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I N T R O D U C T I O N

We recently demonstrated the existence of two distinct 
regions in the N terminus of mouse cardiac troponin T 
(cTnT) that have diverse roles in mediating cardiac 
contractile activation (Mamidi et al., 2013a). For exam-
ple, using normal adult mouse cardiac muscle fibers 
(–myosin heavy chain [MHC]), we demonstrated that 
the region 1–44 in mouse cTnT modulated the recruit-
ment of force-bearing cross-bridges (XBs). Our data also 
showed that the cardiac-specific region 45–74 in mouse 
cTnT slowed XB recruitment mechanisms by augment-
ing thin filament cooperative processes. cTnT-induced 
slowing of XB recruitment mechanisms may be impor-
tant for linking the dynamics of cardiac contraction to 
the heart rate (Mamidi et al., 2013a).

Apart from cTnT, XBs also have a major effect on  
cardiac thin filaments through cooperative mechanisms, 
a process in which the strongly bound XBs promote the 
recruitment of other strong XBs by affecting the move-
ment of tropomyosin (Tm) on the actin filament (Gordon 
et al., 2000; Fitzsimons et al., 2001; Moss et al., 2004; 
Fitzsimons and Moss, 2007). Because of their major effects 
on thin filament activation, differences in the expression 
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of XB isoforms are associated with tissue-specific func-
tions. For example, fast skeletal muscle type expresses a 
fast XB isoform (-MHC), and slow skeletal muscle type 
expresses a slow XB isoform (-MHC). More over, the 
hearts of smaller mammals, with rapid heart rates, pri-
marily express a faster cycling -MHC isoform; larger 
mammals, with slower heart rates, primarily express a 
slower cycling -MHC isoform. Because of their signifi-
cant differences in XB dwell times (shorter for -MHC 
isoform vs. longer for -MHC isoform) in the force-pro-
ducing state, fast and slow XB isoforms are expected to 
have divergent effects on cooperative processes in the 
thin filament (Ford et al., 2012).

Whether it is cTnT or a given MHC isoform, coopera-
tive effects modulated by these proteins do not work  
in isolation. Therefore, the effects of both cTnT and 
XBs on thin filament cooperativity takes on a new sig-
ni ficance when we consider the cTnT–XB interplay  
effects on cardiac contractile dynamics (Chandra et al., 
2007). Collectively, these arguments lead us to hypoth-
esize that the modulating effects of the N terminus of 
cTnT on contractile dynamics is affected differently by 
- and -MHC isoforms. Our hypothesis has significant 
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PTU treatment
PTU was administered in drinking water (0.2 g L1) and in solid 
feed (0.15% PTU; Harlan Laboratories) for 5 wk. PTU treat-
ment has been shown to induce a shift in the ventricular MHC 
isoform from predominantly - to -MHC, without altering other 
myofilament proteins (Metzger et al., 1999; Herron et al., 2001; 
Ford et al., 2012).

Preparation of detergent-skinned cardiac muscle fiber bundles
Detergent-skinned cardiac muscle fibers were prepared as de-
scribed previously (Chandra et al., 2006, 2007). In brief, rats were 
deeply anesthetized by inhalation of isoflurane. The depth of an-
esthesia was evaluated by a lack of pedal withdrawal reflex. Hearts 
were quickly removed and placed into an ice-cold high relaxing 
(HR) solution containing (mM): 20 2, 3-butanedione monoxime 
(BDM), 50 N,N-bis (2-hydroxyethyl)-2-amino-ethane-sulfonic acid 
(BES), 20 EGTA, 6.29 MgCl2, 6.09 Na2ATP, 30.83 potassium pro-
pionate, 10 sodium azide, 1.0 DTT, and 4 benzamidine-HCl. The 
pH was adjusted to 7.0 with KOH. A fresh cocktail of protease  
inhibitors (µM: 5 bestatin, 2 E-64, 10 leupeptin, 1 pepstatin, and 
200 PMSF) was added to the HR solution. Papillary muscle bun-
dles were removed from the left ventricles. Papillary muscle 
bundles were further dissected into smaller muscle fiber bun-
dles of 0.15 mm in width and 2 mm in length. All procedures 
were performed in ice-cold solution. Muscle fiber bundles were 
then chemically skinned overnight at 4°C in HR containing 1% 
Triton X-100.

MHC isoform composition
After removing the hearts from normal (-MHC) and PTU-
treated (-MHC) rats, left ventricular tissue was rapidly frozen 
and stored at 80°C until they were used. To prepare protein 
samples, frozen tissue was submerged in liquid nitrogen, thor-
oughly crushed, and minced using a pestle and mortar (Ford et al., 
2012). The minced tissue was then resuspended in 10 µl of a  
protein extraction buffer per 1 mg of tissue. The protein extrac-
tion buffer contained the following: 2.5% SDS, 10% glycerol,  
50 mM Tris base, pH 6.8 at 4°C, 1 mM DTT, 1 mM PMSF, 4 mM 
benzamidine-HCl, and protease inhibitors (E-64, leupeptin, and 
bestatin). The resuspended tissue was further homogenized on 
ice using a Tissue Tearor (model 985370–395; Biospec Products, 
Inc.), sonicated in a water bath at 4°C, and followed by centrifu-
gation at 10,000 rpm. Protein samples from normal and PTU-
treated rats were run on a large 6% SDS gel to assess the left 
ventricular MHC isoform composition (Chandra et al., 2007; Ford 
and Chandra, 2013).

