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ABSTRACT Troponin (Tn) is the calcium-sensing protein of the thin filament. Although cardiac troponin (cTn) and skeletal
troponin (sTn) accomplish the same function, their subunit interactions within Tn and with actin-tropomyosin are different. To
further characterize these differences, myofibril ATPase activity as a function of pCa and labeled Tn exchange in rigor myofibrils
was used to estimate Tn dissociation rates from the nonoverlap and overlap region as a function of pCa. Measurement of
ATPase activity showed that skeletal myofibrils containing >96% cTn had a higher pCa 9 ATPase activity than, but similar
pCa 4 activity to, sTn-containing myofibrils. Analysis of the pCa–ATPase activity relation showed that cTn myofibrils were
more calcium sensitive but less cooperative (pCa50 ¼ 6.14, nH ¼ 1.46) than sTn myofibrils (pCa50 ¼ 5.90, nH ¼ 3.36). The
time course of labeled Tn exchange at pCa 9 and 4 were quite different between cTn and sTn. The apparent cTn dissociation
rates were ~2–10-fold faster than sTn under all the conditions studied. The apparent dissociation rates for cTn were 5 � 10�3

min�1, 150 � 10�3 min�1, and 260 � 10�3 min�1, whereas for sTn they were 0.6 � 10�3 min�1, 88 � 10�3 min�1, and 68 �
10�3 min�1 for the nonoverlap region at pCa 9, nonoverlap region at pCa 4, and overlap region at pCa 4, respectively. Normal-
ization of the apparent dissociation rates gives 1:30:50 for cTn compared with 1:150:110 for sTn (nonoverlap at pCa 9:nonover-
lap at pCa 4:overlap at pCa 4) suggesting that calcium has a smaller influence, whereas strong cross-bridges have a larger
influence on cTn dissociation compared with sTn. The higher cTn dissociation rate in the nonoverlap region and ATPase activity
at pCa 9 suggest that it gives a less off or inactive thin filament. Analysis of the intensity ratio (after a short time of exchange) as
a function of pCa showed that cTn had greater calcium sensitivity but lower cooperativity than sTn. In addition, the magnitude of
the change in intensity ratio going from pCa 9 to 4 was less for cTn than sTn. These data suggest that the influence of calcium on
cTn exchange is less than sTn even though calcium can activate ATPase activity to a similar extent in cTn compared with sTn
myofibrils. This may be explained partially by cTn being less off or inactive at pCa 9. Modeling of the intensity profiles obtained
after Tn exchange at pCa 5.8 suggest that the profiles are best explained by a model that includes a long-range cross-bridge
effect that grades with distance from the rigor cross-bridge for both cTn and sTn.
INTRODUCTION

Troponin (Tn) is the protein switch in striated muscle that trans-

duces an increase in cytosolic calcium into force production by

controlling the position of tropomyosin (Tm) on the thin fila-

ment to regulate the interaction of myosin with actin (1). It is

a heterotrimeric protein made of TnT, the Tm binding subunit,

TnI, the inhibitory and/or actin-Tm binding subunit, and TnC,

the calcium binding subunit (2). The general mechanism

involved in controlling muscle contraction is similar between

cardiac and skeletal Tn isoforms, but the specific molecular

interactions between the subunits and between the subunits

and actin-Tm are different (3–5). At the organ level, skeletal

muscle can increase force production by recruiting more cells

to contract, whereas cardiac muscle cannot. To increase force

production, contraction at the cardiac cell level is modulated

by the calcium transient (6), sarcomere length (7,8), and phos-

phorylation of thin (5) and thick (9) filament proteins. These

latter two mechanisms either directly or indirectly involve Tn.

Comparison of fast skeletal (s) and cardiac (c) muscle con-

traction as a function of calcium showed that skeletal muscle
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is slightly more calcium sensitive and has higher cooperativity

of calcium activation (10). Differences in the Tn isoforms may

explain some of the differences in calcium activation. The

largest functional difference is in TnC, where cTnC binds

only one calcium ion in the regulatory domain (11) compared

with two in sTnC (12). In addition, cTnC’s apparent conforma-

tional change on calcium binding is much smaller and it binds

the regulatory domain of TnI with a lower affinity (13). Phys-

iological studies showed that substitution of cTnC for sTnC in

skeletal fibers resulted in lower cooperativity, calcium sensi-

tivity, and maximal force (14,15). Piroddi et al. (16) found

that exchange of cTn for sTn in myofibrils resulted in lower

cooperativity but higher calcium sensitivity and the same

maximal force level. They concluded that the mismatch in

Tn subunit isoforms was primarily responsible for depressing

calcium activation in the TnC substitution experiments;

however, the increase in calcium sensitivity in cTn skeletal

myofibrils was difficult to reconcile with the functional features

of cTnC. They proposed that the calcium sensitizing effect of

cTn resulted from the thin filament not being as inactive.

