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The N-Terminal Extension of Cardiac Troponin T Stabilizes the Blocked
State of Cardiac Thin Filament
Sampath K. Gollapudi, Ranganath Mamidi, Sri Lakshmi Mallampalli, and Murali Chandra*
Department of Veterinary and Comparative Anatomy, Pharmacology, and Physiology, Washington State University, Pullman, Washington
ABSTRACT Cardiac troponin T (cTnT) is a key component of contractile regulatory proteins. cTnT is characterized by a ~32
amino acid N-terminal extension (NTE), the function of which remains unknown. To understand its function, we generated
a transgenic (TG) mouse line that expressed a recombinant chimeric cTnT in which the NTE of mouse cTnT was removed
by replacing its 1–73 residues with the corresponding 1–41 residues of mouse fast skeletal TnT. Detergent-skinned papillary
muscle fibers from non-TG (NTG) and TG mouse hearts were used to measure tension, ATPase activity, Ca2þ sensitivity
(pCa50) of tension, rate of tension redevelopment, dynamic muscle fiber stiffness, andmaximal fiber shortening velocity at sarco-
mere lengths (SLs) of 1.9 and 2.3 mm. Ca2þ sensitivity increased significantly in TG fibers at both short SL (pCa50 of 5.96 vs. 5.62
in NTG fibers) and long SL (pCa50 of 6.10 vs. 5.76 in NTG fibers). Maximal cross-bridge turnover and detachment kinetics were
unaltered in TG fibers. Our data suggest that the NTE constrains cardiac thin filament activation such that the transition of the
thin filament from the blocked to the closed state becomes less responsive to Ca2þ. Our finding has implications regarding the
effect of tissue- and disease-related changes in cTnT isoforms on cardiac muscle function.
INTRODUCTION
Troponin T (TnT) is important for the Ca2þ-mediated regu-
lation of striated thin filaments. TnT structurally bridges the
thin-filament proteins troponin C, troponin I, and tropomy-
osin (Tm). Thus, TnT plays a pivotal role in Ca2þ-mediated
activation of thin filaments. Although previous studies have
suggested that the sequence heterogeneity between cardiac
TnT (cTnT), fast skeletal TnT (fsTnT), and slow skeletal
TnT underlie some functional differences among different
muscle types (1–3), the biological significance of the
N-terminal extension (NTE) of cTnT remains unknown. A
striking feature of the N-terminus of cTnT is that it has
a distinct extended region that is absent in fsTnT and slow
skeletal TnT. The NTE of cTnT is unique for two main
reasons: 1), it is approximated by a length of 32 amino acids
that are rich in negative charge; and 2), it is highly
conserved in hearts of different species. Thus, the unique
features of this 32 amino acid extended region of cTnT
suggest that it plays an important cardiac-specific functional
role (1–5).

To define the functional role of sequence differences
between cTnT and fsTnT, previous studies used in vitro
methods to reconstitute recombinant proteins into deter-
gent-skinned muscle fiber preparations (5–7). These in vitro
studies suggested that the amino acids 1–76 (5), 1–96 (6), or
1–91 (7) of cTnT are important for Ca2þ-activated force and
ATPase activity of cardiac myofilaments. Although these
studies (5–7) suggested a functional role for the N-terminal
region of cTnT, the specific functional significance of the
NTE in cTnT remains unresolved. Given that this 32 amino
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acid extension is highly conserved in hearts of different
species, it is essential to understand its function in the heart.
Other previous attempts to address the functional differ-
ences between cTnT and fsTnT employed a transgenic
(TG) mouse approach in which the chicken fsTnTwas over-
expressed in the mouse heart (8–10). Although these TG
mouse studies provided useful information, the specific
role of the NTE could not be addressed because of major
sequence differences in the central and the C-terminal
regions of chicken fsTnT and mouse cTnT (McTnT).

The main objective of our study was to understand the
functional role that is specific to the NTE in cTnT. We
hypothesized that the cardiac-specific NTE has a unique
regulatory role in the Ca2þ-mediated regulation of cardiac
myofilament activation. To test our hypothesis, we made
selective alterations within the N-terminal end of McTnT
while conserving other regions, so that the functional differ-
ences could be solely attributed to the NTE. To our knowl-
edge, this is the first TG mouse study that explicitly
addresses the biological significance of the NTE in cTnT.
We generated a TG mouse line that expressed a chimeric
cTnT isoform in which 1–73 amino acids of McTnT were
replaced with the corresponding 1–41 residues of mouse
fsTnT (MfsTnT). The expression level of the chimeric
cTnT was ~54% in TG mouse hearts. Detergent-skinned
papillary muscle fiber bundles from non-TG (NTG) and
TG mouse hearts were used to measure isometric tension,
ATPase activity, myofilament Ca2þ sensitivity, rate of
tension redevelopment, dynamic muscle fiber stiffness, and
maximal muscle fiber shortening velocity at short (1.9 mm)
and long (2.3 mm) sarcomere lengths (SLs). We discuss
these data in terms of the constraining effect of the cardiac
NTE on the blocked-to-closed-state transition of the thin
filament during Ca2þ-mediated myofilament activation.
http://dx.doi.org/10.1016/j.bpj.2012.07.035
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MATERIALS AND METHODS