Purification of recombinant rat cardiac troponin (Tn) subunits
Recombinant c-myc–tagged RcTnT (c-myc RcTnT), rat cardiac TnI 
(RcTnI), and rat cardiac TnC (RcTnC)—all cloned into pSBETa 
vector—were expressed in BL21*DE3 cells (Invitrogen) for pro-
tein synthesis (Chandra et al., 2006). Deletions of amino acid resi-
dues 1–43 (RcTnT1–43) and 44–73 (RcTnT44–73) in RcTnT were 
performed using a standard polymerase chain reaction proce-
dure. For protein preparations, cultured cells were spun down 
and sonicated in a buffer containing 50 mM Tris base, 6 M urea, 
and 5 mM EDTA, pH 8.0 at 4°C. The sonication buffer also con-
tained a cocktail of protease inhibitors: 0.2 mM PMSF, 5 mM ben-
zamidine-HCl, 10 µM leupeptin, 1 µM pepstatin, 5 µM bestatin,  
2 µM E-64, and 1 mM DTT. The sonicated preparation was then 
centrifuged to remove the insoluble cellular material. The super-
natant was used for ammonium sulfate fractionation. c-myc RcTnT 
and RcTnT44–73 were purified as follows: the pellet from 60% am-
monium sulfate fractionation was dissolved in 50 mM Tris base, 
pH 8.0 at 4°C, 6 M urea, 1 mM EDTA, 0.2 mM PMSF, 5 mM  
benzamidine-HCl, 0.01% sodium azide, and 1 mM DTT, and 

implications for understanding how contractile dynamics 
are tuned by species-specific variation in the expression 
of fast versus slow MHC isoforms in small versus large 
animals. In this regard, it is worth noting that hearts of 
both small and large animals contain the cTnT isoform 
that has the cardiac-specific 1–44 and 45–74 regions—
albeit with minor changes—but express MHC isoforms 
that possess vastly differing kinetic rates.

Additional support for our hypothesis comes from the 
following critical observations: (a) the functional impact 
of disease-related mutations in the N terminus of cTnT 
is influenced by the type of MHC isoform (Tschirgi  
et al., 2006; Rice et al., 2010; Ford et al., 2012); (b) the 
composition of MHC isoform is a key determinant  
of cardiac contractile activation (Stelzer et al., 2007); 
(c) small changes in the level of MHC isoform induce 
large changes in cardiac function both at the myofila-
ment level (Fitzsimons et al., 1998; Rundell et al., 2005; 
Tschirgi et al., 2006) and at the whole heart level (Tardiff 
et al., 2000; Korte et al., 2005; Rice et al., 2010); and  
(d) mutations in sarcomeric proteins that cause human 
heart failure are often accompanied by a near-complete 
shift to -MHC (Miyata et al., 2000; Reiser et al., 2001).

To test our hypothesis, we deleted two specific regions 
(regions 1–43 and 44–73) in the N terminus of rat cTnT 
(RcTnT) to generate RcTnT1–43 and RcTnT44–73 pro-
teins, respectively. Steady-state and dynamic contractile 
measurements were made in cardiac muscle fibers (con-
taining either - or -MHC isoforms) reconstituted with 
RcTnT1–43 and RcTnT44–73 proteins. Novel findings 
from our study demonstrate that - or -MHC isoforms 
have divergent effects on how the N terminus of cTnT 
modulates contractile function. As demonstrated by the 
decrease in Ca2+-activated maximal tension and myofila-
ment Ca2+ sensitivity, the thin filament activation was 
significantly attenuated by RcTnT1–43 fibers in the pres-
ence of -MHC. In contrast, the attenuating effect of 
RcTnT1–43 was counteracted by -MHC. The sudden 
stretch–mediated recruitment of new force-bearing XBs 
(ER) was attenuated in -MHC + RcTnT1–43 fibers but 
not in -MHC + RcTnT1–43 fibers. We discuss these data 
in terms of the differential synergy between -/-MHC 
isoforms and the N terminus of cTnT.

M A T E R I A L S  A N D  M E T H O D S

Ethical approval and animal treatment protocols
Papillary muscle bundles were collected from the left ventricles  
of young adult male Sprague-Dawley rats. Rats used in this study 
were split into two groups: one group consisted of normal rats 
that predominantly expressed -MHC, and the other group con-
sisted of propylthiouracil (PTU)-treated rats (see below) that pre-
dominantly expressed -MHC in their left ventricles. Rats were 
carefully handled to minimize the pain and suffering, according 
to the established guidelines of the National Academy of Sciences: 
Guide for the Care and Use of Laboratory animals.
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National Institutes of Health at: http://rsbweb.nih.gov/ij/) (Mamidi 
et al., 2013b).

Measurement of steady-state isometric tension  
and ATPase activity
Isometric steady-state tension and ATPase activity were measured 
as described previously (Chandra et al., 2007, 2009). In brief,  
T-shaped aluminum clips were used to attach the muscle fiber 
between a motor arm (322C; Aurora Scientific Inc.) and a force 
transducer (AE 801; Sensor One Technologies Corp.). The sarco-
mere length (SL) of the muscle fibers was set to 2.3 µm under 
relaxing conditions as described previously (Chandra et al., 2007, 
2009). After two cycles of maximal activation and relaxation, the 
SL was readjusted if necessary. The muscle fiber was then im-
mersed in a constantly stirred chamber containing Ca2+ solutions, 
the concentration of which ranged from pCa 4.3 to 9.0 (pCa = 
log of [Ca2+]free). The composition of various pCa solutions was 
calculated using methods described previously (Fabiato and  
Fabiato, 1979). The composition of the maximal Ca2+ activation solu-
tion (pCa 4.3) was (mM): 31 potassium propionate, 5.95 Na2ATP, 
6.61 MgCl2, 10 EGTA, 10.11 CaCl2, 50 BES, 5 sodium azide, and 
10 phosphoenol pyruvate (PEP). The composition of the relaxing 
solution (pCa 9.0) was (mM): 51.14 potassium propionate, 5.83 
Na2ATP, 6.87 MgCl2, 10 EGTA, 0.024 CaCl2, 50 BES, 5 NaN3, 
and 10 PEP. The activation and relaxing solutions also contained 
0.5 mg/ml pyruvate kinase (500 U/mg), 0.05 mg/ml lactate de-
hydrogenase (870 U/mg), 20 µM diadenosine pentaphosphate, 
10 µM oligomycin, and a cocktail of protease inhibitors. The pH 
of the Ca2+ solutions was adjusted to 7.0 using KOH, and the ionic 
strength was 180 mM. Ca2+-activated tension was digitally recorded 
on a computer. All measurements were made at 20°C.

