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Abstract
The cardiac muscle comprises dynamically interacting components that use allosteric/cooperative
mechanisms to yield unique heart-specific properties. An essential protein in this allosteric/
cooperative mechanism is cardiac muscle troponin T (cTnT), the central region (CR) and the T2
region of which differ significantly from those of fast skeletal muscle troponin T (fsTnT). To
understand the biological significance of such sequence heterogeneity, we replaced the T1 or T2
domain of rat cTnT (RcT1 or RcT2) with its counterpart from rat fsTnT (RfsT1or RfsT2) to
generate RfsT1-RcT2 and RcT1-RfsT2 recombinant proteins. In addition to contractile function
measurements, dynamic features of RfsT1-RcT2 and RcT1-RfsT2 reconstituted rat cardiac muscle
fibers were captured by fitting the recruitment-distortion model to force response of small
amplitude (0.5%) muscle length changes. RfsT1-RcT2 fibers showed a ~40% decrease in tension
and ~44% decrease in ATPase activity, but RcT1-RfsT2 fibers were unaffected. The magnitude of
length-mediated increase in crossbridge recruitment (E0) decreased by ~33% and the speed of
crossbridge recruitment (b) increased by ~100% in RfsT1-RcT2 fibers. Our data suggest the
following: (1) the CR of cTnT modulates crossbridge recruitment dynamics; (2) the N-terminal
end region of cTnT has a synergistic effect on the ability of CR to modulate crossbridge
recruitment dynamics; (3) the T2 region is important for tuning the Ca2+ regulation of cardiac thin
filaments. The combined effects of CR-Tm interactions and the modulating effect of the N-
terminal end of cTnT on CR-Tm interactions may lead to the emergence of a unique property that
tunes contractile dynamics to heart rates.
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INTRODUCTION
Allosteric/cooperative interactions among sarcomeric contractile proteins are central to
striated muscle contraction. An essential protein in this allosteric cascade mechanism is
Troponin T (TnT), which is important for full cooperative regulation of muscle contraction.
In the absence of Ca2+, TnT inhibits the binding of myosin heads to actin and the ATPase
activity, via its allosteric interactions with troponin C (TnC), troponin I (TnI), and
tropomyosin (Tm) 1. In the presence of Ca2+ , TnT removes the inhibition of actin-myosin
interactions by interacting strongly with TnC-TnI-Tm, thereby potentiating ATPase
activity 2; 3. However, the allosteric/cooperative mechanisms regulated by TnT, which
permits Ca2+ induced changes in TnC to be transduced to the actin-myosin interface, are not
well understood in the cardiac muscle.

Based on extensive structural and biochemical solution studies on tryptic peptides of fast
skeletal TnT (fsTnT), cardiac TnT (cTnT) may be roughly divided into two distinct
domains, the N-terminus (1–193 residues of rat cTnT; T1) and the C-Terminus (194–289
residues; T2). The T1 region of cTnT may be further separated into two parts: (1) the N-
Terminal end region (1–76 residues), which is not known to bind to any other thin filament
protein 2; 4; and (2) the central region (77–193 residues; CR), which is known to strongly
interact with Tm 5; 6. A cursory look at the amino acid sequences of cTnT and fsTnT across
various species (mouse, rat, rabbit, porcine, bovine, and human) show substantial sequence
heterogeneity not only in their N-Terminal end regions, but also in the CRs and T2
regions 7. Such sequence heterogeneity in different domains between cTnT and fsTnT may
be important for tissue-specific regulation of thin filament activation. This notion is
supported by our previous study, which showed that an exchange of rat cTnT (RcTnT) for
rat fsTnT (RfsTnT) significantly altered maximal activation and crossbridge (XB)
recruitment dynamics in rat cardiac muscle fibers 8. However, the previous study could not
resolve as to which specific domain of cTnT was responsible for its effect on the cardiac
contractile dynamics.

When the cTnT from different species are aligned, there is a high degree of similarity (~92–
99%) in the CR, suggesting an evolutionarily conserved heart-specific functional role. This
is further substantiated by the finding that the CRs of cTnT and fsTnT from different species
share only a 66–69 % sequence similarity. Previous biochemical solution studies on the CR
of cTnT have suggested the following: (1) it promotes the binding of Tm to actin 5; (2) it
aids in the assembly of Tm on the actin filament by promoting Tm-Tm polymerization 9; (3)
it is important for the folding stability and flexibility of TnT 10; 11; and (4) it regulates the
myosin binding to actin and cooperative activation of the thin filament 12; 13; 14. The T2
region of cTnT also differs significantly from its counterpart in fsTnT (~51–57% similarity).
Because the T2 region of cTnT interacts with TnC, TnI, and Tm in a Ca2+-dependent
manner 15, sequence variation in the T2 region is also expected to confer tissue-specific
function. Not surprisingly, cardiomyopathy-related substitutions and deletions in the T2
region of cTnT have been shown to alter its interaction with TnI/TnC, affecting both the
inhibition and Ca2+-mediated activation of the actin-myosin ATPase activity 16; 17; 18; 19.

Because of the strategic location of cTnT in the cardiac thin filament, sequence variations in
cTnT are expected to affect the following contractile mechanisms: (1) the extent of thin
filament activation due to Ca2+ and strong XBs 20; 21; (2) the length-mediated activation of
thin filaments 22; and (3) the tuning of the XB recruitment dynamics 8. All of the above
mentioned contractile mechanisms are known to be different in the cardiac muscle, giving
substantial credence to the idea that the sequence variations in the CR and T2 region of
cTnT are essential for the contractile function of the heart. This is further highlighted by the
observation that most of the known cardiomyopathy-related mutations are found both in the
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CR of cTnT (63%) and the T2 region of cTnT (32%). Therefore, the main objective of this
study was to understand how sequence variations in the CR and T2 region of cTnT modulate
and tune Ca2+-, XB-, and length-mediated activation of thin filaments in the cardiac muscle.
We hypothesized that the cardiac-specific CR of cTnT plays a key role in “modulating” the
XB recruitment dynamics, while the T2 region of cTnT aids in “tuning” the Ca2+-mediated
regulation of cardiac thin filaments.

It is now widely appreciated that dynamic relationships, rather than static aspects of force-
pCa and force-length relationships, dominate in conditions under which cardiac muscle
functions. In vitro solution studies lack structural constraints imposed not only by the highly
organized structure of the myofilament, but also by various allosteric/cooperative
interactions that exist within this complex network of proteins. Therefore, it is important to
study the properties of sarcomeric functions under conditions that retain most of the self-
organized, interconnected, and interacting systems essential for the unique behavior of the
heart. Therefore, we made selective alterations within the cTnT by substituting the T1 and
T2 domains of RcTnT with those of RfsTnT to generate two recombinant rat chimeric TnT
proteins: (1) RfsT1-RcT2 chimera, in which the T1 fragment of RcTnT (RcT1) was replaced
with the T1 of RfsTnT (RfsT1) and (2) RcT1-RfsT2 chimera, in which T2 fragment of
RcTnT (RcT2) was replaced with the T2 of RfsTnT (RfsT2). These substitutions allowed us
to conserve other regions of cTnT, so that the functional differences could be attributed to
the modified segments only. Contractile and dynamic measurements were made in RcTnT,
RfsT1-RcT2 and RcT1-RfsT2 reconstituted muscle fibers.

Cooperative effects contribute to XB recruitment dynamics, but not to XB distortion
dynamics 23; 24. Therefore, distinguishing between the effects on XB recruitment dynamics
and the effects on XB distortion dynamics − as a consequence of a molecular change in the
cTnT structure − helps to identify the mechanism of action of cTnT in regulating the unique
functional features of contractile dynamics. To better determine the effect of specific
alterations in cTnT, we used an interpretive mathematical model 25. We discuss these data in
terms of an effect of the CR and T2 region on the XB recruitment dynamics and Ca2+-
mediated activation of cardiac thin filaments.