Animal protocols

All mice used in this study received proper care and treatment in accor-

dance with the guidelines set by the Washington State University Institu-

tional Animal Care and Use Committee. NTG and TG mice were housed

in individual cages and treated alike.
Generation of TG mice expressing chimeric cTnT

DNAmutagenesis was used to create a mouse chimeric cTnT gene contain-

ing nucleotides that encode 1–41 amino acids of MfsTnT gene and 74–288

residues of McTnT. The chimeric gene was then subcloned into the SalI-

HindIII site of the plasmid pBS2Kþ. The accuracy of the ligated gene

sequence in the plasmid was verified by sequencing. TG mice were gener-

ated by microinjection of the DNA according to a previously described

protocol (11). PCR was used to identify the founder mice as described

previously (12). Breeding of the founder mice with NTG FVBN mice

was set up to verify that the founder mice were able to transmit the chimeric

gene to subsequent generation of offspring. After four generations, a stable

TG line was obtained by breeding a female founder mouse with its NTG

FVBN cohort male.
Determination of expression levels and
phosphorylation status of sarcomeric proteins
in NTG and TG cardiac muscle preparations

To better resolve the separation between various sarcomeric proteins, we ran

a standard 8% SDS-PAGE (see Fig. S1 A in the Supporting Material) and

a large 12.5% SDS-PAGE (Fig. S1 B) after loading the gels with equal quan-

tities of the digestedmuscle protein extracts fromNTGandTGmouse hearts.

The SDS gels were stained with Coomassie Blue (R-250, Bio-Rad Labora-

tories, Hercules, CA). To determine the level of expression of sarcomeric

proteins, the band profiles of each protein from the gel were compared

between NTG and TG mouse hearts. Other details are provided in the Sup-

porting Material. The phosphorylation status of sarcomeric proteins was

assessed by running a 15% SDS-PAGE. The gel was stained with Pro-Q

diamond phosphoprotein staining solution (Invitrogen, Carlsbad, CA). The

phosphorylation status of sarcomeric proteins in the NTG and TG mouse

hearts was assessed by comparing the phosphoprotein-stained band profiles.
Western blot

Muscle protein extracts fromNTG and TGmouse cardiac preparations were

resolved using 12.5% SDS-PAGE (10). Proteins from the gel were trans-

ferred to a PVDF membrane, and cTnT was probed by two antibodies: an

anti-cTnT primary (Clone M401134; Fitzgerald Industries International,

Concord, MA) and an anti-mouse secondary antibody (Amersham

RPN2132, GEHealthcare Biosciences, Pittsburgh, PA). To quantify the rela-

tive amount of the chimeric cTnT in the TGmouse heart, densitometric anal-

ysiswas carried out using the ImageJ software (National Institutes ofHealth).
Preparation of detergent-skinned cardiac muscle
fiber bundles

Detergent-skinned papillary muscle fiber bundles from NTG and TGmouse

hearts were prepared as described in the Supporting Material.
pCa solutions

All measurements in this study were conducted at 20�C. The pH of each

pCa solution was adjusted to 7.0. The ionic strength of all pCa solutions
was 180 mM. The compositions of the relaxing solution (pCa 9.0) and

the maximal Ca2þ-activating solution (pCa 4.3) at 20�C were as described

in the Supporting Material. The reagent concentrations of all pCa

solutions were calculated based on the program developed by Fabiato

and Fabiato (13).
Simultaneous measurements of isometric
steady-state force and ATPase activity

The muscle fiber was attached between a force transducer and a servo motor

using aluminum clips. The resting SL was adjusted to 1.9 or 2.3 mm in pCa

9.0 solution via a laser diffraction technique (14). The fiber was then acti-

vated with a series of pCa solutions starting from pCa 4.3 to pCa 9.0.