Steady-state isometric ATPase activity was measured according 
to a protocol described previously (de Tombe and Stienen, 1995; 
Kirk et al., 2009; Rodgers et al., 2009; Gollapudi et al., 2012). In 
brief, near-UV light (340 nm) was projected through the muscle 
chamber, and then split (50:50) via a beam splitter and detected 
at 340 nm (sensitive to changes in NADH) and at 400 nm (insensi-
tive to changes in NADH). ATPase activity was measured as fol-
lows: ATP regeneration from ADP was coupled to the breakdown 
of PEP to pyruvate and ATP catalyzed by pyruvate kinase, which 
was linked to the synthesis of lactate catalyzed by lactate dehydrog-
enase. The breakdown of NADH during the synthesis of lactate 
was proportional to the ATP consumption and was measured by 
changes in UV absorbance at 340 nm. The signal for NADH was 
calibrated by multiple injections of 250 pmol of ADP.

Measurement of muscle fiber mechano-dynamics
Once the force developed by the muscle fiber reached steady 
state (pCa 4.3), step-like length changes were applied (Ford et al., 
2010). In brief, the motor arm was commanded to change the 
muscle length (ML) in a step-like pattern; the changes in ML 
were on the order of ±0.5, 1.0, 1.5, and 2.0% of the initial ML. 
The ML was initially increased by 0.5% ML (stretched) and held 
at the increased length for 5 s, and then the motor arm was  
commanded to rapidly return (released) to the initial ML. The 
same protocol was repeated for the remaining step-like length 
changes of 1.0, 1.5, and 2.0% ML. A nonlinear recruitment dis-
tortion (NLRD) model (Ford et al., 2010) was fitted to the elic ited 
force responses to estimate the following model parameters:  
b, the rate by which new XBs are recruited into the force-bearing 
state because of a change in ML; c, the rate by which the stiffness 
of distorted XBs dissipate; ED, the magnitude of an instanta-
neous increase in muscle fiber stiffness caused by a sudden change 
in ML; and ER, the magnitude of an increase in steady-state force 
caused by the sudden stretch–mediated recruitment of addi-
tional XBs.

then purified by ion-exchange chromatography on a DEAE-fast 
sepharose column (GE Healthcare). c-myc RcTnT and RcTnT44–73 
were eluted with a 0–0.4-M NaCl gradient. The procedure used 
for the purification of RcTnT1–43 was similar to that of c-myc RcTnT, 
except that a CM sepharose column (GE Healthcare) was used for 
ion-exchange chromatography. RcTnI was purified as described 
previously (Chandra et al., 2007). RcTnC protein was purified as 
described previously (Mamidi et al., 2013a). Samples from eluted 
fractions were run on a 12.5% SDS gel to determine their purity. 
Pure fractions were pooled and dialyzed extensively against deion-
ized water containing 15 mM -mercaptoethanol, lyophilized, and 
stored at 80°C.

Reconstitution of recombinant rat cardiac Tn subunits  
into detergent-skinned rat cardiac muscle fibers
Reconstitution was performed as described previously (Chandra 
et al., 2007). c-myc–tagged WT RcTnT (RcTnTWT) was used as a 
control so that the incorporation of the exogenously added WT 
Tn subunits could be assessed by the differential gel migration 
pattern of c-myc RcTnT. It has been shown that the use of cTnT 
with an 11–amino acid c-myc epitope at the N terminus does not 
affect cardiac function (Tardiff et al., 1998; Montgomery et al., 
2001). The replacement of endogenous Tn was performed using an 
extraction solution containing RcTnT (c-myc RcTnT, RcTnT1–43, or 
RcTnT44–73) (0.9 mg/ml, wt/vol) and RcTnI (1.0 mg/ml, wt/vol) 
that were first dissolved in buffer 1, which contained 50 mM 
Tris-HCl, pH 8.0, 6 M urea, 1.0 M KCl, 10 mM DTT, and a cocktail 
of protease inhibitors. High salt and urea in the extraction solu-
tion were removed by successive dialysis against the following buf-
fers: 50 mM Tris-HCl, pH 8.0, 4 M urea, 0.7 M KCl, 0.2 mM PMSF, 
2 mM benzamidine-HCl, 1 mM DTT, and 0.01% NaN3 (buffer 2), 
followed by 50 mM Tris-HCl, pH 8.0, 2 M urea, 0.5 M KCl, 0.2 mM 
PMSF, 2 mM benzamidine-HCl, 1 mM DTT, and 0.01% NaN3 
(buffer 3), and finally dialyzed against an extraction buffer con-
taining 50 mM BES, pH 7.0 at 20°C, 200 mM KCl, 10 mM BDM, 
6.27 mM MgCl2, 5 mM EGTA, 0.2 mM PMSF, 2 mM benzamidine-
HCl, 1 mM DTT, and 0.01% NaN3 (buffer 4). After the final dialy-
sis, 6.13 mM MgATP2 and a cocktail of protease inhibitors were 
added to the supernatant containing RcTnT and RcTnI. Undis-
solved protein was removed by spinning the protein solution at 
3,000 rpm for 15 min. Detergent-skinned fibers were then treated 
with the extraction solution containing RcTnT and RcTnI for 3 h 
at room temperature (20°C), with constant stirring. RcTnT–RcTnI-
treated muscle fibers were then washed three times using buffer 4 
for 10 min at room temperature. To complete the reconstitution 
procedure, RcTnT–RcTnI-treated fibers were incubated with RcTnC 
(3.0 mg/ml, wt/vol) overnight at 4°C.

Fibers reconstituted with RcTnT1–43 + RcTnI + RcTnC are re-
ferred to as “RcTnT1–43,” and those reconstituted with RcTnT44–73 + 
RcTnI+RcTnC are referred to as “RcTnT44–73.” Fibers reconstituted 
with c-myc RcTnT + RcTnI + RcTnC are referred to as “RcTnTWT” 
and were used as controls. Reconstituted fibers were denatured 
and solubilized in 2% SDS solution (10 µl/fiber) for SDS-PAGE 
(Mamidi et al., 2012). SDS-solubilized fibers were mixed with an 
equal volume of protein loading dye that contained 125 mM Tris-
HCl, pH 6.8, 20% glycerol, 2% SDS, 0.01% bromophenol blue, 
and 50 mM -mercaptoethanol. Equal quantities of protein were 
separated on an 8% SDS gel and stained with Bio-Safe Coomassie 
blue G-250 (Bio-Rad Laboratories).