This concept was also proposed by Maytum et al. (17), who

showed that cTn thin filaments were less in the off state or inac-

tive than sTn thin filaments. Another difference in cTn myofi-

brils compared with sTn myofibrils is the apparent feedback of
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strong cross-bridges on calcium binding by TnC (18–20).

Strong cross-bridges enhance calcium binding by Tn more in

cardiac than in skeletal myofibrils. The molecular mechanisms

responsible for this are poorly understood (21) but may involve

the less-favored cTnC-cTnI regulatory interaction (13).

Recent studies on thin filament regulation propose a three-

state model for the reconstituted thin filament (22,23) that

includes the B (blocked or off) state, C (closed) state, and M

(on) state. The equilibrium between the states is shifted

from mostly the B to the C state by calcium and from the B

or C state to the M state by strong cross-bridges (24,25). Tn

and Tm are involved in the calcium sensitivity and cooperativ-

ity of the equilibrium between the states but the molecular

mechanisms are not well understood (25–27). This model

has been tested in the intact filament lattice of the isolated

myofibril using fluorescent S1 binding and the data strongly

support the model (28–30). In rigor or Mg-ADP, the strong

cross-bridges in the overlap region result in the thin filament

being in the M state independent of calcium (Fig. 1). The non-

overlap region of the thin filament can be in any of the three

states depending on the calcium and fluorescent S1 concentra-

tion. The rate of labeled Tn exchange was recently used to

study thin filament regulation in isolated myofibrils (31).

The rate of exchange is limited by the dissociation rate of

FIGURE 1 Schematic of the different regions of the thin filament at pCa 9

and 4. Upper image is a phase-contrast image of a myofibril with a schematic

of the half sarcomere below. The thin filament of the half sarcomere is

divided into the overlap and nonoverlap regions. The nonoverlap region

under rigor condition at pCa 9 is mostly B state, whereas it is mostly C state

at pCa 4. The overlap region is M state for both pCa 9 and 4 because of the

presence of strong cross-bridges. The troponin subunit interactions with

actin-Tm in the different regions at pCa 9 and 4 are shown with the regula-

tory domain of TnI having a hatched line.
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the thin filament bound Tn and thus is a measure of Tn dis-

sociation rate. The hypothesis for these experiments is that

strong Tn interactions with the thin filament result in a slow

exchange rate, whereas weaker interactions result in a faster

exchange rate. The faster exchange rate results from the

regulatory domain of TnI switching from actin-Tm to the

regulatory domain of TnC (Fig. 1). The exchange rate was

dependent on calcium concentration and strong cross-bridges.

It was the slowest in the nonoverlap region at low calcium but

~200-fold faster in this same region with high calcium. The

overlap region exchange rate was 100-fold faster than the non-

overlap region at low calcium because there were strong

cross-bridges in this region. The influence of calcium on the

nonoverlap region exchange rate was further studied using

TnC mutants or graded calcium levels. The data suggest

that the calcium-induced, large increase in Tn exchange rate

was mediated by switching of the regulatory domain of TnI

from actin-Tm to the regulatory domain of TnC, supporting

the hypothesis. These myofibril studies also demonstrated

a long-range influence of the strong cross-bridge in the nono-

verlap region of the thin filament proximal to the overlap

region. This was explained by cooperative effects of the

strong cross-bridge on the thin filament, likely mediated by

Tm. Other structural studies (32) and several biochemical

studies have suggested a similar mechanism (25,33,34).

In the experiments described below, myofibrillar ATPase

assays and the kinetics of labeled Tn exchange in myofibrils

were used to characterize the differences between sTn and

cTn interaction with the thin filament. The primary goal was

to determine if the influence of calcium on the B-state-to-C-

state equilibrium is different between sTn and cTn. Cardiac

Tn was exhaustively exchanged into skeletal myofibrils and

these myofibrils were compared with sTn-exchanged myofi-

brils. These studies address the differences in Tn isoforms

per se and not differences between cardiac and skeletal thin

filaments. The experiments showed that although cTn could

fully activate myofibrillar ATPase activity, the calcium sensi-

tivity, cooperativity, and Tn exchange rate were quite

different. These data can be partially explained by differences

in the B-state-to-C-state equilibrium between cTn and sTn.

METHODS

Protein isolation

Rabbit white muscle was used as the source for skeletal myofibrils and sTn.

Bovine cardiac muscle was used as the source for cTn. Skeletal Tn, sTnT,

and cTn were isolated as described in Potter (35), with minor modifications.

Myofibrils were isolated from rabbit psoas as described in Swartz et al. (28).

Cardiac Tn and sTn were labeled with Alexa 488 maleimide (Invitrogen,

Carlsbad, CA) as described in Swartz et al. (31), with the label being mostly

in TnI for sTn and TnT for cTn.