Steady-state force and ATPase activity were simultaneously measured in

each pCa activation (14). The ATPase activity was measured via a change

in the oxidation of NADH, which was linked to enzymatically coupled

reactions (14–16). For more details, see the Supporting Material.
Rate of tension redevelopment (ktr)

Measurements of ktr were obtained in maximally activated (pCa 4.3) muscle

fibers using a slack/restretch protocol as described in the Supporting

Material.
Measurement of dynamic muscle fiber stiffness
using step-like length perturbations

A series of step-like length perturbations (50.5%, 1.0%, 1.5%, and 2.0% of

the preset muscle length (ML)) was applied to maximally activated fibers

and the force responses were measured (17). Representative traces of

various-amplitude quick stretches/quick releases and the corresponding

force responses are shown in Fig. 1. A nonlinear recruitment-distortion

(NLRD) model was fitted to the data to estimate the following model

parameters: the rate by which new strong cross-bridges (XBs) were re-

cruited due to a change in ML (b), the rate by which the strain of stretched

XBs was dissipated after a sudden change in ML (c), the instantaneous stiff-

ness as estimated from the initial incident force response to a sudden change

in ML (ED), and the magnitude of increase in stiffness from the initial

steady state to the new steady state due to the recruitment of additional

XBs (ER). For more details on the NLRD model formulation and the signif-

icance of the model parameters (b, c, ED, and ER), please see the Supporting

Material.
Measurement of muscle fiber shortening velocity

Force-velocity (F-V) relationships were measured with the use of a force-

ramp (F-R) protocol (18). Briefly, a force perturbation was applied on

a maximally activated muscle fiber as a linear time-dependent decrease

in force i.e., F-R (Fig. 2 A). To estimate the maximal shortening velocity,

Vmax, the muscle fiber was allowed to shorten continuously against the force

until the force on the fiber was ramped down to near zero (Fig. 2 B). Force

data were normalized by the isometric steady-state value, F0, and the

shortening velocity by the ML just before perturbation. Normalized force

data were plotted against the normalized velocity data to construct the

F-V relationship for each fiber (Fig. 2 C). Vmax was estimated as the

velocity at which the net force elicited by the fiber was zero (illustrated

by the arrow in Fig. 2 C). All other details are provided in the Supporting

Material.
Statistical analysis

A two-way analysis of variance (ANOVA) was used to analyze the

data, with the TnT species (native cTnT versus chimeric cTnT) and SL
Biophysical Journal 103(5) 940–948



FIGURE 1 Force responses of an NTG muscle fiber to step-like length

perturbations. For simplicity and clarity, only the traces of one NTGmuscle

fiber are shown. (A) Force responses of a maximally activated (pCa 4.3)

muscle fiber at SL 2.3 mm normalized to isometric steady-state force

(Fss). (B) Length perturbation refers to the step-like stretch and release of

the muscle fiber by 50.5%, 51.0%, 51.5%, and 52.0% of the initial

ML. See the Supporting Material for details.
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(1.9 mm vs. 2.3 mm) used as the two factors. When the differences between

effects of native cTnT versus chimeric cTnT were dissimilar at different

SLs, the interaction effect became significant. When the interaction effect

was significant, it suggested that the effect of cTnT on a given contractile

parameter depended on SL. When the interaction effect was not significant,

only the main effect was interpreted. When the main effect was significant,

the difference between effects of native cTnT versus chimeric cTnT on

a contractile parameter showed a similar trend at both SLs. When appro-

priate, post hoc multiple comparisons were made using Holm-Bonferroni

corrected t-tests to compare the effects of TnT at a given SL (19).

FIGURE 2 Measurement of the F-V relationship. (A) Representative

sample of F-R perturbation in a NTG cardiac muscle fiber at an SL of

2.3 mm. The ramp rate was set to �2.0 F0/s, where F0 is the initial

steady-state isometric force. (B) ML changes corresponding to the imposed

loads on muscle fiber shown in panel A. Velocity was estimated by taking

the ratio of change in ML to change in time. (C) F-V relationship. Measured

force values were normalized with the initial force, F0, and velocities were

normalized with the initial ML just before force perturbation. Normalized

force data were plotted against normalized velocity data to construct the

F-V relationship. Vmax was estimated by fitting the Hill’s hyperbolic F-V

relationship to the experimentally determined F-V data (indicated by the

arrow). For additional details, please see the Supporting Material.
RESULTS

Chimeric cTnT: replacement of 1-73 amino acids
of McTnT with 1-41 residues of MfsTnT