Proteins separated on the SDS gel were transferred onto a PVDF 
membrane for Western blot analysis using a Trans-Blot Turbo 
Transfer System (Bio-Rad Laboratories). The incorpo ration of 
c-myc RcTnT, RcTnT1–43, or RcTnT44–73 was assessed using a mono-
clonal anti-TnT primary antibody (clone JLT-12; Sigma-Aldrich), 
followed by a horseradish peroxidase–labeled anti–mouse second-
ary antibody (GE Healthcare). Densitometric analysis of Western 
blots was performed using the ImageJ software (acquired from 
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interplay between these two regions and the overlap-
ping ends of contiguous Tm dimers were shown to affect 
thin filament activation and myofilament cooperativity 
(Mamidi et al., 2013b). Based on the sequence compa-
rison shown in Fig. 1, we identified the corresponding 
regions in RcTnT: (a) a highly acidic peptide region com-
prising 1–43 amino acids, which shares only 51% se-
quence similarity with rat fast skeletal TnT (RfsTnT); and 
(b) a region comprising 44–73 amino acids, which is ab-
sent in RfsTnT. Residues 1–43 and 44–73 were deleted in 
RcTnT to generate RcTnT1–43 and RcTnT44–73, respec-
tively. Deletion of these two distinct regions (RcTnT1–43 
and RcTnT44–73) amounted to a net removal of 22 and 
6 acidic residues, respectively.

To understand how - and -MHC isoforms affect the 
interplay between the N terminus of cTnT and the over-
lapping ends of Tm, we reconstituted these mutants into 
detergent-skinned rat cardiac muscle fibers from normal 
rats (-MHC) and PTU-treated rats (-MHC).

Shift from - to -MHC in PTU-treated rat hearts
PTU treatment has been shown to induce a shift from - to 
-MHC isoform, without any significant changes in the 
expression of other myofilament proteins (Metzger et al., 
1999; Herron et al., 2001; Ford et al., 2012). PTU-induced 
hypothyroidism silences the -MHC promoter and acti-
vates the -MHC promoter, resulting in the myocardial 
expression of -MHC (Chizzonite and Zak, 1984). As 
shown in Fig. 2 A, PTU treatment of rats induced a near-
complete shift to -MHC isoform in the left ventricles.

Western blot analysis of reconstituted rat cardiac  
muscle fibers
The c-myc–tagged WT RcTnT (RcTnTWT) was used as 
the control. In our reconstitution protocol, the exoge-
nously added Tn complex consisted of RcTnT (RcTnTWT, 
RcTnT1–43, or RcTnT44–73), RcTnI, and RcTnC pro-
teins. We have shown previously that the endogenous 
Tn complex is replaced when a vast excess of exo genously 
added cTnT competes with the endogenous cTnT 
(Chandra et al., 1999). Therefore, the level of RcTnT 
incorporated may be used as an index of the amount  
of endogenous Tn replaced. The differential migration 

Measurement of rate of tension redevelopment (ktr)
The measurement of ktr (pCa 4.3) was performed according to a 
modified protocol described originally by Brenner and Eisenberg 
(1986). Upon attaining a steady-state isometric force, the motor 
arm was commanded to slacken the muscle fiber by 10% of the 
ML using a high-speed length-control device (Aurora Scientific 
Inc.). After a brief shortening period of 25 ms, the motor arm was 
commanded to rapidly (within 0.5 ms) swing past the original set 
point by a 10% stretch. The stretch was applied to ensure that any 
remaining XBs were mechanically detached and the residual 
force was not more than 10% of the initial steady-state isometric 
force. ktr was determined by fitting the following mono-exponen-
tial equation to the force redevelopment:

 F F F Fk t= −( ) − +−
ss res res  (1 e )tr ,  

where F is the force at time t, Fss is the steady-state isometric force, 
and Fres is the residual force from which the redevelopment of 
force occurs.

Data analysis
Contractile and mechano-dynamic parameters were analyzed 
using a two-way ANOVA. One factor in this analysis was the RcTnT 
variant (c-myc RcTnT, RcTnT1–43, or RcTnT44–73), and the other 
was the MHC isoform (- or -MHC). After analysis by two-way 
ANOVA, post-hoc tests (planned multiple pairwise comparisons) 
were made using uncorrected Fisher’s LSD method. Compari-
sons were made to determine the effects of RcTnT variants and 
MHC isoforms on various contractile and mechano-dynamic pa-
rameters. The Hill equation was fitted to normalized pCa–tension 
data to estimate pCa50 (log of [Ca2+]free required for half-maxi-
mal activation) and the Hill coefficient (nH). Values are reported 
as mean ± SEM. The criterion for statistical significance was set  
at P < 0.05.

Online supplemental material
The online supplemental material describes the development of 
the NLRD model, which was used to estimate the dynamic con-
tractile parameters (Ford et al., 2010). It also contains character-
istic features of the force responses of muscle fibers to step-like 
length perturbations. The online supplemental material is avail-
able at http://www.jgp.org/cgi/content/full/jgp.201310971/DC1.

R E S U L T S

Rationale for the generation of RcTnT1–43 and RcTnT44–73 
deletion mutants
Recently, we identified two distinct functional regions 
(1–44 and 45–74) in the N terminus of mouse cTnT; the 

Figure 1. Rationale for the generation of RcTnT1–43 and RcTnT44–73 deletion mutants. Sequence comparison of amino acids at the 
N-terminal ends of RcTnT and RfsTnT revealed two distinct regions in the N-terminal end region of RcTnT: (1) a highly negatively 
charged region comprising 1–43 amino acids in RcTnT that corresponds to 1–41 amino acids in RfsTnT; and (2) a region comprising 
44–73 amino acids in RcTnT that is missing in RfsTnT. To understand how the functions of these two regions are modulated by - and 
-MHC isoforms, we deleted these regions in RcTnT to generate RcTnT1–43 and RcTnT44–73 deletion mutants. :, identical amino acids; ., 
conservative substitution; empty space, nonconservative substitution; –, deletion introduced to maximize sequence similarities.
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incorporation of exogenously added RcTnT proteins in 
PTU-treated rat fibers (-MHC) was similar to that ob-
served in the normal rat fibers.