Solutions

Buffers for Tn exchange experiments were made to specified free calcium

levels (pCa 9 to 4) and contained 20 mM PIPES (pH 7.0), 4 mM EGTA,
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4 mM (free) Mg2þ, 1 mM NaN3, 1 mM DTT, 1 mg/mL BSA (unless noted

otherwise), total calcium to get the specified free calcium, and 200 mM ionic

strength via KCl. Buffers for ATPase assays contained 1 mM MgATP with

total Mg2þ, calcium, and KCl adjusted to give the same free Mg2þ and

calcium levels and ionic strength as for the exchange experiments. The

program of Fabiato (36) was used to formulate the buffers.

Exchange of cTn for sTn

Myofibrils in pCa 4 buffer were incubated at 25�C three times for 2 h each

using 0.25 mg/mL Tn and 0.5 mg/mL myofibrils. The myofibrils were

collected by centrifugation at 1000 � g for 10 min, and the supernatant

removed and replaced with an equal volume of pCa 4 buffer containing

0.25 mg/mL Tn. After the third exchange, the myofibrils were collected

by centrifugation, washed twice with 0.33 volumes (relative to the initial

volume) of pCa 9 buffer, and resuspended in a minimal volume of pCa 9

buffer, and the myofibril protein concentration was measured. Myofibrils

were stored on wet ice and used within 4 days. For pCa 9 and 4 ATPase

assays, exchange was done with labeled cTn (designated A488 cTn), unla-

beled cTn (designated cTn myofibrils for Figs. 4–8), and a control of unla-

beled sTn (designated sTn myofibrils for Figs. 4–8). For pCa–ATPase

assays and labeled Tn exchange, cTn and sTn myofibrils were used but

the myofibrils and Tns were from different preparations. The same protocol

for Tn exchange was used for all experiments. These preparations gave

slightly different pCa 4 results (see Fig. 4 compared with Fig. 5). The extent

of cTn exchange for sTn was characterized by immunoblotting for sTnT.

Samples were prepared and loaded onto 12% SDS-PAGE gels as described

in Fritz et al. (37) using 4 mg of myofibril protein per lane and known sTnT

amounts (extinction coefficient ¼ 0.504 mL/mg at 280 nm). After protein

transfer, the membrane was blocked with nonfat dry milk and then incubated

with a 1:4000 dilution of a monoclonal anti-sTnT antibody (clone JLT-12;

Sigma, St. Louis, MO), followed by a 1:10,000 dilution of goat antimouse

IgG-horse radish peroxidase (Jackson Immunolabs, West Grove, PA). Color

was developed by incubation with 0.5 mg/mL 3,30- diaminobenzidine,

0.5 mg/mL nickel chloride, and 0.015% H2O2 in 0.1 M Tris (pH 7.6). After

color development, the membrane was washed, air dried, and scanned on

a flatbed scanner in 8-bit grayscale. The digital image was inverted and the

bands were analyzed by segmentation analysis as described in Swartz (38).

Assays

Labeled protein concentration was determined using the BCA assay with

unlabeled proteins as standards and extinction coefficients (at 280 nm) of

0.45 mL/mg for sTn and cTn. The molecular weight of the proteins used to

calculate concentrations were 70,000 and 75,000 g/mol for sTn and cTn,

respectively. Labeling ratios were 0.9–1.1 mol dye/mol protein for both

proteins. Myofibril protein concentration was determined by the Biuret assay

with BSA as the standard. ATPase assays were done at room temperature as

described in Swartz et al. (39) in a final volume of 100 mL at 0.1 mg/mL myofi-

bril protein using the buffers described above. The data were fitted to

a sigmoid logistic equation to obtain the pCa50 and nH with GraphPad Prism

software (GraphPad Software, La Jolla, CA).

Labeled Tn exchange reaction

The apparent rate of Tn dissociation was measured using the labeled Tn

exchange as described in Swartz et al. (31) with modifications. Labeled cTn

was exchanged into cTn myofibrils, whereas labeled sTn was exchanged

into sTn myofibrils. The reaction was stopped by centrifugation at 13,000� g

for 15 s followed by washing one time with pCa 9 buffer at 0.1 mg/mL BSA,

then mounting and fixing. Slides were stored at �20�C until imaging.

Imaging and image analysis

Myofibrils were imaged using methods modified from Swartz et al. (31).