The rationale for making this chimeric cTnT is as follows:
The significance of the N-terminal end region of McTnT
can be categorized based on the amino acid sequence, the
length of the amino acid chain, and the net negative charge
(Fig. 3A).An aligned sequence comparison of 1–103 residues
of McTnT and 1–71 residues of MfsTnT using the LALIGN
program (20) reveals that 1),McTnT is 32 amino acids longer
at the N-terminal end; 2), there is 57.5% sequence heteroge-
neity between the two proteins; and 3), the N-terminal end
of McTnT has a higher net negative charge, and thus is more
acidic than that of MfsTnT (a net charge of �20 vs. �30 in
McTnT). The fact that the NTE of cTnT is highly conserved
in hearts of different species (1) suggests that it has a heart-
specific functional role (Fig. 3 B).
Biophysical Journal 103(5) 940–948
Expression level and phosphorylation status
of sarcomeric proteins in TG mouse hearts

In comparisonwith theirNTGmouse littermates, the TGmice
appeared normal and showed no evidence of increased
morbidity or phenotypic differences. The heart weight/body
weight ratio, and the size of TG mouse hearts were similar
to those of NTG mouse hearts. Fig. S1 demonstrates that the



FIGURE 3 Comparison of the N-terminal ends

of McTnT and MfsTnT. (A) The LALIGN program

(20) was used to compare the N-terminal ends

of McTnT and MfsTnT. The ‘‘.’’ indicates conser-

vative replacement, ‘‘:’’ indicates identity, ‘‘ ’’

indicates nonconservative replacement, and ‘‘-’’

indicates deletion introduced to maximize se-

quence similarities. The amino acids in red

represent identical replacements, and all other

replacements are indicated in blue. (B) A cartoon

of the thin-filament structure highlighting the posi-

tion of the cardiac NTE in cTnT. The T1 and T2

domains of McTnT and MfsTnT are shown by

purple and green, respectively. The NTE of McTnT

is shown in pink. Curved arrows indicate possible

sites of action of the NTE on cardiac thin filaments.
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total expression level of each sarcomeric protein did not differ
between NTG and TG mouse hearts. Furthermore, the phos-
phorylation status of all major sarcomeric proteins, including
cTnT, was also not affected in TG mouse hearts (Fig. S2).
Expression of chimeric cTnT in TG mouse hearts

The Western blot profile of TG mouse cardiac muscle prep-
arations shown in Fig. 4 demonstrates the presence of both
native and chimeric cTnT proteins (lane 2). Estimates made
from a densitometric analysis of the protein profiles reveal
that the level of expression of chimeric cTnT is ~54% (of
the total) in TG mouse hearts.
Effect of chimeric cTnT on Ca2D-activated
maximal tension and ATPase activity

A comparison of Ca2þ-activated maximal tension and
ATPase activity from detergent-skinned NTG and TG fibers
revealed no significant differences at both short and
FIGURE 4 Western blot analysis. NTG and TG cardiac muscle prepara-

tions were run on a 12.5% SDS-PAGE. An anti-cTnT primary antibody and

an anti-mouse secondary antibody were used to detect native cTnT and

chimeric cTnT. Lane 1: NTG cardiac muscle; lane 2: TG cardiac muscle;

lane 3: chimeric cTnT standard. (a) Native cTnT. (b) Chimeric cTnT.

ImageJ software was used to scan the band intensities in different lanes.

The total optical band intensity (i.e., the total amount of cTnT expressed)

in TG cardiac mouse hearts (lane 2) was assumed to be the sum of the

optical band intensities of native cTnT and chimeric cTnT protein profiles.

The expression level of the chimeric cTnT was determined by dividing the

optical band intensity of the chimeric cTnT protein profile by the total band

intensity, which was measured to be ~54%.
long SLs. Maximal tensions (in mN.mm�2) in NTG and
TG fibers at short SL were respectively 29 5 1 and 30 5 1
at short SL, and 47 5 2 and 46 5 2 at long SL. The corre-
sponding maximal ATPase activities (in pmol.mm�3.s�1)
at short SL were 323 5 20 and 320 5 12 at short SL,
and 314 5 11 and 294 5 7 at long SL. Thus, the effects
of the TnT species-SL interaction on maximal tension and
ATPase activity were not significant. These observations
indicate that the chimeric cTnT had no effect on maximal
tension or ATPase activity at either SL. In other words,
the absence of the NTE did not affect Ca2þ-activated
maximal tension or ATPase activity.
Effect of chimeric cTnT on myofilament Ca2D

sensitivity (pCa50) and cooperativity (nH)