Divergent effects of - and -MHC isoforms 
on Ca2+-activated maximal tension and ATPase 
activity in RcTnT1–43- or RcTnT44–73-reconstituted 
rat cardiac muscle fibers
Ca2+-activated maximal tension was measured at pCa 
4.3. Two-way ANOVA revealed a significant interaction 
effect (P < 0.001), demonstrating a divergent impact  
of - and -MHC isoforms on how RcTnT1–43 and 
RcTnT44–73 modulated Ca2+-activated maximal tension. 
To determine the factor that was responsible for the 
signi ficant interaction effect, we performed subsequent 
post-hoc tests using multiple pairwise comparisons (un-
corrected Fischer’s LSD). Post-hoc tests revealed that 
- and -MHC isoforms had differential impact on max-
imal tension in RcTnT1–43 fibers but not in RcTnT44–73 
fibers. Ca2+-activated maximal tension decreased by 
46% in -MHC + RcTnT1–43 fibers (Fig. 3 A) and by 
only 18% in -MHC + RcTnT1–43 fibers (Fig. 3 B). Thus, 
-MHC significantly counteracted the attenuating ef-
fect of RcTnT1–43 on maximal tension. On the other 

pattern of c-myc–tagged RcTnTWT and the endogenous 
RcTnT allowed us to assess the level of incorporation of 
RcTnTWT. Because of significant differences in molec-
ular weights, RcTnT1–43 and RcTnT44–73 migrated dif-
ferently when compared with the endogenous RcTnT; 
therefore, RcTnT1–43 and RcTnT44–73 were not tagged 
with the c-myc tag.

SDS-solubilized muscle fibers were run on an 8% SDS 
gel and transferred to a PVDF membrane for the West-
ern blot analysis. The ImageJ software was used for den-
sitometric analysis of protein bands in the Western blot. 
The total optical band intensity (i.e., the total amount of 
RcTnT in a single lane) was assumed to be the sum of the 
optical band intensities of both the endogenous RcTnT 
and the incorporated RcTnT (RcTnTWT, RcTnT1–43, or 
RcTnT44–73) bands. The extent of incorporation was 
determined by dividing the optical band intensity of the 
exogenously added RcTnT with the total band intensity. 
This approach permitted us to precisely estimate the level 
of incorporation of different proteins in reconstituted 
fibers. In fibers from normal rats (-MHC), the level of 
incorporation was as follows: 80% for RcTnTWT (lane 2 
of Fig. 2 B), 99% for RcTnT1–43 (lane 3 of Fig. 2 B), and 
80% for RcTnT44–73 (lane 4 of Fig. 2 B). The level of 

Figure 2. SDS-PAGE analysis of MHC isoform expression 
and Western blot analysis of reconstituted fibers. Solu-
bilized muscle fiber samples from normal (-MHC) and 
PTU-treated (-MHC) rat hearts were run on a 6% SDS 
gel to estimate the isoform levels of MHC (Ford and Chan-
dra, 2013). (A) SDS gel showing the isoform expression 
of MHC in the left ventricles of normal and PTU-treated 
rats. Rats fed on a PTU diet show a near-complete shift 
to -MHC isoform. (B) Western blot analysis of samples 
from reconstituted fibers expressing -MHC. Reconstituted 
fibers were solubilized using 2% SDS (Mamidi et al., 2012). 
Solubilized samples were run on an 8% SDS gel and trans-
ferred onto a PVDF membrane for Western blot analysis.  
Lane 1, purified recombinant RcTnT protein; lanes 2–4, 
samples from RcTnTWT-, RcTnT1–43-, and RcTnT44–73-recon-
stituted fibers. Molecular weights of proteins are indicated 
in parentheses.

Figure 3. Effect of RcTnT1–43 
and RcTnT44–73 on Ca2+-activated 
maximal tension in the presence 
of - or -MHC isoform. Ca2+-
activated maximal tension was 
measured at pCa 4.3 and SL of 
2.3 µm. (A) Ca2+-activated maxi-
mal tension in fibers containing  
-MHC. (B) Ca2+-activated maxi-
mal tension in fibers contain -
ing -MHC. RcTnT1–43 decreased 
maximal tension by 46% in 
-MHC fibers, whereas RcTnT1–43 
decreased maximal tension by  
only 18% in -MHC fibers. Num-
ber of determinations was at 
least 13 for each group. Values 
are reported as mean ± SEM.  
***, P < 0.001.
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Ca2+-activated maximal ATPase activity showed trends 
that were similar to Ca2+-activated maximal tension.

Divergent effects of - and -MHC isoforms on the 
magnitude of an instantaneous increase in muscle fiber 
stiffness (ED) in RcTnT1–43- or RcTnT44–73-reconstituted 
rat cardiac muscle fibers
To examine whether the effect of RcTnT1–43 on maxi-
mal tension was caused by changes in the number of 
strongly bound XBs, we measured ED by imposing step-
like length perturbations in constantly activated mus-
cle fibers (Ford et al., 2010). The amplitude of the ML- 
induced instantaneous force (see F1 in Fig. 4 and Fig. S1) 
increases with the amount of stretch and with the level of 
Ca2+ activation because it is an approximate function of 
the number of force-bearing XBs. Therefore, a compari-
son of F1 in Fig. 4 (A and B) suggests that the number of 
strongly bound XBs is attenuated more in -MHC + 
RcTnT1–43 fibers. ED was estimated as described in Fig. 4 
and Fig. S1. Two-way ANOVA revealed a significant in-
teraction effect (P < 0.001), suggesting a divergent im-
pact of - and -MHC isoforms on how RcTnT1–43 or 

hand, both - and -MHC isoforms did not alter Ca2+-
activated maximal tension in RcTnT44–73 fibers (Fig. 3, 
A and B).

