-binding region of the
C-terminus of cTnI (residues 170e181). This weakens the interac-
tion between cTnI and actin to promote actomyosin binding, which

Table 2
Estimates of myosin nucleotide handling rates from fits of the cross-bridge detachment rate (2pc) vs. [MgATP] relationships to Eq. (2) for cTnI(WT) and cTnI-MD truncations at
1.9 and 2.2 mm SLs (mean ± SEM).

cTnI(WT) cTnI(1e167) cTnI(1e193)

1.9 mm 2.2 mm 1.9 mm 2.2 mm 1.9 mm 2.2 mm

k-ADP (S�1) 109.8 ± 1.96 74.01 ± 1.75a 69.1 ± 1.96b 55.51 ± 2.66a,b 114.6 ± 3.25c 99.15 ± 2.13a,b,c

KþATP

(mM�1S�1)
950.6 ± 69.17 813.8 ± 68.56 506.9 ± 55.84b 589.9 ± 122.3 585.5 ± 57.98b 437.2 ± 31.36b

n fibers 6 6 7 7 6 6

k-ADP, cross-bridge MgADP release rate; kþATP, cross-bridge MgATP binding rate.
a Effect of SL for each truncation or wild-type; P < 0.05.
b : Truncation effect compared to cTnI(WT) at same SL; P < 0.05.
c : Difference between cTnI(1e193) and cTnI(1e167) at same SL; P < 0.05.
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could then further sensitize the myofilaments to Ca2þ [75]. We also
speculate that poor inhibition by the truncated cTnI-MDmay allow
azimuthal Tm movement in the regulatory unit to promote acto-
myosin binding, which could also enhance cooperative feedback on
thin filament regulatory units [76e80]. The cTnI(1e167) truncation
could also impair myofibrillar relaxation due to the loss of MD
sampling arm, leading to the enhanced Ca2þ-sensitivity of
contraction and cooperative activation of thin filament during the
contraction cycle.

Enhanced myofilament Ca2þ-sensitivity at both short and long
SLs for cTnI(1e193) fibers suggests a partial loss of inhibitory
function after deletion of the last 17 amino acids of cTnI. Metskas
et al. [82] have suggested in the closed state of Tm, cTnI-MD around
residues 193e210 stays bound to actin and retains a conformation
similar to the blocked state while it is dynamic and unbound be-
tween residues 161e192 [82]. In this regard, a previous study by
Zhang et al. suggested that the end segment of the C-terminus of
cTnI (residues 193e210) binds to Tm [55] and TnC [56] in a Ca2þ

sensitive manner, and helps to restrict Tmmovement in the relaxed
condition [55]. These studies suggest that losing this segment could
potentially affect the position and/or flexibility of Tm in the relaxed
state promoting actomyosin binding, which agrees with our find-
ings as well.

The increased Ca2þ-sensitivity of force development for
cTnI(1e193) fibers contrasts with our observation of no significant
difference in maximal developed tension at short SL and a 14.3%
decrease at long SL, yet not statistically significant, based on a two-
way ANOVA. However, excluding the SL variant and performing
one-way ANOVA at long SL shows a significant reduction in
maximal developed tension, consistent with other studies [81].

Based on the two-state cross-bridge model, the amount of
tension development depends on the ratio of cross-bridge attach-
ment rate (2pb) to the sum of cross-bridge attachment and
detachment rates (2pbþ2pc). Our kinetic results at 1.9 mm SL show
a faster attachment rate for cTnI(1e193) compared to cTnI(WT),
with no significant effect on detachment rate. Considering the
range of 2pb and 2pc, a small increase in 2pb would not dramat-
ically change the ratio of 2pb/(2pbþ2pc) for cTnI(1e193) at short
SL. At a SL of 2.2 mm, both attachment and detachment rates were
significantly faster in fibers containing cTnI(1e193), with a greater
increase in 2pc, which together would decrease the ratio of 2pb/
(2pbþ2pc) at long SL. These kinetic effects are consistent with
cross-bridge cycling measurement by Gao et al. (2006) who
observed a faster rate of force redevelopment (ktr) in stunned
muscle [83].

The cTnI(1e193) truncation showed no significant effect on the
cooperativity of myocardial contraction with the 64 ± 5% exchange
of the endogenous cTnI with cTnI(1e193). Different from our re-
sults, Tachampa et al. [81] observed a 50% decrease in cooperativity
of contraction upon both 70% and 50% exchange of endogenous
cTnI with cTnI(1e193). Thus, we rule out the possibility of residual
endogenous cTnI masking the effects of the partially exchanged
truncated cTnI in our study, since the similar exchange ratio of
cTnI(1e167) resulted in a significant increase of the cooperativity of
contraction in our study. The differences among studies could be
attributed to differences in buffer formulation, sample preparation,
applied measuring techniques, and equipment.

Our results for cTnI(1e167) showed a greater viscoelastic me-
chanical response of the passive elements compared to cTnI(WT)
fibers, evident by the significant increase in parameter A and
decrease in parameter k at both SLs (Supplemental Fig. 2B&E, in the
online data supplement). A study by Fusi et al. showed a direct
control of thick filament activation by the thick filament stress
which occurs independent of intracellular Ca2þ concentration [31].
Considering this study, the increase in passive elements with cTnI-

MD truncation could possibly affect the orientation and structure of
myosin motors that increases the number of myosin heads avail-
able for cross-bridge binding. This effect of cTnI-MD truncation on
the thick filament works in synergy with the increase in the
number of available myosin-binding sites on actin induced by Tm
movement, to increase the cross-bridge attachment rate and the
force of contraction observed for cTnI(1e167) fibers.

The cTnI(1e193) showed faster cross-bridge attachment rates at
both SLs and faster cross-bridge detachment rates at long SL
compared to cTnI(WT). Consistent with our results, previous
studies using skinned rat cardiac trabeculae containing
cTnI(1e193) at 2.2 mm SL showed increased tension cost and
enhanced rate of force redevelopment [81]. Thus, the cTnI(1e193)
truncation may shift the average position of Tm to a new equilib-
rium position that more closely resembles the myosin-induced
open-state [58,84].

5. Conclusions

This study provides valuable information about the role of the C-
terminus of cTnI in contractile regulation and LDA. The region be-
tween residues 167 and 193 of cTnI plays a critical role in cardiac
contractility by mediating the level of thin filament activation,
which is also modulated by SL changes. Our results for cTnI(1e167)
suggest that the cTnI-MD plays a role in LDA by sensing/trans-
mitting the effects of SL to the core of the regulatory Tn-Tm com-
plex, and that removing this region perturbs the balance between
thin filament- and thick filament-based regulation of LDA.
Furthermore, the cTnI-MD helps to maintain the equilibrium po-
sition of Tm at both relaxed and activated states, which can
potentially modulate LDA through the feedback effects of strong
cross-bridges on the thin filament.
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