To estimate pCa50 and nH, the Hill’s equation was fitted to
pCa-tension relationships at short (Fig. 5 A) and long
(Fig. 5 B) SLs. When compared with NTG fibers, the
pCa-tension relationships of TG fibers showed a leftward
shift by 0.34 pCa units at both SLs (Fig. 5, A and B). The
effect of the TnT species-SL interaction on pCa50 was not
significant, but the main effect due to TnT species was
significant (p < 0.001). When the pCa values were con-
verted into micromolar concentrations using the equation
pCa ¼ -log of [Ca2þ]free, a shift of 0.34 pCa units corre-
sponded to a ~2.2-fold increase in the Ca2þ sensitivity of
TG fibers at both SLs. In other words, the TG fibers required
2.2-fold lower Ca2þ concentrations to produce the same
amount of tension as the NTG fibers (Fig. 5 C). Because
the SL-dependent increase in pCa50 was identical in both
groups (0.14 in NTG and TG fibers), the chimeric cTnT
(or the absence of the NTE) had no impact on the length-
mediated effects on pCa50. There was no significant change
in nH of TG fibers at short SL, but there was a significant
decrease at long SL (p < 0.05; Fig. 5 D). Thus, the effect
Biophysical Journal 103(5) 940–948



FIGURE 5 Normalized pCa-tension relationships at (A) SL 1.9 mm

and (B) SL 2.3 mm. Tension values were normalized with respect to the

maximal value at pCa 4.3. B, NTG fibers; C, TG fibers. The Hill

equation was fitted to pCa-tension data to derive myofilament Ca2þ sensi-

tivity (pCa50) and cooperativity (nH). Data were analyzed by two-way

ANOVA. (C) Effect of SL on pCa50. The main effect was significant

(***p < 0.001), suggesting that the chimeric cTnT-induced increase in

pCa50 of TG fibers was similar at both SLs. (D) Effect of SL on nH. The

interaction effect was significant (p < 0.01), suggesting that the effect of

the chimeric cTnT depended on SL. Post hoc multiple comparisons sug-

gested that the chimeric cTnT had a significant (*p < 0.05) impact on

cooperativity at SL of 2.3 mm, but not at 1.9 mm. Values are expressed as

the mean 5 SE. The number of determinations was at least nine in each

group. Statistical significance was set at p < 0.05.

TABLE 1 Effects of the chimeric cTnT on various contractile

function and mechano-dynamic parameters

SL Model parameter NTG TG

Cross-bridge turnover kinetics

1.9 mm ktr (s
�1) 12.25 5 1.06 13.02 5 0.83

b (s�1) 26.52 5 1.80 27.78 5 3.29

2.3 mm ktr (s
�1) 10.95 5 0.43 10.80 5 1.06

b (s�1) 28.60 5 1.03 25.26 5 3.39

Muscle fiber stiffness parameters

1.9 mm ED (mN$mm�3) 763.15 5 45.82 779.01 5 52.96

ER (mN$mm�3) 131.82 5 7.98 125.35 5 7.99

2.3 mm ED (mN$mm�3) 904.65 5 43.33 989.29 5 51.78

ER (mN$mm�3) 232.41 5 20.24 277.69 5 33.05

Cross-bridge detachment kinetics

1.9 mm TC 11.89 5 0.87 10.62 5 0.30

(pmol$mN�1$mm�1$s�1)

c (s�1) 49.33 5 5.67 49.92 5 6.45

Vmax (ML$s�1) 1.25 5 0.04 1.21 5 0.05

2.3 mm TC 7.12 5 0.26 6.37 5 0.26

(pmol$mN�1$mm�1$s�1)

c (s�1) 40.22 5 2.36 32.08 5 3.89

Vmax (ML$s�1) 1.40 5 0.05 1.41 5 0.05

Parameters b, c, ED, and ER were estimated using the nonlinear recruitment-

distortion model (17), and ktr was determined by using a large release-

restretch protocol (32). The TC was determined as described previously

(15,36). Vmax was estimated using the F-V relationships (18). See the

Supporting Material for details on the experimental approaches. NTG and

TG refer to nontransgenic and transgenic fibers, respectively. Two-way

ANOVA was used to analyze the data. No significant differences were

observed between NTG and TG fibers in any of the parameter estimates

listed in this table. Values are expressed as the mean 5 SE. The number

of determinations was at least nine in each group. Statistical significance

was set at p < 0.05.
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of the TnT species-SL interaction on nH was significant (p<
0.01). This observation suggests that the chimeric cTnT had
a significant impact on myofilament cooperativity at long
SL. pCa-ATPase relationships were also measured in NTG
and TG fibers, and Hill’s equation was fitted to these data
to estimate pCa50 and nH. When compared with the NTG
fiber data at both SLs, the effects of the pCa-ATPase rela-
tionships in the TG fibers were similar to those of the
pCa-tension relationships, as shown by the corresponding
estimates of pCa50 and nH (Table S1).
Effect of chimeric cTnT on XB turnover rate