RESULTS
Rationale for generating TnT chimeras

A sequence alignment of RcT1 and RfsT1 using LALIGN program 26 reveals an identity of
only 56.2%, while a sequence comparison of RcT2 and RfsT2 reveals an identity of 54.5%
(Fig. 1; panels 1 and 2). In order to understand the functional significance of the protein
sequences in the cardiac-specific CR (residues 77–193) and T2 region (residues 194–289) of
cTnT, we generated two rat TnT chimeras: one in which RcT2 was replaced by RfsT2
(RcT1-RfsT2; Fig. 1, panel 3) and the other in which RcT1 was replaced by RfsT1 (RfsT1-
RcT2; Fig. 1; panel 4). Previous studies have demonstrated that the N-terminal 1–76
residues of RcTnT behave similar to 1–45 residues of rabbit fsTnT with regard to their effect
on the thin filament activation 4; 27. Thus, by replacing the functionally corresponding N-
Terminal end portion of RfsTnT into RcTnT, we were able to associate observed functional
differences to either a sequence variation in the CR or in the T2 region of cTnT.

Effect on the overall secondary structure of TnT chimeras
To examine whether the replacement of RcT1, RcT2 or RcTnT with its respective RfsTnT
analog affected the overall secondary structure of the protein, we measured the far-
ultraviolet (UV) circular dichroism (CD) spectral features of RcTnT, RcT1-RfsT2, RfsT1-
RcT2, and RfsTnT proteins (Fig. 2). CD spectral data showed no significant differences in
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the α-helical content, β-sheet, and random coil between the four recombinant TnT proteins.
Each protein contained approximately 40% α-helix, 15% β-sheet, and 45% random coil.

SDS-PAGE and Western blot analysis of detergent-skinned rat cardiac myofibers
reconstituted with TnT chimeras

Protein preparations from fibers reconstituted with various recombinant proteins were
dissolved in 2% SDS solution, solubilized in the gel-loading buffer, and separated on 10%
SDS-gels as described in Methods. We used the c-myc-tagged cTnT to assess the level of
incorporation in control fibers (i.e., RcTnT fibers). Under these conditions, an optimum
separation of actin, tropomyosin, and TnT can be readily appreciated (Fig. 3a). However, the
c-myc tagged RcTnT co-migrated with actin (lane 2) and RfsT1-RcT2 comigrated with Tm
(lane 4); thus hindering our ability to estimate the amount of protein incorporated.
Therefore, we used the Western blot analysis to assess the level of incorporation of
recombinant TnT proteins in reconstituted muscle fiber preparations. Densitometric analysis
of the band profiles from the Western blot demonstrated that the extent of incorporation of
the c-myc-tagged RcTnT was 69% in RcTnT fibers (Fig. 3b, lane 2), while that of RfsT1-
RcT2 chimera was ~100% in RfsT1-RcT2 fibers (Fig. 3b, lane 4). Because the molecular
weight of RcT1-RfsT2 is similar to that of RcTnT, it comigrated with RcTnT (Fig. 3b, lane
3), making it difficult to exactly quantify the extent of RcT1-RfsT2 incorporation in cardiac
myofibers. However, the following reason gives us confidence in stating that the level of
incorporation is at least 69% or greater. In the RcT1-RfsT2 reconstituted fibers, two
contractile parameters were altered (significant decrease in Ca2+ sensitivity (Fig. 5a) and a
significant decrease in the magnitude of XB recruitment dynamics (Fig. 6d)); whereas all
other contractile parameters (Ca2+-activated maximal tension (Fig. 4a), ATPase activity
(Fig. 4b), number of strongly-bound XBs as assessed by the magnitude of infinite frequency
stiffness (E∞; Fig 6b), rate constant of XB recruitment (b; Fig. 7d), and ktr (Fig. 7b)) were
similar to the RcTnT reconstituted fibers. Thus, the functional effects observed between
various reconstituted fiber groups in this study may be solely attributed to the specific
structural alteration introduced in the TnT, but not to the differences in the efficiency of
mutant TnT incorporation between groups.

Effect of TnT chimeras on Ca2+-activated maximal tension and ATPase activity
The effect of chimeric TnT proteins on Ca2+-mediated activation of thin filaments was first
assessed by measuring Ca2+-activated maximal tension (Fig. 4a) and ATPase activity (Fig.
4b). Replacement of RcT2 with RfsT2, as in RcT1-RfsT2 fibers, resulted in no significant
change in either Ca2+ - activated maximal tension or ATPase activity. In contrast,
substitution of the RcT1 region with RfsT1 region, as in RfsT1-RcT2 fibers, resulted in a
dramatic decrease in both maximal tension (~40%; P < 0.001) and ATPase activity (~44%;
P < 0.001). Similar decreases in maximal tension (~29%; P < 0.001) and ATPase activity
(39%; P < 0.001) were also observed in RfsTnT fibers, demonstrating that the attenuation of
maximal Ca2+ activation was only observed in fibers that lacked the RcT1 region − for
example, RfsT1-RcT2 and RfsTnT reconstituted fibers.

Effect of TnT chimeras on pCa-tension relationships
Figures 5a–c show the comparisons of pCa-tension relationships between RcTnT, RcT1-
RfsT2, RfsT1-RcT2, and RfsTnT fibers. The Hill’s equation was fitted to the pCa-tension
relationships to estimate myofilament Ca2+ sensitivity (pCa50) and cooperativity (nH). The
corresponding estimates of pCa50 and nH of tension in various reconstituted fiber groups are
provided in Table 1. When compared to the estimates in RcTnT fibers, both RcT1-RfsT2
and RfsT1-RcT2 fibers displayed a significant decrease in pCa50 (Table 1), as indicated by
the rightward shifts in the pCa-tension relationships (Fig. 5a and b, respectively). The
corresponding decrease in the pCa50 (ΔpCa50) in RcT1-RfsT2 fibers was 0.12 (P < 0.01),
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while this was 0.07 (P < 0.05) in RfsT1-RcT2 fibers. However, myofilament Ca2+

sensitivity was not affected in RfsTnT reconstituted fibers (Fig. 5c and Table 1). The un-
normalized tension in RfsT1-RcT2 fibers decreased uniformly by 40% in the pCa range 4.3–
5.3, while this attenuation in tension was greater than 40% in the pCa range 5.3–6.0 (data
not shown). Thus, when normalized, the pCa-Tension in RfsT1-RcT2 fibers showed only a
small but significant rightward shift of 0.07 pCa units, as compared with that of RcTnT
fibers.

The estimates of nH in RcT1-RfsT2 and RfsTnT fibers were not significantly different from
those of RcTnT fibers; however, RfsT1-RcT2 fibers demonstrated a slight but significant
decrease in nH (~21%; P < 0.05; Table 1). These observations suggested that selective
substitution of just RcT1 with RfsT1, as in RfsT1-RcT2 fibers, had a significant impact on
myofilament cooperativity; whereas, the replacement of RcT2 or RcTnT with its RfsTnT
equivalent had no effect on myofilament cooperativity. Similar effects in the pCa-ATPase
relationships of RcT1-RfsT2, RfsT1-RcT2, and RfsTnT fibers were also observed (pCa-
ATPase curves not shown). The Hill’s equation was fitted to the pCa-ATPase relationships
to estimate pCa50 and nH (Table 1). The effects observed in pCa50 and nH of ATPase in
RcT1-RfsT2, RfsT1- RcT2, and RfsTnT fibers were similar to those of pCa-tension
relationships (Table 1).

Effects of TnT chimeras on muscle fiber stiffness parameters, E∞ and E0

To examine whether the effects of Ca2+-activated maximal tension observed in RcT1-RfsT2,
RfsT1-RcT2, and RfsTnT reconstituted fibers could be correlated to the changes in the
maximum number of strongly-bound XBs, we measured force responses in RcTnT, RcT1-
RfsT2, RfsT1-RcT2, and RfsTnT fibers to small amplitude (±0.5%) muscle length (ML)
changes (see Methods). The recruitment-distortion (RD) model was fitted to these force
responses with the imposed length changes as input, to separate the contributions of low-
frequency recruitment and high-frequency distortion components of the force responses 25.
Figure 6a shows the averaged distortion component of the stiffness response plotted as a
function of frequency in fibers reconstituted with RcTnT, RcT1-RfsT2, RfsT1-RcT2 or
RfsTnT. At high frequencies, the stiffness response is mostly dominated by the distortion of
strongly-bound XBs because the high speed of the length change prevents recruitment of
new XBs 25. The magnitude of this stiffness value at the infinite frequency (illustrated by an
arrow in Fig. 6a) is termed infinite frequency stiffness, E∞. We have previously shown that
E∞ is an approximate measure of strongly-bound XBs, as it represents the magnitude of
stiffness increase due to the rapid distortion of the elastic elements within the strongly-
bound XBs 25. Thus, a comparison of E∞ estimates between various reconstituted fiber
groups may provide clue as to whether there are any changes in the number of strongly-
bound XBs. As expected, Fig. 6b shows that our estimates of E∞ in RcT1-RfsT2 fibers were
not significantly different from those of RcTnT fibers, while the estimates of E∞ were
dramatically lower by 45% (P < 0.001) and 22% (P < 0.01) in RfsT1-RcT2 and RfsTnT
fibers, respectively. Thus, a significant decrease in tension associated with a decrease in the
number of strongly-bound XBs in both RfsT1-RcT2 and RfsTnT fibers confirms that the
presence of cT1 is important for maximal activation in cardiac thin filaments.