Ca2+-activated maximal ATPase activity was measured 
in reconstituted fibers at pCa 4.3. Two-way ANOVA re-
vealed a significant interaction effect (P < 0.01), dem-
onstrating a divergent impact of - and -MHC isoforms 
on how RcTnT1–43 or RcTnT44–73 affected Ca2+-activated 
maximal ATPase activity. Post-hoc multiple comparisons 
revealed that a shift from - to -MHC had a differential 
impact on ATPase activity. In the presence of -MHC, 
ATPase values (in pmol × mm3 × s1) were 174.89 ± 4.87, 
118.23 ± 4.31, and 162.43 ± 5.70 for RcTnTWT, RcTnT1–43, 
and RcTnT44–73 fibers, respectively. However, in the 
presence of -MHC, ATPase values were 98.84 ± 6.71, 
73.38 ± 3.00, and 93.27 ± 4.09 for RcTnTWT, RcTnT1–43, 
and RcTnT44–73 fibers, respectively. When compared with 
the control fibers, RcTnT1–43 decreased ATPase activity 
by 32% in the presence of -MHC and by 26% in 
the presence of -MHC. In the presence of - or -MHC, 
RcTnT44–73 did not alter maximal ATPase activity when 
compared with the respective control fibers. Therefore, 

Figure 4. Effect of RcTnT1–43 and RcTnT44–73 on ED in the presence of - or -MHC isoform. ED was measured at pCa 4.3. Step-like 
length perturbation protocol was as described previously (Ford et al., 2010). F1, Fss, and Fnss are described in the supplemental text. 
(A) Force responses to a 2% stretch in ML of -MHC fibers reconstituted with RcTnTWT and RcTnT1–43. (B) Force responses to a 2% 
stretch in ML of -MHC fibers reconstituted with RcTnTWT and RcTnT1–43. Force traces shown in A and B are the averaged responses 
measured from at least 11 fibers. F1 decreases to a greater extent in RcTnT1–43 + -MHC fibers. ED (the slope of the relationship between 
F1–Fss and change in ML) was estimated as described in the supplemental text. (C) ED in fibers containing -MHC. (D) ED in fibers con-
taining -MHC. RcTnT1–43 decreased ED by 39% in -MHC fibers, whereas RcTnT1–43 decreased ED by only 19% in -MHC fibers. 
Values are reported as mean ± SEM. ***, P < 0.001; **, P < 0.01.
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factor for the significant interaction effect on pCa50 was 
caused by the divergent effects of - and -MHC iso-
forms on pCa50 in RcTnT1–43 versus RcTnT44–73 fibers. 
Comparison of -MHC + RcTnT1–43 fibers (Fig. 5 C) 
with -MHC + RcTnT1–43 fibers (Fig. 5 D) shows that 
-MHC negated the desensitizing effect of RcTnT1–43 
on pCa50. In contrast, RcTnT44–73 increased pCa50 in 
the presence of - or -MHC (Fig. 5, C and D).

The Hill equation was fitted to the pCa–tension rela-
tionships to estimate the Hill coefficient (nH). Two-way 
ANOVA revealed a significant interaction effect (P < 
0.05), suggesting that nH was affected differentially in 
RcTnT1–43 and RcTnT44–73 fibers, regardless of the 
type of MHC isoform present. Post-hoc multiple com-
parisons showed that RcTnT1–43 did not affect nH, but 
RcTnT44–73 decreased nH in the presence of - or 
-MHC. In the presence of -MHC, nH values were 
3.62 ± 0.17, 4.10 ± 0.31, and 2.18 ± 0.10 for RcTnTWT, 
RcTnT1–43, and RcTnT44–73 fibers, respectively. In the 
presence of -MHC, nH values were 3.32 ± 0.34, 2.98 ± 
0.15, and 2.21 ± 0.08 for RcTnTWT, RcTnT1–43, and 
RcTnT44–73 fibers, respectively.

Divergent effects of - and -MHC isoforms 
on the magnitude of sudden stretch–mediated recruitment 
of new force-bearing XBs (ER) in RcTnT1–43- or RcTnT44–73-
reconstituted rat cardiac muscle fibers
We measured ER to determine if the attenuation of thin 
filament activation in -MHC + RcTnT1–43 fibers was 
caused by a decrease in ER. Two-way ANOVA revealed 
a significant interaction effect (P < 0.05), suggesting a 
divergent impact of - and -MHC isoforms on how 
RcTnT1–43 or RcTnT44–73 altered ER. Post-hoc multiple 

RcTnT44–73 altered ED. Post-hoc multiple comparisons 
revealed that - and -MHC isoforms differentially af-
fected ED in RcTnT1–43 fibers but not in RcTnT44–73 
fibers. ED decreased by 39% in -MHC + RcTnT1–43 
fibers (Fig. 4 C). On the other hand, ED decreased by 
only 19% in -MHC + RcTnT1–43 fibers (Fig. 4 D). Thus, 
our estimates of ED suggest that the attenuation of maxi-
mal tension in RcTnT1–43-reconstituted fibers is caused 
by a decrease in the number of force-bearing XBs. Fur-
thermore, multiple comparisons also revealed that the 
ED of -MHC + RcTnT1–43 fibers is significantly higher 
when compared with that of -MHC + RcTnT1–43 fibers. 
As observed for maximal tension, both - and -MHC 
isoforms did not alter ED in RcTnT44–73 fibers (Fig. 4, 
C and D).

Divergent effects of - and -MHC isoforms on 
myofilament Ca2+ sensitivity and cooperativity in RcTnT1–43- 
or RcTnT44–73-reconstituted rat cardiac muscle fibers
Normalized tension values were plotted against a range 
of pCa to construct the pCa–tension relations (Fig. 5, 
A and B). The pCa–tension relation of -MHC + 
RcTnT1–43 was shifted to the right of -MHC + RcTnTWT 
(Fig. 5 A), indicating a desensitization of myofilament 
Ca2+ sensitivity (pCa50) in -MHC + RcTnT1–43 fibers. 
This rightward shift of the pCa–tension relation was ab-
lated in -MHC + RcTnT1–43 fibers (indicated by arrows 
in Fig. 5 B), suggesting that -MHC counteracted the 
desensitizing effect of RcTnT1–43 on pCa50. Two-way 
ANOVA revealed a significant interaction effect (P < 0.05) 
on pCa50, suggesting that - and -MHC isoforms diver-
gently affected the way RcTnT1–43 and RcTnT44–73 
altered pCa50 (Fig. 5, C and D). The main contributing 

Figure 5. Effect of RcTnT1–43 and 
RcTnT44–73 on pCa50 in the presence 
of - or -MHC isoform. Normalized 
tension values were plotted against a 
range of pCa to derive the pCa–tension  
relationships. (A) pCa–tension relation-
ships in fibers containing -MHC. 
(B) pCa–tension relationships in fibers 
containing -MHC. Arrows in B indi-
cate that a shift to -MHC counteracts 
the desensitizing effect of RcTnT1–43 
on myofilament Ca2+ sensitivity. Note 
that the curve for RcTnT1–43 is shifted 
to the right in A, but the rightward shift 
is attenuated in B (see arrows). The  
Hill equation was fitted to the pCa– 
tension relationships to estimate pCa50. 
(C) Estimates of pCa50 in fibers contain-
ing -MHC. (D) Estimates of pCa50 in 
fibers containing -MHC. RcTnT1–43 
decreased pCa50 significantly in -MHC 
fibers, an effect that was counteracted 
in -MHC fibers. Number of determina-
tions was at least seven for each group. 
Values are reported as mean ± SEM. 
***, P < 0.001.