To assess whether the chimeric cTnT affected the XB turn-
over rate, we estimated the rate of tension redevelopment
(ktr) and the rate of length-mediated XB recruitment (b) at
short and long SLs (see Materials and Methods). Previous
studies have shown that ktr is a valuable index of the XB
turnover rate (21) and that it correlates with b (15). At
maximal activation (pCa 4.3), the ktr estimates from TG
fibers were similar to those of NTG fibers at both SLs
(Table 1). Our approximations of b also showed no signifi-
cant differences between NTG and TG fibers (Table 1).
Thus, the chimeric cTnT had no impact on the length-medi-
ated effects on either maximal ktr or b.
Biophysical Journal 103(5) 940–948
We also measured the effects of the chimeric cTnT on
ktr at submaximal Ca2þ activation. We selected two pCa
levels at short SL (pCa 5.7 and 5.9) and two at long SL
(pCa 5.8 and 6.0). The rationale for choosing these pCa
levels is as follows: nH is more prominent at submaximal
Ca2þ activation, which in turn has a significant impact on
ktr. For NTG fibers, we chose a value of 5.7, which is
close to the pCa50 of 5.62 in NTG fibers. For TG fibers,
we chose a value of 5.9, which is close to the pCa50 of
5.96 in TG fibers (at SL 1.9 mm). A similar argument applies
for our choice of pCa levels at SL 2.3 mm. Submaximally
activated TG fibers demonstrated no significant effects on
ktr estimates at short SL (Table 2). This observation is
consistent with our finding that nH of TG fibers is not
significantly different from that of NTG fibers at short SL
(Fig. 5 D). However, ktr estimates in TG fibers increased
significantly (p < 0.01) at long SL. This increase amounted
to ~52% and 92% at pCa of 5.8 and 6.0, respectively
(Table 2). These observations demonstrate that a significant
decrease in nH of TG fibers at long SL (Fig. 5 D) caused
a significant increase in ktr at submaximal Ca2þ levels
(Table 2).



TABLE 2 Effects of the chimeric cTnT on the rate of tension

redevelopment (ktr) at submaximal Ca2D activations

SL pCa NTG ktr (s
�1) TG ktr (s

�1)

1.9 mm 5.7 6.90 5 0.18 7.62 5 0.17

5.9 1.85 5 0.08 2.15 5 0.07

2.3 mm 5.8 5.16 5 0.16 7.86 5 0.26**

6.0 1.58 5 0.03 3.01 5 0.10***

We determined ktr using a large release-restretch protocol (32). The pCa

levels chosen at short SL (1.9 mm) and long SL (2.3 mm) correspond to

submaximal Ca2þ levels for NTG and TG fibers, respectively. NTG and

TG refer to nontransgenic and transgenic fibers, respectively. One-way

ANOVA was used to analyze ktr estimates. Values are expressed as the

mean 5 SE. The number of determinations was at least five in each group.

**p < 0.01; ***p < 0.001.
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Effect of chimeric cTnT on the muscle fiber
stiffness parameters (ED and ER)

To investigate whether the chimeric cTnT affected the
magnitude of XB recruitment and distortion dynamics, we
estimated ML-mediated stiffness parameters (ED and ER)
using the force responses of the fibers to step-like length
perturbations (for more information on how ED and ER

were estimated, please see ‘‘NLRD model formulation’’,
‘‘Characteristic features of force responses to step-like
length perturbations’’, and Fig. S5 in the Supporting Mate-
rial). Our estimates of ED and ER from TG fibers showed
no significant differences when compared with those
obtained from NTG fibers (Table 1). Our findings on ER

suggest that the length-mediated increase in the number
of strong XBs was not affected by the chimeric cTnT
(or the absence of the NTE). Similar findings were
also observed in ED, demonstrating that the number of
strongly bound XBs was also not affected by the chimeric
cTnT.
Effect of chimeric cTnT on XB detachment
kinetics