Figure 6c shows the comparison of the averaged recruitment component of the stiffness
response plotted as a function of frequency in RcTnT, RcT1-RfsT2, RfsT1-RcT2, and
RfsTnT reconstituted fibers. E0 − as illustrated by the arrow in Fig. 6c − is termed the zero
frequency stiffness; it represents the slope of the static force-length relationship. In other
words, E0 is a measure of an increase in the number of strong XBs corresponding to an
increase in the muscle length. A comparison of E0 estimates between various reconstituted
fiber groups is shown in Fig. 6d. Interestingly, when compared to RcTnT reconstituted
fibers, estimates of E0 in RcT1-RfsT2, RfsT1-RcT2, and RfsTnT fibers were significantly
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lower by 24% (P < 0.05), 33% (P < 0.01), and 35.7% (P < 0.001), respectively. Therefore,
our data demonstrates that the substitution of RcT1, RcT2, or RcTnT by its respective
RfsTnT analog affected the lengthmediated increase in the number of strongly-bound XBs.

Effect of TnT chimeras on tension cost and the rate constant for XB distortion dynamics
(c)

In order to assess whether the chimeric cTnT proteins affected the XB detachment kinetics,
we measured tension cost and c. Tension cost, which is the slope of the tension-ATPase
relationship, was evaluated by simultaneous measurements of tension and ATPase activity.
As outlined in Table 2, no significant differences were observed in tension cost values
between RcTnT, RcT1-RfsT2, RfsT1-RcT2, and RfsTnT fibers. Previous studies have
shown that tension cost is an indicator of the XB detachment rate 28 and that it is strongly
correlated to XB distortion dynamics, c 25. Estimates of c in RcT1-RfsT2, RfsT1-RcT2 or
RfsTnT fibers were also not significantly different from those of RcTnT fibers (Table 2).
Similar effects observed in both c and tension cost values suggested that the substitution of
RcT1, RcT2, or RcTnT with its RfsTnT equivalent had no effect on the rate of XB
detachment.

Effects of TnT chimeras on the rate of tension redevelopment (ktr), XB recruitment
dynamic (b), and the frequency of minimum stiffness (fmin)

ktr was estimated using a large release-restretch protocol and b was estimated by fitting the
RD model to the force responses from fibers in response to length perturbations (see
Methods). Figure 7a shows the averaged force responses in various groups normalized by
their new steady-state values. It is evident that both RfsT1-RcT2 and RfsTnT fibers attain
the steady-state with faster ktr, whereas, RcT1-RfsT2 reconstituted fibers demonstrated no
effect. Pooled estimates of ktr in RfsT1-RcT2 and RfsTnT fibers showed a significant
increase by 20% (P < 0.001), and 24% (P < 0.01), respectively (Fig. 7b). However, no effect
was observed in ktr estimates of RcT1-RfsT2 fibers (Fig. 7b). Figure 7c shows a plot of
model-predicted recruitment component of the force response as a function of frequency of
length perturbation. Forces were normalized by their respective values at zerofrequency.
Similar to the effects observed in ktr, both RfsT1-RcT2 and RfsTnT fibers exhibited a
dramatic increase by 2-fold in the speed of XB recruitment (Fig. 7d), as illustrated by the
significant rightward shift in the force response (Fig. 7c). Previously, we have demonstrated
that ktr is correlated to b 8; 25 and that both ktr and b are valuable indicators of XB turnover
rate 25. Therefore, similar effects of ktr and b suggest that the absence of RcT1, as in RfsT1-
RcT2 and RfsTnT reconstituted fibers, augments XB turnover rate.

The transition of dominance from recruitment to distortion occurs at a frequency of
minimum stiffness (fmin) in the heart muscle, and this is an important feature that tunes the
dynamics of muscle contraction to the heart rate 8. To determine whether cT1 or cT2 is
responsible for this effect on fmin, complex stiffness was calculated using the RD model
parameter estimates in various reconstituted fiber groups. Estimates of fmin values in RcTnT,
RcT1-RfsT2, RfsT1-RcT2, and RfsTnT were 0.72 ± 0.03, 0.62 ± 0.07, 1.08 ± 0.06, and 1.05
± 0.02, respectively. Significant lower values of fmin observed in both RcTnT and RcT1-
RfsT2 reconstituted fibers (P < 0.01), as opposed to RfsT1-RcT2 and RfsTnT fibers,
suggests that cT1 plays a role in tuning the contractile dynamics of the heart muscle.

Binding of TnT chimeras to immobilized α-Tm
In order to understand how the T1 and T2 regions of cTnT and fsTnT contribute to the
overall Tm affinity, the binding of RcTnT, RfsTnT, RcT1-RfsT2, and RfsT1-RcT2 to α-Tm
was evaluated. Figure 8a shows a typical trace of fraction number versus conductivity of the
eluate containing RcTnT or RfsTnT, overlaid with the SDS acrylamide gel bands
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corresponding to respective TnT in the eluted fractions. Figure 8b shows the optical band
densities of gel bands corresponding to RcTnT and RfsTnT in the eluted fractions as a
function of fraction number. Since RcTnT was eluted during the wash phase of the elution
profile (fractions 8–20), its affinity for the immobilized α-Tm was relatively weak (Fig. 8a–
b). In contrast, when applied to the α-Tm column, RfsTnT was eluted at higher
conductivities of 20.1–24.0 µS (fractions 32–46), suggesting that its affinity for the α-Tm
was comparatively stronger than that of RcTnT (Fig. 8a–b). The T2 region of TnT has also
been implicated in Tm binding 29; 30; 31. To assess the impact of this region on Tm
interaction, the binding of the TnT chimeras to α-Tm column was also evaluated. Figure 8c
shows a typical trace of fraction number versus conductivity of the eluate containing RcT1-
RfsT2 and RfsT1-RcT2 chimeras, while Fig. 8d shows the optical band densities of gel
bands corresponding to these TnT chimeras in the eluted fractions as a function of fraction
number. The RcT1-RfsT2 chimera, like RcTnT, eluted during the column wash phase
(fractions 1–21) and, therefore, had relatively weaker binding affinity for α-Tm (Fig. 8c–d).
Akin to RfsTnT, the RfsT1-RcT2 chimera showed stronger affinity for α-Tm since fractions
containing RfsT1-RcT2 were only eluted at conductivities of 27.7–32.5 µS (fractions 48–70;
Fig. 8c–d). These observations suggest that the affinity of RfsT1 for Tm is stronger than that
of RcT1.

DISCUSSION
The biological significance of the protein sequence heterogeneity in the CR and T2 region of
cTnT is unknown. Novel finding from our study demonstrates that the CR of cTnT
modulates Tm activity to tune XB recruitment dynamics. The activity of CR itself is
synergistically modulated by the actions of the N-terminal end region of cTnT. The cardiac-
specific T2 region of cTnT enables it to tune the Ca2+ regulation of thin filament activation
in the cardiac muscle. The combined effects of CR-Tm interactions and the tuning effect of
the N-terminal end of cTnT on CR-Tm interactions may manifest as an essential feature that
plays a role in tuning the contractile dynamics to heart rates. The newly-acquired novel
description of cTnT-Tm interactions is used to refine the model of Tn-mediated regulation
of cardiac thin filaments.