420 Divergent effects of MHC isoforms on cTnT function

Stelzer et al., 2007). Therefore, we sought to determine 
if the impact of - and -MHC on XB detachment kinet-
ics had any effect on how RcTnT1–43 and RcTnT44–73 
modulated contractile dynamics. The rate of XB distor-
tion dynamics (c) was measured by fitting the NLRD 
model to force responses elicited by step-like ML per-
turbations (Ford et al., 2010). Two-way ANOVA showed 
no significant interaction effect but revealed a signifi-
cant main effect of - and -MHC on c. Post-hoc multi-
ple comparisons showed that c decreased in all groups 
of -MHC–containing fibers when compared with the 
corresponding groups of -MHC–containing fibers. 
However, RcTnT1–43 and RcTnT44–73 did not alter c in 
- or -MHC fibers (Table 1).

D I S C U S S I O N

Conclusions drawn from our data have significant im-
plications for the regulation of cardiac thin filament 
activation. The most important finding from our study 
is that - and -MHC isoforms have a divergent impact 

comparisons revealed that - and -MHC isoforms had 
differential impact on ER in RcTnT1–43 fibers but not in 
RcTnT44–73 fibers. ER decreased significantly (36%) in 
-MHC + RcTnT1–43 fibers (Fig. 6 A) but not in -MHC + 
RcTnT1–43 fibers (Fig. 6 B). Furthermore, multiple com-
parisons also revealed that the ER of -MHC + RcTnT1–43 
fibers is significantly higher when compared with that 
of -MHC + RcTnT1–43 fibers. Thus, -MHC counter-
acted the attenuating effect of RcTnT1–43 on ER. On the 
other hand, both - and -MHC isoforms did not alter 
ER in RcTnT44–73 fibers (Fig. 6, A and B).

Effects of - and -MHC isoforms on the rates of XB 
recruitment and detachment dynamics in RcTnT1–43- 
or RcTnT44–73-reconstituted rat cardiac muscle fibers
The rate constant of XB recruitment (b) was measured 
by fitting the NLRD model to force responses elicited by 
step-like ML perturbations (see the supplemental text 
for details). Two-way ANOVA showed no significant in-
teraction effect but revealed a significant main effect  
of MHC isoforms on b. Post-hoc multiple comparisons 
demonstrated that b decreased in all groups of -MHC–
containing fibers (Table 1). This is not surprising be-
cause -MHC has an intrinsic ability to slow b (Chandra 
et al., 2007; Stelzer et al., 2007). In the presence of  
-MHC, b decreased uniformly in RcTnTWT or RcTnT1–43 
or RcTnT44–73 fibers, demonstrating that b was not 
affected by -MHC. Another way to look at this is that 
RcTnT1–43 or RcTnT44–73 had no effect on b in the 
presence of - or -MHC (Table 1). This observation 
was corroborated by the rate of tension redevelopment 
(ktr). Two-way ANOVA revealed no significant interac-
tion effect but revealed a significant main effect of MHC 
isoforms on ktr. Post-hoc multiple comparisons demon-
strated that ktr decreased uniformly in all three different 
groups of -MHC fibers when compared with the cor-
responding groups of -MHC fibers (Table 1). As ob-
served for b, RcTnT1–43 and RcTnT44–73 did not alter ktr 
in - or -MHC fibers.

A shift from - to -MHC isoform affects cardiac con-
tractile dynamics by slowing b (Chandra et al., 2007; 

Figure 6. Effect of RcTnT1–43 and 
RcTnT44–73 on ER in - or -MHC fibers. 
ER was measured at pCa 4.3 as de-
scribed previously (Ford et al., 2010). 
ER represents the magnitude of the sud-
den stretch–mediated increase in the 
recruitment of additional force-bear ing 
XBs (see the supplemental text for a 
detailed description). (A) ER in fibers 
containing -MHC. (B) ER in fibers con-
taining -MHC. RcTnT1–43 decreased 
ER by 36% in -MHC fibers, an effect 
that was counteracted in -MHC fibers. 
Number of determinations was at least 
10 for each group. Values are reported 
as mean ± SEM. **, P < 0.01.

TA b l e  1

Estimates of dynamic contractile parameters from - and -MHC–
containing fibers reconstituted with RcTnT1–43 and RcTnT44–73