Microscopy was done using a Leica DMC6000B microscope (Leica Micro-
systems, Wetzlar, Germany) equipped with a 100� oil-immersion phase-

contrast lens. Image collection was via a CoolSnap HQ camera (Roper

Scientific, Tucson, AZ) attached to the bottom port of the microscope. A

computer equipped with IPLab v. 3.9 Mac software (Bio-Vision Technolo-

gies, Exton, PA) controlled the microscope filters, shutters, light path, and

camera. Myofibrils were selected by scanning across the field and finding

myofibrils that: 1), had the desired sarcomere length; 2), were a single myofi-

bril; and 3), had three or more contiguous sarcomeres in the same plane of

focus. A script was used to collect the phase-contrast image. If the myofibril

was in good focus, the operator activated the script to collect the Alexa 488

(Tn) image and saved the images to disk. Camera exposure was with auto-

exposure to 2000 maximum intensity units (below camera saturation). The

ratio of the intensity in the nonoverlap region to that of the overlap region

was measured by centering the region of interest (66 nm wide � 443 nm

tall with respect to the long axis of the sarcomere) for the overlap region

at 900 nm and the nonoverlap region at 300 nm from the Z-line. Initial

Z-line position was determined from the phase-contrast image. Because of

subtle frame shifts between the images, final Z-line position was determined

from the Tn image. These region-of-interest locations were based on

modeling of an intensity profile as the sum of Gaussian intensities (see the

Supporting Material) from the Tn sites along the thin filament for sarcomeres

at lengths of 2.75–2.85 mm.

Intensity ratio analysis and image presentation

The apparent Tn dissociation rates at pCa 4 were determined by nonlinear

regression to the equation nonoverlap/overlap intensity ¼ [(1 � exp

(�kno*t))/(1 � exp(�kol*t))] þ C where kno and kol are the apparent rates

(min�1) of Tn dissociation from the nonoverlap and overlap regions respec-

tively, t is time in minutes, and C is the offset. Modeling of the equation

shows that at near time zero, the intensity ratio is the ratio of the dissociation

rates, whereas the midpoint of the change in intensity ratio gives the magni-

tude of the rates. Theoretically, C should equal zero at infinite time. Practi-

cally, there was additional labeled Tn incorporated near the Z-line for both

cTn and sTn at pCa 4 such that it was not zero and this was observed previ-

ously (31). Fitting is most robust when the ratio of the rates is ~0.3–10. For

pCa 9, where ratio is small, the data were fitted to a single exponential after

baseline correction. Myofibrils included in the analysis had a sarcomere

length range of 2.7–2.9 mm. Myofibrils with the sarcomere length nearest

2.8 mm and nearest the mean intensity ratio for each incubation time and/or

pCa were used for presentation and processed as described in (31). The inten-

sity ratio as a function of pCa after 8 min of exchange was fitted to a sigmoid

logistic equation to estimate the pCa50 and nH for the change in ratio.

Intensity profiles and intensity profile modeling

Intensity profiles were obtained from the 8-bit images as described in Swartz

et al. (31). To extract more information from the intensity profile, modeling

of the profile as the sum of individual Gaussian profiles along the length of

the sarcomere was done. This approach is similar to that done by Littlefield

and Fowler (40). See the Supporting Material for details.

RESULTS

Extent and location of exchange and functionality
of labeled cTn

It is essential to have extensive (>90%) exchange of cTn for

sTn in the skeletal myofibrils and that the exchange be

uniform along the thin filament for the current studies.

Previous work (31) showed that labeled sTn exchange was

fastest at pCa 4 and that the pattern of exchange became

uniform along the thin filament after 2–3 h. Thus, rigor myofi-

brils were subjected to three rounds of exchange at pCa 4.
Biophysical Journal 97(1) 183–194
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Fig. 2 shows the extent of exchange of cTn for sTn as deter-

mined by quantitative immunoblotting for the loss of sTnT.

After the first round of exchange, ~17% of the sTnT remained

and after three rounds, only 3.2% (52.3%, n ¼ 3 immuno-

blots) remained. The exchange was mostly uniform along

the contractile thin filament as shown in Fig. 3, A and B.

The intensity profile within the half sarcomere was more

asymmetric than expected with the peak more proximal to

the Z-line. This same feature was observed in a previous study

after extensive exchange (31). In addition, the intensity profile

did not reach as low a value in the middle of the A-band as

would be expected. This could result from labeled Tn binding

to the thick filaments in the nonoverlap region of the A-band.

The myofibrils were washed after exchange so it is not likely

that this binding was weak. Fig. 4 shows that labeling the cTn

did not influence the ATPase activity at pCa 9 or 4 compared

with unlabeled cTn. However, cTn resulted in significantly

higher pCa 9 and 4 ATPase activities (p < 0.05) than sTn

myofibrils. The magnitude of the differences in means was

greater at pCa 9 (0.021 vs. 0.011 nmol Pi/min/mg) than at

FIGURE 2 Extent of cTn exchange for sTn in skeletal myofibrils. The

amount of exchange of cTn for sTn was determined by immunoblotting/

densitometric analysis of myofibrils for sTnT. Samples and sTnT standards

were subjected to SDS-PAGE and immunoblotting as described in Methods.