The N-terminal extended region of cTnT has a synergistic effect on the ability of the CR to
modulate thin filament activation

Previous observations have shown that the N-terminal end region of cTnT is essential for
maximal Ca2+ activation 27; 32; 33; 34; 35. Despite such extensive studies, how the N-terminal
end region modulates cardiac thin filament activation has remained elusive. What is
interesting to note in our study is that RfsT1-RcT2 reconstituted fibers, which contained all
of the N-terminal segments of RfsTnT, attenuated both Ca2+-activated maximal tension (~40
%; Fig. 4a) and ATPase activity (~44%; Fig. 4b), leading to the conclusion that the N-
terminal residues of cTnT (for example, 1–76) are essential for maximal Ca2+-activation of
cardiac thin filaments. Attenuation of thin filament activation leads to the expectation that
the number of strongly-bound XBs is lower in RfsT1-RcT2 reconstituted fibers. Consistent
with this notion, the infinite frequency stiffness, E∞, was significantly lower in RfsT1-RcT2
reconstituted fibers (Fig. 6b). Because E∞ is proportional to the number of strongly-bound
XBs, a significant drop in E∞ is suggestive of a reduction in the number of strongly-bound
XBs. An important question is: how does the N-terminal end region of cTnT modulate thin
filament activation, such that its absence causes attenuation of activation and a reduction in
the number of strongly-bound XBs?

Given the lack of interaction of the N-terminal end region of cTnT with TnI, TnC, Tm, and
actin, the only plausible way it can affect thin filament activation is by modulating the
activity of its adjoining segment, the CR. Thus, as shown in Fig. 9, we propose that the N-
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terminal end region of cTnT may interact with the CR to modulate CR-Tm interaction.
Consistent with our proposal, affinity chromatography data demonstrated that RfsT1-RcT2
and RfsTnT bound relatively strongly to α-Tm when compared to either RcTnT or RcT1-
RfsT2 (Fig. 8a and b, respectively). The removal of the N-terminal 1–76 residues of RcTnT
may have caused stronger CR-Tm interactions, leading to a stiffer Tm. Consistent with our
observations, Pan et al. 4 and Chandra et al. 27 reported that the deletion of the N-terminal
residues of TnT caused a significant increase in the binding of TnT to Tm and subsequent
attenuation of myofilament activation. Collectively, these observations provide strong
evidence to suggest that the N-terminal end region of cTnT synergistically modulates the
effect of CR-Tm interactions on the thin filaments. Such a mechanism for cTnT action has
major implications for the cardiac muscle for the following reasons: 1) both the N-terminal
end region and CR of cTnT show major differences when compared to those of fsTnT; 2)
the T1, which includes both the N-terminal end region and the CR, is known to affect the
size of the functional unit (that is, how many actin molecules are turned on per activated
Tn) 36; and 3) the T1 is known to modulate off/on states of regulatory units (RU; Tm-
Tn) 13; 14.

Cardiac-specific CR sequence is important for both Ca2+ and cooperative activation of the
cardiac thin filaments

RfsT1-RcT2 reconstituted fibers demonstrated a significant decrease in Ca2+ sensitivity
(Fig. 5b and Table 1). The Hill coefficient was also significantly lower in RfsT1-RcT2
reconstituted fibers, suggesting that myofilament cooperativity was attenuated by RfsT1-
RcT2 (Table 1). It is noteworthy that neither the deletion of N-terminal 1–76 residues nor
the substitution of RfsTnT for RcTnT resulted in any change in myofilament Ca2+

sensitivity or cooperativity 8; 27. The effect of RfsT1-RcT2 is consistent with our earlier
assertion that sequence variation in the CR affects the Ca2+-mediated activation of thin
filaments via its impact on the CR-Tm interaction. One possible mechanism by which
myofilament Ca2+ sensitivity is attenuated in RfsT1-RcT2 reconstituted muscle fibers is via
an increase in the rate of XB detachment. However, our approximations of both the rate
constant of XB distortion dynamics (c) and tension cost showed no significant effect on the
rate of XB detachment (Table 2). Thus, the attenuation of Ca2+ sensitivity and cooperativity
in RfsT1-RcT2 reconstituted muscle fibers must be due to the altered interaction between
CR and Tm, caused by either a lack of cardiac-specific N-terminal extension 33 or due to
sequence variation in the CR.

The CR of TnT is known to participate in strong interactions with Tm near the head-to-tail
overlap region of two contiguous Tm molecules 37; 38. Previous studies have shown that
residues 92–136 of cTnT are important for sufficient helical stability and flexibility of the
CR: this is considered to be an essential requirement for the normal interaction of cTnT with
Tm 10; 11. Collectively, these observations suggest that sequence variations − caused by the
substitution of RcT1 by RfsT1 − may have resulted in a rigid CR-Tm that is ineffective in
shifting the azimuthal position of Tm on the actin filament 10. A rigid CR-Tm may thus
impact XB-RU and XB-XB interactions such that myofilament cooperativity is attenuated in
RfsT1-RcT2 fibers. This attenuation of cooperativity acts to reduce the number of
cooperatively recruited XBs in RfsT1-RcT2 fibers at submaximal activations. Thus, our
observations demonstrate that altered XB activity results from an effect of altered CR-Tm
interaction on allosteric/cooperative mechanisms in the thin filament.

The CR of cTnT is important for tuning XB recruitment dynamics and the frequency of
minimum stiffness, fmin, in the heart muscle

Our data shows that while the magnitude of the length-mediated increase in stiffness, E0,
decreased significantly by ~33% (Fig. 6d), the rate of length-mediated XB recruitment, b,
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increased dramatically by ~100% in both RfsT1-RcT2 and RfsTnT reconstituted fibers (Fig.
7d). RfsT1-RcT2 and RfsTnT reconstituted fibers also showed a ~20% increase in the rate
of tension redevelopment, ktr (Fig. 7b). Because our recent findings have demonstrated that
the N-terminal 1–44, 45–74, and 1–76 residues do not affect the lengthmediated XB
recruitment-distortion dynamics and force redevelopment 27; 34, significant changes in ktr
and b of RfsT1-RcT2 and RfsTnT fibers must be attributed to sequence variations in the CR
of cTnT. Attenuation of myofilament cooperativity is consistent with our observations that
both ktr and b increased significantly in RfsT1-RcT2 reconstituted fibers. Campbell’s
modified two-state model 39 predicts that decreased cooperativity in RfsT1-RcT2 fibers
would reduce the cooperative feedback of strong XBs on the thin filament, thereby reducing
the rise of force to a steady-state level that is smaller in magnitude as compared with that of
RcTnT fibers. Since catching up with this reduced steady-state force requires shorter time,
the net effect is to speed up strong XB turnover rate in a less cooperative myofilament
system, as in RfsT1-RcT2 fibers. Consistent with this notion, not only E0 was lower by 33%
in RfsT1-RcT2 fibers (Fig. 6d) but both ktr and b were faster because the initial conditions
from which XB recruitment occurs was altered by RfsT1-RcT2, more specifically by the
RfsT1 domain. This negative impact of fsT1 on E0 is strongly suggestive of the idea that the
cardiac-specific CR-Tm interaction is essential for the normal functioning of the allosteric/
cooperative processes that modulate the length-dependent activation of the cardiac muscle.

One of the consequences of an increase in the speed of the length-mediated XB recruitment,
b, in RfsT1-RcT2 and RfsTnT reconstituted fibers is that the frequency of minimum
stiffness, fmin, is shifted to higher frequencies. We have previously demonstrated that the
fmin, the delimiter for the dominance of recruitment and distortion phases of the force
response, has an important bearing on b 8. Because the fmin was shifted to higher frequencies
in both RfsT1-RcT2 and RfsTnT fibers −which lacked the cardiac-specific CR − our data
suggests that the effects on b and fmin in these fiber groups are brought about by the
sequence heterogeneity in the CR, but not in the T2 region of cTnT. Thus, inferences drawn
from these observations suggest that lower values of b and fmin − brought about by the
cardiac-specific CR − may be important for matching and tuning the dynamics of
myocardial contraction to the heart rate 8. These observations further substantiate the
physiological significance of the cardiac-specific CR in the T1 domain.