To investigate whether the XB detachment kinetics was
affected by the chimeric cTnT, we measured tension cost
(TC), XB distortion rate constant (c), and maximal muscle
fiber shortening velocity (Vmax) in NTG and TG fibers at
short and long SLs. TC was estimated using methods
described elsewhere (14,22), and was previously shown to
be useful for approximating the XB detachment rate, g
(23). Our TC measurements showed no significant differ-
ences between NTG and TG fibers at both SLs (Table 1).
Our estimates of the length-mediated XB distortion
dynamic, c, also showed no significant differences between
NTG and TG fibers at both SLs (Table 1). In a previous
work, we showed that TC is strongly correlated to c (24).
Thus, similar effects observed in c and TC support the
notion that the XB detachment kinetics is not affected by
the chimeric cTnT (or the absence of the NTE). This is
further substantiated by our estimates of Vmax, which is
known to be strongly influenced by g (25). The Vmax esti-
mates showed no significant differences between NTG and
TG fibers at both SLs (Table 1). Thus, the NTE of cTnT
does not affect the XB detachment kinetics.
DISCUSSION

The biological significance of the 32 amino acid NTE in
cTnT remains unknown. Given the highly conserved nature
of the NTE in hearts of different species, we hypothesized
that the NTE has a unique regulatory role in cardiac myofil-
ament activation. Assuming a straight a-helix, 32 amino
acids in McTnT would translate to an additional ~48 Å in
length (2) as compared with MfsTnT (Fig. 3 B). Our under-
standing of the structure of the thin filament, based on
studies of fast skeletal muscle, suggests that the N-terminus
of cTnT extends ~12% into the neighboring regulatory
unit (RU; Tm-Tn). In this first (to our knowledge) explicit
study of the NTE of cTnT, we used a TG mouse model
that expressed a recombinant chimeric cTnT, in which
1–73 amino acids in McTnT were replaced with the
corresponding 1–41 residues of MfsTnT. New findings
from our study demonstrate that the NTE of cTnT
modulates the blocked-to-closed-state transition of the
thin filament via its impact on allosteric/cooperative
mechanisms.
Myofilament Ca2D sensitivity and cooperativity
of tension were altered by the chimeric cTnT

Our measurements of the contractile function and dynamic
stiffness parameters in detergent-skinned cardiac muscle
fibers from TGmouse hearts resulted in novel (to our knowl-
edge) findings. Our data demonstrate that myofilament Ca2þ

sensitivity of tension increases dramatically by ~2.2-fold
(Fig. 5 C) in TG fibers at both short and long SLs. However,
the Ca2þ-activated maximal tension was not altered by the
chimeric cTnT. The uniqueness of our TG mouse model
enabled us to attribute the differences in contractile function
directly to the NTE. To determine whether this increase in
Ca2þ sensitivity was due to an increase in the number of
strongly bound XBs or due to the length-mediated effect
on thin-filament activation, we measured the SL-mediated
effect on stiffness parameters (ED and ER) in NTG and
TG fibers. ED and ER represent the magnitudes of the
stiffness due to the strain of strongly bound XBs and the
length-mediated increase in the number of strong XBs,
respectively. Because ED and ER in TG fibers are unaffected
at both SLs (Table 1), changes in myofilament Ca2þ sensi-
tivity can be directly correlated to the NTE-induced effect
on thin-filament activation.

One possible clue as to how the chimeric cTnT might
affect myofilament Ca2þ sensitivity is provided by previous
in vitro biochemical studies that used chymotryptic digested
products of bovine cTnT (26) and rabbit fsTnT (27). These
Biophysical Journal 103(5) 940–948
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proteolytic products (T1 fragments) differed significantly
at their N-terminal ends. Observations made from those
in vitro biochemical studies suggest that cardiac T1 (cT1)
and fast skeletal T1 (fsT1) fragments modulate the regula-
tory actions of Tm on thin-filament states in different
ways, that is, fsT1 favors the stabilization of the closed state
and cT1 favors the stabilization of the blocked state. There-
fore, a logical interpretation of these in vitro studies is that
the chimeric cTnT, which lacks the cardiac-specific NTE,
may have favored the transition of the thin filament from
the blocked to the closed state, thus increasing myofilament
Ca2þ sensitivity in TG muscle fibers. Previous studies have
shown that sequence alterations in the N-terminus affect
the net charge of the cTnT molecule, rendering it either
acidic or basic. A shift of the TnT isoform from an acidic
to a basic form was previously shown to promote strong
TnT-Tm interactions, resulting in an increase in the thin-
filament cooperativity (8,10). On the other hand, studies
that measured the binding affinities of TnT to Tm demon-
strated a rigid TnT-Tm coupling (4,5), which suggests
a decrease in the thin-filament activation through a negative
impact on cooperative interaction between two contiguous
RU. In our study, the Hill coefficient (nH) values of normal-
ized pCa-tension relationships were significantly lower in
TG fibers at SL 2.3 mm (Fig. 5 D). Such a drop in nH is
consistent with a decrease in the cooperativity of thin
filaments. However, no differences observed in nH of TG
fibers at SL 1.9 mm suggest that the effect of chimeric
cTnT on Tm may vary significantly with SL. Although we
do not fully comprehend how the SL modulates thin-fila-
ment cooperativity (28), some data suggest that the SL-
mediated effects on myofilament kinetics vary with the SL
(15,29). Thus, the different effects of the chimeric cTnT
on myofilament cooperativity at different SLs warrant
further investigation.
XB detachment kinetics were not altered
by the chimeric cTnT