The upper image shows an immunoblot with the lanes from left to right

being control, cTn exchanged one time, cTn exchanged three times, and

sTnT standards. The lower graph shows the standard curve with unex-

changed myofibrils noted as a solid circle, three times of cTn exchange as

an open circle, and sTnT standards as solid diamonds. The exchange proce-

dure resulted in >95% loss of sTnT.
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pCa 4 (0.41 vs. 0.32 nmol Pi/min/mg). The pCa 9 and 4

ATPase activities are similar to those observed with rabbit

psoas myofibrils (39).

Influence of Tn isoform on calcium-sensitive
parameters

pCa–ATPase relationship

The calcium-dependent activation of ATPase activity in

myofibrils containing cTn were different from those contain-

ing sTn (Fig. 5). At pCa 9, the mean values showed similar

features as observed in Fig. 4 with cTn myofibrils having

higher activity (0.011 vs. 0.008 nmol Pi/min/mg, p < 0.05)

at pCa 9. The mean values at pCa 4 were not significantly

different and cTn myofibril ATPase activity was lower

than sTn myofibril ATPase activity (0.34 vs. 0.38 nmol

Pi/min/mg, p > 0.05). Different myofibril and Tn prepara-

tions were used for the experiments in Figs. 4 and 5 but

the same exchange protocol was used. The differences in

the pCa 9 and 4 ATPase activities could result from subtle

differences in the protein preparations. Analysis of ATPase

activity as a function of pCa showed that myofibrils containing

cTn had a 0.24 pCa unit higher pCa50 but a lower Hill

FIGURE 3 Distribution of labeled cTn within a sarcomere. Alexa 488 cTn

was exhaustively exchanged into skeletal myofibrils using three exchanges

at pCa 4 as in Fig. 2. Myofibrils were imaged and a representative example is

shown in A. The upper panel is the phase contrast image and the lower is the

fluorescence image. The inset represents the region used to determine the

column average intensity in B.
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coefficient (1.46 for cTn compared with 3.36 for sTn). The

differences in the calcium-sensitive parameters are similar

to those observed in single myofibril force studies (16).

They differ from those of Clemmens et al. (41) who observed

no difference in the pCa50 of actin filament sliding speed

when comparing sTn/sTm and cTn/sTm, and a decreased

single filament force for cTn/sTm compared with sTn/sTm.

The differences in assay conditions and measurements could

explain some of the differences between the results.

Tn exchange pattern and rate at pCa 9 and 4

To define the influence of Tn isoform on Tn dissociation rate,

the pattern of labeled Tn exchange was determined in rigor

myofibrils as a function of time. The pattern for sTn at

pCa 9 (Fig. 6 A upper left panel) was similar to that observed

previously (31) with most of the exchange occurring in the

overlap-region early on followed by a gradual increase in

the nonoverlap region. By 2048 min, the pattern of exchange

was mostly uniform along the full length of the contractile

thin filament. The pattern was similar for cTn compared

with sTn, with the exception that it was uniform after

~256 min (Fig. 6 A, upper right panel). At pCa 4, the pattern

for sTn was similar to previous studies with exchange oc-

curring faster in the nonoverlap than the overlap region early

on and it became equal after ~256 min (Fig. 6 A, lower left
panel). The pattern for cTn was opposite that of sTn.

Exchange was slower in the nonoverlap region than in the

overlap region, and the extent of exchange became equal

after ~64 min (Fig. 6 A, lower right panel) for cTn. This

suggests that calcium had a smaller effect on cTn exchange

than sTn exchange in the nonoverlap region.

To estimate the Tn dissociation rate from the different

regions of the half sarcomere at pCa 9 and 4, the intensity

ratio as a function of time was analyzed as done previously

FIGURE 4 ATPase activity at high and low calcium (pCa 9 and 4) for

Alexa 488 cTn, cTn, and sTn myofibrils. Fluorescently labeled cTn, unla-

beled cTn, or sTn was exchanged into skeletal myofibrils and ATPase

activity measured as described in Methods. Data represent the mean þ SD

(n ¼ 4).
(31). The curves are shown in Fig. 6 B and the estimates

for the Tn dissociation rates from the different regions are

in Table 1. Comparison of the Tn dissociation rates shows

that the nonoverlap region rate at pCa 9 was ~10-fold faster

(5.1 vs. 0.61 min�1), the nonoverlap region rate at pCa 4 was

~2-fold faster (150 vs. 88 min�1), and the overlap region rate

was ~4-fold faster (260 vs. 68 min�1) for cTn compared with

sTn. The normalized rates (to the nonoverlap region at pCa

9) show that the relative magnitude of the influence of

calcium (nonoverlap region at pCa 4) and rigor cross-bridges

(overlap region) was much less for cTn than sTn myofibrils

(Table 1). In addition, rigor cross-bridges had a greater effect

than calcium on the cTn dissociation rate that is opposite of

that observed for sTn.