Cardiac-specific T2 sequence is important for both Ca2+ regulation and the length-
mediated activation of thin filaments

RcT1-RfsT2 had no effect on Ca2+-activated maximal tension (Fig. 4a), ATPase activity
(Fig. 4b), and E∞ (Fig. 6b). However, RcT1-RfsT2 significantly attenuated both
myofilament Ca2+ sensitivity (Fig. 5a and Table 1) and E0 (magnitude of length-mediated
increase in the newly-recruited XBs; Fig. 6d). Crystallography studies have shown that T2
directly binds to TnC and that the complex, T2-TnC-TnI, acts as a Ca2+ sensor 40; 41. It has
been shown previously that the Ca2+ regulation of actin-myosin ATPase activity is achieved
through direct TnT-TnC interactions 3. Previous deletion studies of the T2 region have
demonstrated direct effects on both inhibition and Ca2+ sensitive activation of thin
filaments 1; 17; 42. In conjunction with these previous findings, our observations suggest that
the sequence variations in the T2 region may have reduced Ca2+ sensitive TnT-TnC or TnT-
TnI interactions, leading to an attenuation of Ca2+ sensitivity in RcT1-RfsT2 reconstituted
fibers. Because the length-mediated activation has an important bearing on the Ca2+

sensitivity 22, a significant decrease in E0 of RcT1-RfsT2 reconstituted fibers (Fig. 6d) also
substantiates that TnT-TnC or TnT-TnI interactions are impaired due to the substitution of
RcT2 by RfsT2. We believe that the effect of the T2 substitution is localized to its impact on
either TnT-TnI or TnT-TnC interactions − but has no effect on the CR − because the affinity
of RcT1-RfsT2 to Tm was similar to that of RcTnT (Fig. 8a–b). These observations also
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demonstrate that the cardiacspecific T2 is essential for strong XB-mediated effect on the
troponin complex.

Summary
This is the first explicit study that assigns novel biological roles to the cardiacspecific CR
and T2 domain in cTnT. In combination with its synergistic interactions with the N-terminal
end region of cTnT, the cardiac CR may exert its role on both inhibition and activation of
actin-myosin interactions. The cardiac-specific CR − via its effect on the Tm-Tm overlap
region − may “fine tune” myocardial response by slowing XB recruitment dynamics such
that the heart beats at a rate commensurate with fmin . The T2 region of cTnT − via its direct
effect on either TnC or TnI − may affect allosteric/cooperative processes that modulate
Ca2+ , as well as the length-mediated effects on the thin filament. Our findings have
significant implications for understanding the effects of cardiomyopathy-related mutations,
as well as functional differences associated with tissue-specific expression of different TnT
isoforms.

MATERIALS AND METHODS
Animal protocols

All animals used in this study received proper care and treatment and all experiments were
carried out in accordance with the guidelines laid down by the Washington State University
Institutional Animal Care and Use Committee.

PCR cloning of TnT chimeras
Adult RcTnT (a gift from Dr. J. J. Lin, University of Iowa) and RfsTnT 8 DNA clones were
used to create two chimeric DNA clones termed RcT1-RfsT2 and RfsT1-RcT2. The RcT1-
RfsT2 DNA clone was generated by splicing the RcT1 region (residues 1–193) with the
RfsT2 region (residues 162–259), while the RfsT1-RcT2 DNA clone was generated by
splicing the RfsT1 region (residues 1–161) with the RcT2 region (residues 194–289) using a
standard high fidelity two-step PCR protocol (Expand High Fidelity system, Roche Applied
Science, Indianapolis, IN) as detailed below.

Generation of the RcT1-RfsT2 DNA clone—In step 1, the DNA fragments for the
RcT1 and the RfsT2 regions were isolated as follows. The nucleotide sequence coding for
RcT1 was amplified from the full-length RcTnT DNA clone using the following
oligonucleotides:

Primer 1. 5′ GCAGAATTCAGGCATATGTCTGACGCCGAGGAAGAGGTG 3′

Primer 2. 5′
CTGTTTCTTGCCTCTCTTCTGGTCAGCCTTCTGGATGTACCCTCCAAA 3′

The nucleotide sequence coding for RfsT2 was amplified from the full-length RfsTnT DNA
clone using the following oligonucleotides:

Primer 3. 5′
TTTGGAGGGTACATCCAGAAGGCTGACCAGAAGAGAGGCAAGAAACAG 3′

Primer 4. 5′ TGCTGGAATTCAGGATCCTTACTTCCAGCGCCCGCCGACTTT 3′

Generation of the RfsT1-RcT2 DNA clone—In step 1, the DNA fragments for the
RfsT1 and the RcT2 regions were isolated as follows. The nucleotide sequence coding for
RfsT1 was amplified from the full length RfsTnT DNA clone using the following
oligonucleotide primers:
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Primer 1. 5′ GCAGAATTCAGGCATATGTCTGACGCCGAGGAAGAGGTG 3′

Primer 2. 5′
CTTCCCACTCTTCCGCTCTGTCTGAGCCTTGGCCAGGTAGCTGCTGTA 3′

The nucleotide sequence coding for RcT2 was amplified by PCR from the full length RcTnT
DNA clone using the following oligonucleotides:

Primer 3: 5′
TACAGCAGCTACCTGGCCAAGGCTCAGACAGAGCGGAAGAGTGGGAAG 3′

Primer 4: 5′ TGCTGGAATTCAGGATCCCTATTTCCAACGCCCGGTGAC 3′

In step 2, for both RcT1-RfsT2 and RfsT1-RcT2 clones, the PCR products (RcT1, RfsT2 or
RfsT1, RcT2) were gel-extracted, purified (Qiagen, Valencia, CA), and were mixed in equal
proportions. The full-length chimeric DNA clones were amplified using the appropriate
oligonucleotides.

Expression and purification of recombinant proteins
Rat cTnI (RcTnI) 43, rat cTnC (RcTnC) 44, and rat α-Tm 27 were purified as previously
described. RcT1-RfsT2 and RfsT1-RcT2 chimeras were expressed and purified as
previously described for RfsTnT and RcTnT 8 with the following modifications: RcT1-
RfsT2 was purified from the pellet produced by a 60% ammonium sulfate cut, RfsT1-RcT2
was purified from the pellet produced by a 70% ammonium sulfate cut. All pure protein
fractions were extensively dialyzed against deionized water containing 15 mM β–
mercaptoethanol, lyophilized, and stored at −80°C.

Affinity chromatography - TnT-Tm binary interaction assay
Recombinant α-Tm was immobilized on to a Sepharose 4B matrix (Sigma-Aldrich, St.
Louis, MO) using the standard manufacturer’s protocol and packed into 1×10 cm columns
(Econo-columns, Bio-Rad, Hercules, CA) before overnight equilibration with column buffer
(20 mM MOPS, 2 mM MgCl2, 150 mM NaCl, 1 mM DTT, and a protease inhibitor/
bactericide cocktail). 1.0 mg of the recombinant TnT protein of interest was dissolved in 10
ml of 6 M urea, 50 mM Tris-HCl (pH 8.0), 1 M KCl, 1 mM DTT, and a protease inhibitor/
bactericide cocktail and was allowed to equilibrate by gentle rocking for 2 hours at room
temperature. Urea and KCl were gradually removed from the dialysate by extensive dialysis
at 4°C against three different 50 mM Tris-HCl buffers containing decreasing quantities of
urea and KCl (4 M urea, 0.7 M KCl; 2 M urea, 0.5 M KCl; 1 M urea, 300 mM KCl). All
these three buffers contained 1 mM DTT and a protease inhibitor/bactericide cocktail. The
recombinant TnT solution was then dialyzed against a buffer constituting 20 mM MOPS
(pH 7.0), 2 mM MgCl2, 300 mM NaCl, 1 mM DTT, and a protease inhibitor/bactericide
cocktail. The dialyzed TnT solution was diluted by adding 5 ml of 20 mM MOPS (pH 7.0),
2 mM MgCl2, 1 mM DTT, and a protease inhibitor/bactericide cocktail. The TnT solution
was then applied to the α-Tm column at a flow rate of 0.1 ml·min−1 and eluted with a 150–
700 mM NaCl gradient at a flow rate of 0.2 ml·min−1. The eluent was collected in 10 minute
fractions and the conductivity of each fraction was recorded. Samples of each fraction were
analyzed by standard SDS-PAGE and protein bands were visualized by staining using the
Bio-Rad Silver Stain Plus kit (Bio-Rad, Hercules, CA). ImageJ software (from the Word-
Wide Web of NIH) was used to determine the optical band density of the gel bands
corresponding to TnT protein in the eluted fractions.
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Estimation of overall secondary structure in recombinant TnT proteins using far-UV CD
spectroscopy