One of the mechanisms by which the chimeric cTnT could
affect myofilament Ca2þ sensitivity or cooperativity would
be to alter the XB detachment kinetics. Because previous
studies have shown that TnT isoforms influence XB detach-
ment kinetics (15,17), we wanted to determine whether the
XB detachment rate was altered in TG fibers. Estimates
of TC and the length-mediated XB distortion dynamic, c,
demonstrated that the XB detachment kinetics remained
unaltered in TG fibers. This is further substantiated by our
estimates of Vmax in NTG and TG fibers. The range of
Vmax values obtained from NTG mouse fibers in this study
(Table 1) are within the range of values reported in earlier
studies (30,31). No statistical significance observed in
Vmax estimates between NTG and TG fibers correlated
well with similar trends in TC and the distortion rate
constant, c (Table 1).
Biophysical Journal 103(5) 940–948
Maximal XB turnover rate was not altered
by the chimeric cTnT

To account for an increased Ca2þ sensitivity of tension
in TG fibers, we expect an increase in the number of
RUs that are turned on during submaximal activation.
Thus, the effect of chimeric cTnT on the Ca2þ sensitivity
of tension appears to be exerted via its effect on the thin
filaments, and more precisely on the Ca2þ-mediated transi-
tion between the blocked and closed states (26,27), rather
than through changes in the intrinsic XB cycling rate.
Our measurements of ktr and XB detachment kinetics (see
above) at maximal Ca2þ activation support this argument
because ktr is determined by the sum of f and g (15).
Because ktr is a measure of the XB transition rate from
a weak binding state to a strong one (32,33), a change in
ktr could be attributed to an effect on the equilibrium
between the closed and open states of thin filaments (33).
Measurements of ktr at maximal Ca2þ activation demon-
strate that ktr in TG fibers remained unaltered (Table 1).
In conjunction with previous findings regarding the effect
of cT1 on the blocked state of thin filaments (26), our study
suggests that the transition of cardiac thin filament from the
blocked to the closed state is affected by the chimeric
cTnT. We predict that the chimeric cTnT exerts its effect
by modulating cooperative mechanisms in the thin filament.
Based on decreased cooperativity in TG fibers at long SL,
Campbell’s modified two-state model (33) would predict
that at submaximal levels of Ca2þ, ktr of TG fibers would
be significantly higher than that of NTG fibers, because
the initial condition (cooperative effects) from which force
redevelopment takes place is altered in TG fibers. As ex-
pected, ktr values of TG fibers at SL 2.3 mm were substan-
tially higher than those of NTG fibers at pCa 5.8 and 6.0
(52% and 92%, respectively; Table 2). Therefore, changes
in cooperative effects that exist at the onset of force redevel-
opment must result from an effect of chimeric cTnT on the
thin filament.
CONCLUSION

Our study provides valuable insight into the mechanism by
which the unique NTE of cTnT affects Ca2þ-mediated regu-
lation of cardiac myofilaments. Because the NTE of cTnT
has major effects on the dynamics of strong TnT-Tm inter-
actions (2), our data provide mechanistic understanding of
how the NTE of cTnT modulates Ca2þ-activation of cardiac
thin filaments. Through its effect on either the Tm-Tm over-
lapping ends or the near-neighbor RU (indicated by curved
arrows in Fig. 3 B), the NTE may affect allosteric/coopera-
tive mechanisms within the thin filament in such a way
that the Ca2þ-mediated transition from the blocked to the
closed state is altered. Our observation has significant impli-
cations for understanding the functional differences due to
tissue-specific expression of TnT isoforms. Because
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functionally distinct cTnT isoforms that differ primarily in
their N-terminal end regions are variably expressed during
developmental regulation and cardiomyopathy (1,34,35),
our study also has significant implications for age- and
disease-related changes in the expression of cTnT isoforms
in the human heart.
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