Tn exchange pattern as a function of pCa

To further understand the influence of calcium on Tn isoform

exchange pattern, labeled Tn exchange was done for 8 min as

a function of pCa. As noted in Methods, sampling at early

time points gives the most information on differences in

the Tn dissociation rate between the regions. There was

a decrease in the relative signal from the nonoverlap region

as pCa increased for both sTn and cTn myofibrils (Fig. 7 A);

however, the decrease in relative intensity was much more

abrupt for sTn (Fig. 7 A, left panel) than for cTn (Fig. 7 A,

right panel) myofibrils. As observed in previous studies

(31), there was faster Tn exchange in the nonoverlap region

proximal to the overlap region for sTn at submaximal

calcium levels (pCa 5.8 and 6.0). The faster exchange in

the proximal region was not apparent for cTn because the

intensity was lower in the nonoverlap region even at satu-

rating calcium.

FIGURE 5 Cardiac Tn alters calcium sensitivity of ATPase activity in

skeletal myofibrils. The pCa–ATPase activity was measured in sTn and

cTn myofibrils as described in Methods, plotted and fitted with a sigmoid

logistic equation. The pCa50 values were 5.90 (50.02) and 6.14 (50.05),

whereas the nH values were 3.36 (50.44) and 1.46 (50.24) for sTn (solid

squares) and cTn (solid circles) containing myofibrils, respectively. Data

points represent mean 5 SD (n ¼ 7–8) and the fitted parameters are the

best fit value 5 SE of the fitted value.
Biophysical Journal 97(1) 183–194
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FIGURE 6 The time course of cTn exchange is different

than sTn at pCa 9 and 4. Images from labeled sTn exchange

into sTn myofibrils (left panel) and labeled cTn exchange

into cTn myofibrils (right panel) at pCa 9 (upper panel)

and 4 (lower panel) are shown in A. The intensity was

normalized within each image instead of between images

to best show the pattern of exchange. Samples were taken

at different times and processed as described in Methods.

The change in intensity ratio as a function of time is shown

in B. The ratio was analyzed as described in Methods to

estimate the Tn dissociation rate. Data points represent

the mean 5 SD (n ¼ 12–23) with cTn at pCa 9 and 4 as

open and solid circles respectively, and sTn at pCa 9 and

4 as open and solid squares respectively. Fitted values

are in Table 1.
To graphically show the differences in Tn exchange

pattern as a function of pCa, the intensity ratio was plotted

as a function of pCa (Fig. 7 B). The magnitude of the change

in ratio was greater for sTn than cTn myofibrils. However,

the change in the intensity ratio as a function of pCa for

cTn myofibrils was more sensitive (pCa50 of 5.83 and 5.56

for cTn and sTn, respectively), whereas the nH was lower

(1.78 and 2.02 for cTn and sTn respectively) than sTn myofi-

brils. These trends are similar to those observed for the pCa-

ATPase activity relationships but with smaller pCa50 and nH

values. This, in part, may be due to the positions used for

measurement of the intensity in the different regions, the

time point of the exchange, and that ATPase activity is

a measure of the fraction of M-state thin filament.

To show the influence of calcium on apparent Tn

exchange rate as a function of calcium and location along

the thin filament, single sarcomere intensity profiles were
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obtained from some of the images in Fig. 7 A and are shown

in Fig. 8. The profiles for sTn are dependent on calcium: the

peak is mostly centered in the overlap region at pCa 9, in the

nonoverlap region but proximal to the overlap region at pCa

5.8, and near the center of the nonoverlap region at pCa 4.

For cTn, the profiles are much different. The peak is near

the center of the overlap region independent of calcium but

the shoulder on the nonoverlap region is influenced by

calcium. The profile for sTn at pCa 5.8 suggests that the

Tn sites closest to the strong cross-bridge in the nonoverlap

region have a faster dissociation rate. For cTn at pCa 5.8, this

feature is not readily apparent in the profile.

Modeling of the intensity profile of a half sarcomere was

done to determine if there was nonuniformity in the Tn disso-

ciation rate as a function of distance from the strong-cross-

bridge as inferred from the observed profiles. Simple

modeling was done as described in the Supporting Material
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based on the assumption that the intensity profile is the sum

of Gaussian distributions from individual units (Tn exchange

sites) along the thin filament. The observed and modeled

profiles are shown in Fig. 9 for cTn at pCa 4.0 and 5.8 and

sTn at pCa 5.8. Two different models were used to develop

the profiles. One was a unitary model where all units within

the overlap region had the same magnitude, whereas those

in the nonoverlap had a different magnitude but all units

within the region had the same magnitude. The other used

the same magnitude for all units in the overlap region but

graded the magnitude of the units in the nonoverlap region

as a function of distance from the overlap region. For both

TABLE 1 Apparent Tn dissociation rates and relative rates

Tn dissociation rate (10�3 min�1)*

Tn pCa 9 nonoverlapy pCa 4 nonoverlapz pCa 4 overlapz

sTn 0.61 (5 0.088) 88 (515) 68 (511)

cTn 5.1 (50.97) 150 (513) 260 (524)