Far-UV CD spectra for RcTnT, RfsTnT, RcT1-RfsT2, and RfsT1-RcT2 proteins were
collected in the range of 200–250 nm using an Aviv 202 SF CD spectrometer 45. A urea
buffer (6 M urea, 50 mM Tris base, 1 M KCl, and 1 mM DTT (pH 8.0)) to which a fresh
cocktail of protease inhibitors (5 mM benzamidine-HCl, 0.4 mM PMSF, 10 µM Leupeptin, 1
µM Pepstatin, 5 µM Bestatin, and 2 µM E-64) added, was used to dissolve the purified
proteins. The dissolved protein samples were dialyzed overnight at 4°C using a phosphate
buffer (0.2 M sodium phosphate monobasic, 0.2 M sodium phosphate dibasic, 0.5 M KCl,
and 0.1 mM DTT (pH 7.0)). The final concentration of each dialyzed protein sample was
adjusted to 10 µM by diluting the samples with the phosphate buffer. CD spectral data were
collected for each individual mixture containing both the phosphate buffer and the TnT
protein sample. The net CD signals for the TnT protein samples were determined by
deducting the CD signals of the phosphate buffer from the total CD signals. A K2D
algorithm available on DICHROWEB was used to analyze the far-UV CD spectral data and
to estimate the secondary-structural content of the recombinant TnT proteins 46; 47; 48.

Reconstitution of TnT chimeras into detergent-skinned rat cardiac muscle fibers
Isolation, dissection, and chemical skinning of left ventricular papillary muscle fibers from
rat hearts were as previously described 8. Details of troponin reconstitution into detergent-
skinned cardiac myofibers was as described previously 8. Briefly, muscle fibers were treated
with an extraction solution containing - RcTnT, RcT1-RfsT2 or RfsT1-RcT2 - and RcTnI
for approximately 3–4 hours at room temperature with stirring. The extraction buffer
contained 50 mM BES (pH 7.0 at 20°C), 180 mM KCl, 10 mM BDM, 5 mM EGTA, 6.27
mM MgCl2, 1.0 mM DTT, 0.01% NaN3, 5 mM MgATP2−, and a cocktail of protease
inhibitors. This was followed by overnight reconstitution with RcTnC (3 mg∙ml−1) at 4°C to
complete the reconstitution procedure. In the text to follow, we will refer to detergent-
skinned fibers reconstituted with RcT1-RfsT2 + RcTnI + RcTnC as “RcT1-RfsT2 fibers”
and those reconstituted with RfsT1-RcT2 + RcTnI + RcTnC as “RfsT1-RcT2 fibers”. Fiber
bundles reconstituted with wild-type RcTnT + RcTnI + RcTnC are referred to as “RcTnT
fibers” and served as controls in this study. Data for RfsTnT reconstituted fibers from our
previous study 8 are used for comparisons in this study, where fibers reconstituted with
RfsTnT + RcTnI + RcTnC are termed “RfsTnT fibers.”

SDS-PAGE and Western blot
We ran 10% SDS-PAGE to determine the incorporation of chimeric TnT proteins in the rat
cardiac myofibers. For this experiment, reconstituted fibers were first digested in 2% SDS
solution, as described previously 27. The total protein concentration of each SDS-digested
sample was determined by Nanodrop (ND-1000, Nanodrop Products, Wilmington, DE) and
the final concentration of each was standardized to 1 mg/ml by diluting the sample with the
gel loading buffer (125 mM Tris-HCl (pH 6.8), 20% glycerol, 2% SDS, 0.01% bromophenol
blue, and 50 mM β-mercaptoethanol). Following this, equal quantities of protein samples
(10 µg of protein per sample) were loaded and run on 10% SDS-PAGE to separate various
sarcomeric proteins according to their molecular weights 27. Proteins were visualized by
staining the gel with Coomassie brilliant blue (R-250, Bio-rad Laboratories, Hercules, CA).
The level of incorporation of various sarcomeric proteins including TnT was assessed by
comparing the stained band profiles of each protein on the SDS-gel between various muscle
protein preparations.

For Western blot analysis, proteins from 10% SDS-gel were transferred onto a PVDF
membrane and TnT was probed using an anti-TnT primary antibody (Clone JLT-12, Sigma-
Aldrich, St. Louis, MO) followed by an anti-mouse secondary anti-body (NIF825,
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Amersham Pharmacia, Piscataway, NJ). Densitometric scanning of the resulting protein
profiles from the Western blot was performed to assess the extent of incorporation of
exogenous TnT mutants in the reconstituted myofibers as follows. We first determined the
optical band intensities of the native cTnT and recombinant TnT protein profiles from the
Western blot of each protein preparation using ImageJ software. The total optical band
intensity (i.e., the total amount of TnT expressed) in each preparation was assumed to be the
sum of the optical band intensities of native cTnT and recombinant TnT protein profiles.
The expression level of recombinant TnT was determined by dividing the optical band
intensity of the recombinant TnT protein profile with the total band intensity.

Simultaneous measurement of steady-state isometric force and ATPase activity in
reconstituted detergent-skinned rat cardiac muscle fibers

A system described by de Tombe and Stienen 49; 50 was used to simultaneously measure
tension and ATPase activity in muscle fibers. After 2 cycles of full activation and relaxation,
the resting sarcomere length (SL) was adjusted to 2.2 µm using a He-Ne laser diffraction
system 49; 50. The muscle fiber length corresponding to the SL of 2.2 µm was termed initial
ML. Tension and ATPase activity (20°C) of muscle fibers were measured in various pCa
solutions ranging from pCa 4.3 to 9.0. The compositions of different pCa (-log of free Ca2+

concentration) solutions were calculated using the program developed by Fabiato and
Fabiato 51. The pH of each pCa solution was adjusted to 7.0 and the ionic strength to 180
mM. ATPase activity was measured based on an enzyme-coupled assay, as described
previously 49; 50. Tension cost was estimated as the slope of the ATPase-tension
relationship, as described previously 8; 49; 50.

Mechano-dynamic studies
Dynamic force-length relationships were measured by applying sinusoidal ML changes of
constant amplitude (± 0.5% of ML) to maximally-activated muscle fibers in the steady
state 8; 25. Two chirps were administered to emphasize low- and high-frequencies: one with
frequencies ranging from 0.1 to 4 Hz for a time period of 40 s and the other with frequencies
ranging from 1 to 40 Hz for a time period of 5 s. The RD model was fitted to the overall
force response (including both low- and high-frequency components) to estimate four
important model parameters (E0, b, E∞ , c), as described previously 8; 25. These parameters
represent the following: E0 − the magnitude of stiffness increase due to the length-mediated
increase in the number of newly recruited strong XBs; b − the rate by which new strong XBs
were recruited due to a change in ML; E∞ − the magnitude of the stiffness increase due to
strain of the strong XBs, following a sudden change in ML; and c − the rate by which the
ML-induced strain of the strong XBs is dissipated. Changes in (b, E0) and (c, E∞ ) were
useful in determining the impact of sequence variation in TnT on the recruitment and
distortion components of the force responses, respectively 8; 25; 52. For more details on the
RD model formulation and the significance of model parameters, please see the Supporting
Material.

Rate of tension redevelopment, ktr

We measured ktr in maximally-activated reconstituted muscle fibers (pCa 4.3) using a
modification to the original large release protocol, designed by Brenner and Eisenberg 53.
Briefly, the maximally-activated muscle fiber was rapidly slackened by 10% of its ML in a
step-like fashion and was held at this reduced length for 25 ms. The motor arm was then
commanded to stretch the fiber past its preset ML by 10% (for 1 ms) to break any residual
number of strongly-bound XBs. The muscle fiber was rapidly brought back to its initial
length in a step-like fashion and was allowed to redevelop force. ktr was determined by
fitting a mono-exponential function to this rise of force using the following equation:
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(Eq. 1)

where F(t) is force at time t, Fobs is observed steady-state force, F0 is force from which the
fiber starts to redevelop force, and ktr is the rate constant of tension redevelopment.