Dynamic contractile 
parameters

RcTnTWT RcTnT1–43 RcTnT44–73

-MHC

b (s1) 18.14 ± 0.62 18.38 ± 1.10 17.46 ± 0.43

ktr (s1) 7.32 ± 0.17 7.25 ± 0.31 6.79 ± 0.29

c (s1) 21.41 ± 0.83 20.60 ± 1.53 20.14 ± 0.07

-MHC

b (s1) 7.55 ± 0.34a 7.84 ± 0.17a 7.53 ± 0.22a

ktr (s1) 4.15 ± 0.11a 4.38 ± 0.08a 4.40 ± 0.11a

c (s1) 10.72 ± 0.40a 10.70 ± 0.35a 11.68 ± 0.30a

The SL of the muscle fiber was set to 2.3 µm. b and c were estimated as 
described previously (Ford et al., 2010). ktr was estimated using a rapid 
slack/restretch protocol (Brenner and Eisenberg, 1986). Number of deter-
minations was at least 11 for each group. Values are reported as mean  
± SEM.
aP < 0.001 when compared to the corresponding groups in -MHC fibers.
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because of its longer XB dwell time in the strongly 
bound state; such an effect on thin filament cooperativ-
ity is expected to cause an increase in the recruitment of 
additional force-bearing XBs in RcTnT1–43-reconstituted 
fibers (schematically depicted in Fig. S3). This notion 
is supported by our ED estimates, which de monstrate 
that the number of force-bearing XBs is significantly 
higher in RcTnT1–43 + -MHC fibers when compared 
with RcTnT1–43 + -MHC fibers (Fig. 4, C and D). Fur-
thermore, the ML-mediated increase in stiffness (ER) is 
significantly higher in RcTnT1–43 + -MHC fibers when 
compared with RcTnT1–43 + -MHC fibers (Fig. 6). 
Mechanisms other than changes in thin filament coop-
erativity may also be involved. Recent studies (Coffee 
Castro-Zena and Root, 2013) show that the myosin lever 
arm tends to attain the pre–power stroke orientation 
when bound closer to the Tn complex but assumes the 
post–power stroke orientation when bound away from 
the Tn complex, suggesting that Tn is responsible for 
the formation of myosin-binding target zones along the 
thin filament. Whether or not charge changes in cTnT 
(caused by deletions in the N terminus of cTnT in our 
study) may have influenced the XB formation requires 
further investigation. Collectively, our data demonstrate 
that - and -MHC isoforms divergently modulate the 
activity of RcTnT1–43 because of intrinsic differences in 
their kinetic properties.

A shift from - to -MHC ablates the RcTnT1–43-mediated 
desensitization of myofilament Ca2+ sensitivity
Another novel finding in this study is that the atten-
uation of myofilament Ca2+ sensitivity—observed in 
-MHC + RcTnT1–43 fibers (Fig. 5, A and C)—is ablated 
in -MHC + RcTnT1–43 fibers (Fig. 5, B and D). These 
observations clearly demonstrate that - and -MHC 
isoforms have a divergent impact on myofilament Ca2+ 
sensitivity. Based on our recent studies, the attenuation 
of myofilament Ca2+ sensitivity by RcTnT1–43 may be 
explained by the RcTnT1–43-mediated increase in the 
rigidity of Tm (Mamidi et al., 2013a). Such an impact 
on Tm would shift the OFF/ON equilibrium of the  
regulatory units (RUs; Tm–Tn) more toward the OFF 
state, thereby attenuating myofilament Ca2+ sensitivity 
in -MHC + RcTnT1–43 fibers. pCa50 decreased signifi-
cantly by 0.13 pCa units in -MHC + RcTnT1–43 fibers 
(Fig. 5 C) but remained unaffected in -MHC + RcTnT1–43 
fibers (Fig. 5 D), demonstrating that the augmenting 
effect of -MHC on thin filament cooperativity negated 
the attenuating effect of RcTnT1–43 on myofilament 
Ca2+ sensitivity. If this observation is true, we expect 
-MHC to further increase myofilament Ca2+ sensi ti-
vity in RcTnT44–73 fibers. Indeed, that is exactly what 
we observe: for example, RcTnT44–73 increases pCa50 
by 0.22 pCa units in the presence of -MHC and by 
0.29 pCa units in the presence of -MHC. Inferences 
drawn from the above analysis lead us to conclude that 

on how the cardiac-specific N terminus of cTnT modu-
lates cardiac thin filament activation. The magnitude  
of cardiac thin filament activation depends on how co-
operative mechanisms are modulated by the actions  
of both cTnT and XBs. Thus, how the 1–44 and 45–74 
regions of cTnT modulate thin filament activation  
and desensitize cardiac thin filaments to Ca2+ (Mamidi 
et al., 2013a) will not only depend on how these two 
regions by themselves exert their effects on the thin 
filament but also on how such actions are further mod-
ulated by the MHC isoform–mediated effects on the 
thin filament.

A shift from - to -MHC counteracts the attenuating 
effect of RcTnT1–43 on thin filament activation
The functional significance of the N terminus of cTnT 
is demonstrated by the findings that deletions in the  
N terminus of cTnT attenuate thin filament activation 
by depressing both Ca2+-activated maximal tension 
(Chandra et al., 1999; Communal et al., 2002; Sumandea 
et al., 2009; Mamidi et al., 2013a) and myofilament  
Ca2+ sensitivity (Mamidi et al., 2013a). Deletions in the 
N terminus of cTnT have been shown to alter Tn–Tm 
interactions (Chandra et al., 1999), as well as Tn–Tm 
interaction with actin (Mamidi et al., 2013a). In view of 
the observation that cardiac contractile dynamics are 
tuned by a significant interplay between Tn isoforms and 
MHC (Chandra et al., 2007), and that - and -MHC 
isoforms divergently affect thin filament activation (Ford 
and Chandra, 2013), we sought to determine how the im-
pact of deletions in the N terminus of cTnT is modified by 
a shift from - to -MHC background. An in teresting 
observation in the present study is that the at tenuating  
effect of RcTnT1–43 on Ca2+-activated maximal tension—
observed under an -MHC background (Mamidi et al., 
2013a)—is suppressed by a shift to -MHC background 
(Fig. 3, A and B). Specifically, RcTnT1–43 attenuates maxi-
mal tension by 46% under an -MHC background 
(Fig. 3 A), whereas a shift to -MHC background attenu-
ates maximal tension by only 18% (Fig. 3 B). Thus, 
our data demonstrate that RcTnT1–43 attenuates thin 
filament activation to a greater extent in the presence 
of -MHC.

How does the -MHC isoform counteract the RcTnT1–43-
mediated attenuation of cardiac thin filament activa-
tion? The answer may lie in the innate property of 
-MHC to slow XB cycling dynamics (Moss et al., 2004; 
Rundell et al., 2005; Chandra et al., 2007; Stelzer et al., 
2007; Locher et al., 2009). XB cycling dynamics—as es-
timated by the rate of XB recruitment (b) and the rate 
of XB detachment (c)—are significantly slower in fibers 
containing -MHC (Table 1 and Fig. S2). This slowing 
effect on XB cycling dynamics is independent of the de-
letion in cTnT because both b and c are unaffected by 
RcTnT1–43 (Table 1). The slower cycling -MHC may 
amplify cooperative mechanisms in the thin filament 
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