Tn dissociation rate relative to pCa 9 nonoverlap region

sTn 1 144 111

cTn 1 30 50

*Mean þ/� standard error of fit.
ySingle exponential fit to baseline corrected intensity ratio.
zFrom fits shown in Fig. 6.
models and all conditions, the model profiles did not match

the observed profiles near the middle of the A-band. This

could be the result of the labeled Tn binding to the thick fila-

ment in the nonoverlap region. In the half I-band region,

the models did match the observed profiles, but the quality

of the match was pCa and model dependent. At pCa 4, the

unitary model profile matched the observed profile for cTn

(Fig. 9 A). At submaximal calcium, the graded model profiles

matched the observed profiles better than the unitary model

profiles for both cTn and sTn (Fig. 9, B and C). Although

this simple modeling needs much more development, it

strongly suggests that the exchange rate of sTn and cTn at

submaximal calcium in the nonoverlap region was depen-

dent on the distance from the rigor cross-bridge.

DISCUSSION

General observations

The extent of cTn exchange was nearly 100% and mostly

uniform along the length of the thin filament (Figs. 2 and

3). Comparison of the properties of cTn myofibrils with

sTn myofibrils shows four features: 1), cTn does not inhibit

the thin filament as much as sTn at pCa 9; 2), cTn can acti-

vate myofibrillar ATPase to a similar extent as sTn at pCa 4;

3), cTn is less influenced by calcium than sTn as determined
FIGURE 7 The pattern of cTn exchange is different than

sTn as a function of calcium. Labeled Tn exchange was

done as in Fig. 6 for 8 min and from pCa 9 to 4. Represen-

tative images for sTn (left panel) and cTn (right panel) are

shown in A. The amount of exchange in the nonoverlap

region relative to the overlap region was less for cTn

compared with sTn at pCa 4 and showed a more gradual

change with an increase in pCa. Also, an enhanced zone

of exchange in the nonoverlap region, but proximal to

the overlap region, was obvious with sTn at pCa 5.8–6.0,

but was not apparent with cTn. The intensity ratio–pCa

relationship for sTn (solid squares) and cTn (solid circles)

myofibrils over a range of pCa levels after 8 min of

exchange is shown in B. The smooth lines represent fits

using a sigmoid logistic equation giving a pCa50 of 5.56

(50.01) and 5.83 (50.02) and an nH of 2.02 (50.11)

and 1.78 (50.13) for sTn and cTn, respectively. Data

points represent the mean 5 SD (n ¼ 12–22) and the fitted

parameters are the best fit value 5 SE of the fitted value.

Biophysical Journal 97(1) 183–194
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from labeled Tn exchange; and 4), cTn has greater calcium

sensitivity but lower cooperativity than sTn. In general, these

findings are similar to other studies comparing sTn and

cTn using either physiological or biochemical methods

(16,17,42).

Differential inhibition of the thin filament by cTn
and sTn at pCa 9.0

Myofibrils containing cTn had a higher (1.4–1.9-fold) pCa 9

ATPase activity (Figs. 4 and 5) and a 10-fold faster Tn disso-

ciation rate in the nonoverlap region at pCa 9 (Fig. 6, Table 1)

than sTn myofibrils. This could result from a small fraction of

cTn dissociating from actin-Tm more than sTn during the

wash steps after exhaustive exchange, resulting in some

unregulated actin-Tm sites. Although this has not been

directly ruled out, the cTn exchange patterns suggest that

this is not the case. If there were a loss of cTn, one would

FIGURE 8 Single sarcomere intensity profiles from sTn and cTn myofi-

brils. Single sarcomere intensity profiles were obtained from the images

presented in Fig. 7 as described in Methods. The location of the intensity

peak within the half sarcomere varies with calcium for sTn (A) but not for

cTn (B) myofibrils. For sTn, the peak moves from the overlap region toward

the nonoverlap region with increasing calcium. For cTn, the peak is in the

overlap region independent of calcium and the shoulder of the peak in the

nonoverlap region changes with calcium concentration.

Biophysical Journal 97(1) 183–194
expect there to be a large difference in the intensity ratio at

pCa 9 at early time points when comparing sTn and cTn.

This was not observed (Fig. 6). The data for cTn at pCa 9

thus suggest that cTn is less in the off or inactive state than

sTn. In terms of the three-state model, this suggests that the

B- to C-state equilibrium is shifted more to the C state for

cTn than sTn at low calcium. This same feature has been

observed in biochemical studies (17,42), and inferred from

structural (43) and physiological studies (16).