Data analysis
pCa50 ((-log of [Ca2+ ]free) required for half maximal activation) and the Hill coefficient
(nH) were derived by fitting the Hill’s equation to the normalized pCa-tension and pCa-
ATPase relationships using a nonlinear least squares regression procedure. pCa50 and nH
were individually estimated for each fiber data, and the values from several such
experiments were averaged within each group. Our data included four different TnT
reconstituted fiber groups: RcTnT (control), RcT1-RfsT2, RfsT1-RcT2, and RfsTnT fibers.
Statistical differences in various measurements between the four fiber groups were analyzed
by one-way ANOVA, using the Tukey-Kramer multiple comparison post-hoc tests. The
criterion for statistical significance was P < 0.05. Data are expressed as mean ± SE.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

Tn troponin

TnT troponin T

TnC troponin C

TnI troponin I

Tm tropomyosin

fsTnT fast skeletal TnT

cTnT cardiac TnT

T1 N-terminal of TnT

T2 C-terminal of TnT

CR central region

RcTnT rat cTnT

RfsTnT rat fsTnT

XB crossbridge

RcT1 T1 of RcTnT

RcT2 T2 of RcTnT

RfsT1 T1 of RfsTnT

RfsT2 T2 of RfsTnT
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UV ultra violet

CD circular dichroism

ML muscle length

RD recruitment-distortion

RU regulatory unit

RcTnC rat cTnC

RfsTnC rat fsTnC

PCR polymerase chain reaction

MOPS 4-morpholinepropanesulfonic acid

Tris Tris(hydroxymethyl) aminomethane

DTT dithiothreitol

BDM butanedione monoxime

PMSF phenylmethylsulfonylfluoride

EDTA ethylenediaminetetraacetic acid

EGTA ethyleneglycol-bis(β-aminoethyl)-N,N,N′,N′-tetraacetic acid

BES N, N-bis[2-hydroxymethyl]-2-amino ethanesulfonic acid

SL sarcomere length
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▪ Biological significance of sequence heterogeneity in cardiac TnT (cTnT) is
unknown

▪ Myofilament cooperativity is modulated by the central region (CR) of cTnT

▪ CR of cTnT modulates speed of crossbridge (XB) recruitment dynamics

▪ N-terminus (NT) of cTnT affects the ability of CR to interact with
tropomyosin

▪ Unique heart-specific feature emerges from the synergistic effect of NT on
CR
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Figure 1. A schematic representation of the N-terminal end region, central region (CR), and T2
region of the recombinant TnT proteins
A comparison of the N-terminal regions, CRs, and T2 regions between RcTnT (panel 1) and
RfsTnT (panel 2). To investigate the physiological roles of CR (residues 77–193) and T2
region (residues 194–289) of RcTnT, two recombinant chimeric TnT proteins − RcT1-
RfsT2 and RfsT1-RcT2 − were generated (panels 3 and 4, respectively). The T2 region of
RcTnT was replaced by RfsT2 in RcT1-RfsT2 chimera, whereas, the T1 region of RcTnT
was replaced by RfsT1 in RfsT1-RcT2 chimera. The CR and T2 regions of both proteins are
shown in black and gray, respectively; the unshaded portions represent the N-terminal end
regions.
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Figure 2. Comparison of far-UV circular dichroism spectral features of RcTnT, RcT1-RfsT2,
RfsT1-RcT2, and RfsTnT
Mean residue ellipticity (MRE) values were plotted against wavelength to illustrate the
spectral features of the recombinant TnT proteins. The K2D algorithm from
DICHROWEB 46; 47; 48, an online server for CD spectral analysis, was used to analyze the
far-UV CD spectra to estimate the secondary structural content of the proteins. (○) represent
recombinant RcTnT, (□) represent RcT1-RfsT2, (△) represent RfsT1-RcT2, and (◊)
represent RfsTnT. Data for RfsTnT reconstituted fibers from our previous study 8 are used
for comparisons in this study. Dotted line represents 222 nm, where the MRE was used to
estimate the percentage α-helical content. Each recombinant TnT protein contained
approximately 40% of α-helical content.
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Figure 3. SDS-PAGE and Western blot analysis of detergent-skinned papillary muscle fibers
reconstituted with RcTnT, RcT1-RfsT2 or RfsT1-RcT2
(a) 2% SDS solution was used to digest the reconstituted fibers, as described previously 27.
Equal quantities of digested protein samples (10 µg per sample) were run on 10% SDS-
PAGE to achieve molecular weight-based separation of various sarcomeric proteins. The gel
was then stained with Coomassie brilliant blue (R-250, Bio-rad Laboratories, Hercules, CA)
to visualize the protein content. (b) Western blot. TnT was transferred from 10% SDS-gel to
a PVDF membrane, and TnT in each preparation was probed using an anti-TnT primary
antibody and an anti-mouse secondary antibody. Densitometric analysis of the TnT band
profiles from the Western blot was carried using the ImageJ software (National Institutes of
Health). Lanes 1–5 in (panels A and B) represent the following: lane 1, untreated cardiac
fibers; lane 2, fibers reconstituted with wild-type c-myc tagged RcTnT; lane 3, fibers
reconstituted with RcT1-RfsT2 chimera; lane 4, fibers reconstituted with RfsT1-RcT2
chimera and; lane 5, purified recombinant proteins. Tm stands for tropomyosin.
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Figure 4. Ca2+-activated maximal tension and ATPase activity in rat cardiac muscle fibers
reconstituted with RcTnT, RcT1-RfsT2, RfsT1-RcT2 or RfsTnT
Ca2+-activated maximal tension and ATPase activity in reconstituted fibers were
simultaneously measured in pCa 4.3 49; 50. (a) Effect of TnT chimeras on Ca2+-activated
maximal tension. To determine the maximal tension, reconstituted fibers were bathed in pCa
4.3 solution until they reached a steady-state in force. The isometric steady-state force was
then converted to tension by expressing it as force per cross-sectional area. (b) Effect of TnT
chimeras on Ca2+-activated maximal ATPase activity. ATPase activity was measured using
a coupled enzymatic assay, as described previously 49; 50; 54. Data for RfsTnT reconstituted
fibers from our previous study 8 are used for comparisons in this study. Statistical
differences between fiber groups were analyzed by one-way ANOVA, with the data from
RcTnT fibers as controls. Number of determinations was ≥10 for each group. Asterisks
represents a statistically significant result compared to cTnT reconstituted fibers (***P <
0.001). Data are reported as mean ± SE.
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Figure 5. Normalized pCa-tension relationships in rat cardiac muscle fibers reconstituted with
RcTnT, RcT1-RfsT2, RfsT1-RcT2 or RfsTnT
(a) Normalized pCa-tension relationships in RcT1-RfsT2 (b) Normalized pCa-tension
relationships in RfsT1-RcT2 fibers and (c) Normalized pCa-tension relationships in RfsTnT
fibers. Isometric steady-state tension elicited by the fiber was measured in various pCa
solutions and these measurements were normalized with their respective steady-state values
in pCa 4.3 solution 49; 50. Normalized tension values were then plotted against pCa to
construct pCa-tension relationships. Data for RfsTnT reconstituted fibers from our previous
study 8 are used for comparisons in this study. Myofilament Ca2+ sensitivity (pCa50) and
cooperativity (nH) were derived from the nonlinear fits of Hill’s equation to the normalized
pCa-tension relationships (see Table 1). Curves presented here are Hill fits to the pCa-
tension relationships. (○) represent data from RcTnT fibers, (□) represent data from RcT1-
RfsT2 fibers, (Δ) represent data from RfsT1-RcT2 fibers, and (◊) represent data from
RfsTnT. Differences in the tension measurements between RcTnT and RfsTnT reconstituted
fibers were very small at each pCa level, causing a substantial overlap in their pCa-Tension
curves (see panel c). Number of determinations is ≥10 for each group. Data are reported as
mean ± SE. Standard error bars are smaller than symbols in some cases.
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Figure 6. Muscle fiber stiffness parameters, E∞ and E0, in rat cardiac muscle fibers
reconstituted with RcTnT, RcT1-RfsT2, RfsT1-RcT2 or RfsTnT
We estimated E∞ and E0 by fitting the RD model to small changes in force elicited by the
fiber in response to small changes in muscle length 25. Data for RfsTnT reconstituted fibers
from our previous study 8 are used for comparisons in this study. (a) A plot of model-
predicted distortion component of the stiffness as a function of frequency. The magnitude of
the distortion stiffness at infinite frequency is termed E∞ (as illustrated by the arrow in
panel a). (b) Comparison of E∞ in fibers reconstituted with RcTnT, RcT1-RfsT2, Rfs1-
RcT2, or RfsTnT. (c) A plot of model-predicted recruitment component of the stiffness as a
function of frequency. The magnitude of the recruitment stiffness at zero frequency is
termed E0 (as illustrated by the arrow in panel c). (d) Comparison of E0 in fibers
reconstituted with RcTnT, RcT1-RfsT2, Rfs1-RcT2, or RfsTnT. Statistical differences
between fiber groups were analyzed by one-way ANOVA with the data from RcTnT
reconstituted fibers as controls. Number of determinations was ≥10 for each group.
Asterisks represents a statistically significant result compared to RcTnT reconstituted fibers
(*P < 0.05; **P < 0.01; *** P < 0.001). Data are reported as mean ± SE.
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Figure 7. The rate constant of tension redevelopment, ktr, and the rate constant of
lengthmediated XB recruitment, b, in rat cardiac muscle fibers reconstituted with RcTnT, RcT1-
RfsT2, RfsT1-RcT2 or RfsTnT
(a) Time course of averaged force responses to large-release restretch transient in
maximally-activated fibers reconstituted with RcTnT, RcT1-RfsT2, RfsT1-RcT2, or
RfsTnT. Data for RfsTnT reconstituted fibers from our previous study 8 are used for
comparisons in this study. Force values were normalized by their respective new steady-
state values following perturbation. (b) Effects of TnT chimeras on ktr. We estimated ktr by
fitting a mono-exponential function to the rise of tension in response to a large-release
restretch transient 53. (c) Contributions of the RD model-predicted recruitment component of
the force response as a function of frequency in fibers reconstituted with RcTnT, RcT1-
RfsT2, RfsT1-RcT2, or RfsTnT. Forces were normalized with their respective values at zero
frequency. (d) Effects of TnT chimeras on b. The parameter b was estimated by fitting the
RD model to small changes in force around the steady state in response to chirp length
perturbations 25. Statistical differences between fiber groups were analyzed by one-way
ANOVA with the data from RcTnT fibers as controls. Because the estimates of ER and b are
similar between RfsT1-RcT2 and RfsTnT reconstituted fibers, there is a substantial overlap
in their force responses as shown in the panel c. Number of determinations was ≥10 for each
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group. Asterisks represents a statistically significant result compared to RcTnT reconstituted
fibers (**P < 0.01; ***P < 0.001). Data are reported as mean ± SE.
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Figure 8. Binding affinity of RcTnT, RcT1-RfsT2, RfsT1-RcT2 or RfsTnT for Tm
(a) Binding affinity of RcTnT and RfsTnT for α-Tm affinity column. (b) Optical band
densities (in arbitrary units) of the gel bands corresponding to RcTnT and RfsTnT in the
eluent as a function of fraction number. (c) Binding affinity of RcT1-RfsT2 and RfsT1-
RcT2 for α-Tm affinity column. (d) Optical band densities (in arbitrary units) of the gel
bands corresponding to RcT1-RfsT2 and RfsT1-RcT2 in the eluent as a function of fraction
number. Each recombinant TnT protein was individually loaded onto the immobilized α-Tm
affinity column and was eluted using a 150–700 mM NaCl gradient as described in
Methods. SDS-PAGE analysis and conductivity measurement of fractions eluted from the
α-Tm column showed the relative binding strength of each recombinant TnT protein to α-
Tm. The inlaid coomassie-stained SDS gel bands in panels, (a) and (b), correspond to the
fractions containing the respective TnT protein. The densitometric analysis of the gel bands
corresponding to the TnT in the eluted fractions was carried out using the ImageJ software
available from the World-Wide Web serves of NIH.
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Figure 9. Schematic representation of the refined model of Tn-mediated regulation of cardiac
thin filaments
The horizontal stripes in cTnT represent the T2 domain, which interacts with TnC and TnI.
The vertical stripes in cTnT correspond to the CR (residues 77–193). The CR of cTnT is
known to participate in strong interactions with Tm near the head-to-tail overlap region of
two contiguous Tm molecules 37; 38. The unshaded portion of the cTnT molecule
corresponds to the N-terminal end region (residues 1–76 of rat cTnT). Given its lack of
interaction with cTnI, cTnC, Tm or actin, the only plausible way the N-terminal end region
of cTnT can affect thin filament activation is by modulating the activity the CR. Consistent
with this idea, affinity chromatography data demonstrated that RfsT1-RcT2 bound relatively
strongly to immobilized α-Tm when compared to either RcTnT or RcT1-RfsT2 (Fig. 8a–d).
The N-terminal end region of cTnT (horseshoe-shaped ends of cTnT) may synergistically
modulate the interaction of CR with Tm.
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Table 1
Myofilament Ca2+ sensitivity (pCa50) and cooperativity (nH) in detergent-skinned rat
cardiac fibers reconstituted with RcTnT, RcT1-RfsT2, RfsT1-RcT2 or RfsTnT

The Hill’s equation was fitted to the normalized pCa-tension and pCa-ATPase relationships using a nonlinear
least squares regression procedure to derive pCa50 and nH. Hill parameters, pCa50 and nH, were determined
separately from each muscle fiber experiment and the values were averaged.

RcTnT RcT1-RfsT2 RfsT1-RcT2 RfsTnTψ

pCa-Tension relationships

pCa50 5.62 ± 0.03 5.50 ± 0.01 ** 5.55 ± 0.01 * 5.60 ± 0.01

nH 4.38 ± 0.23 3.79± 0.17 3.46 ± 0.1 * 4.25 ± 0. 06

pCa-ATPase relationships

pCa50 5.68 ± 0.03 5.57 ± 0.01 *** 5.60 ± 0.01 ** 5.70 ± 0.01

nH 5.25 ± 0.25 4.63 ± 0.22 4.22 ± 0.17 ** 5.41 ± 0.10

ψ
Data for RfsTnT reconstituted fibers from our previous study 8 are used for comparisons in this study. Statistical differences between groups

were analyzed by one-way ANOVA, with the data from RcTnT reconstituted fibers as controls. Number of determinations was ≥10 for each group.

Asterisks represents a statistically significant result compared to RcTnT fibers (*P < 0.05;

**
P < 0.01;

***
P < 0.01). Values are presented as mean ± SE.
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Table 2
Tension cost and XB distortion dynamic, c, in rat cardiac muscle fibers reconstituted with
RcTnT, RcT1-RfsT2, RfsT1-RcT2 or RfsTnT

Ca2+-activated maximal tension and ATPase activity were simultaneously measured in pCa 4.3 solution.
Tension cost was estimated as the slope of ATPase-tension relationship 8; 49; 50. c was determined by fitting
the RD model to small changes in force elicited by the fiber around the steady-state to small changes in
muscle length 25.

RcTnT RcT1-RfsT2 RfsT1-RcT2 RfsTnTψ

Tension Cost (pmol mN−1·mm−1·s−1) 4.58 ± 0.16 4.42 ± 0.20 4.30 ± 0.19 4.44 ± 0.15

XB distortion dynamic, c (s−1) 42.48 ± 2.05 38.4 ± 2.07 48.90 ± 3.19 48.67 ± 1.97

ψ
Data for RfsTnT reconstituted fibers from our previous study 8 are used for comparisons in this study. Statistical differences between fiber

groups were analyzed by one-way ANOVA with the data from RcTnT fibers as controls. No significant differences were observed in tension cost
and c between RcTnT, RcT1-RfsT2, RfsT1-RcT2, and RfsTnT fibers. Number of determinations was ≥10 for each group. Values are presented as
mean ± SE.
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