The molecular mechanisms involved in the cTn thin fila-

ment being less inactive at low calcium could be via a weaker

TnI–actin-Tm interaction. Biochemical studies showed that

cTnI is less effective at inhibiting skeletal actomyosin

ATPase activity than sTnI (44,45). TnT could also contribute

through its interactions with actin-Tm or TnI and TnC (46).

There could also be differences in TnI interaction with actin-

Tm because the skeletal myofibril thin filaments also contain

nebulin. The issue of cTn not being fully inactivated at low

calcium has implications for the molecular mechanisms

involved in thin filament activation in general and implications

for cardiac physiology and pathophysiology. Simple modeling

of the scheme presented below suggests that small changes in

the TnI–actin-Tm interaction can impact calcium-sensitivity

without there being any changes in TnC properties.

Similar extent of activation by cTn and sTn at pCa
4 even though relative Tn dissociation rates are
much different

In terms of the observed pCa 4 ATPase activity, cTn can acti-

vate the thin filament to a similar level as sTn (Figs. 4 and 5).

This feature was also observed in single myofibril force

measurements (16) and with in vitro motility assays (41). In

terms of the early exchange pattern, calcium activation of

the thin filament gave a higher intensity ratio for sTn than

cTn (Figs. 6 and 7). Comparison of the relative (to their respec-

tive nonoverlap region pCa 9 exchange rate; Table 1) Tn

dissociation rates show that the nonoverlap region at pCa 4

was ~150-fold faster for sTn compared with 30-fold faster

for cTn. This suggests that calcium has a much smaller role

in changing cTn interaction with the thin filament. This is

congruent with the apparent weaker regulatory interactions

between cTnC and cTnI compared with sTnC–sTnI (13) and

with the small apparent influence of calcium on cTn binding

to actin-Tm (47,48). In terms of the three-state model, this

suggests that the extent of shifting the thin filament from the

B to the C state by calcium is less for cTn than for sTn. This

agrees with the observations of Maytum et al. (17) and Bouseff

et al. (42). In preliminary experiments (49), labeled Tn

exchange was done with sTnC-cTnIT myofibrils. An intensity

ratio higher than one at early time points at pCa 4 was observed

compared with less than one for cTnC-cTnIT. This suggests

that Tn interaction with actin-Tm can be further weakened

by a TnC isoform that has greater regulatory conformational

changes and a higher affinity for the regulatory domain of
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FIGURE 9 Half-sarcomere intensity profile models at

pCa 4 and 5.8. Intensity profiles were modeled as the

sum of Gaussian profiles for units along the thin filament

as described in Supporting Material. The unitary model

profile for cTn at pCa 4 matches the observed profile in

the nonoverlap region of the half sarcomere (A). The

graded model profile matches the observed profile better

than the unitary model for both cTn (B) and sTn (C) at

pCa 5.8.
TnI. Further studies are needed to characterize the influence of

TnC isoforms and/or engineered mutants on thin filament acti-

vation as measured by Tn exchange.

If calcium has less of an influence on cTn, then how does

cTn give the same extent of activation of ATPase activity at

pCa 4 as sTn? One explanation is that cTn is more dependent

on the transient strong cross-bridges to activate the thin fila-

ment than sTn as inferred from other experiments (50,51). In

support of this, the current study shows that the overlap

region cTn dissociation rate is faster than the nonoverlap

region at pCa 4. Another potential explanation is Tm isoform

differences. The current study used skeletal myofibrils and

thus a/b Tm, whereas small mammal cardiac muscle mostly

has the a-isoform (52). Direct comparison of Tn and Tm iso-

forms via biochemical experiments showed that thin-fila-

ment properties were mostly dependent on Tn isoform

instead of Tm isoform (42). Other studies using sTn/sTm

and cTn/sTm showed little influence of the Tn isoform on

in vitro motility but a large influence of the Tn isoform on

single filament force (41). Structural studies on actin-Tm in

the absence of Tn suggest that Tm is mostly in the C-state

position for sTm and mostly in the B-state position for

cTm (23). This difference in the Tm isoforms plus cTn being

less off could partially explain how cTn can fully activate

actin-sTm with higher calcium sensitivity even though

calcium has a lesser influence on cTn. Another possibility

is that there are calcium-dependent differences in TnT inter-

actions with actin-Tm. Studies by Dahiya et al. (48), Cassell

and Tobacman (53), and Fisher et al. (54) have led to the

suggestion that binding of calcium to cTn may decrease

TnI binding to actin-Tm but increase TnT binding to actin-

Tm. The current studies cannot determine if TnI or TnT

mediate the differences in Tn isoform exchange. Further

studies are needed to resolve these issues.

Greater calcium sensitivity but lower cooperativity
for cTn than sTn

Analysis of the pCa–ATPase profiles and pCa/intensity ratio

profiles show that the pCa50 is ~0.24–0.27 units more sensi-
tive for cTn than sTn. The direction of the sensitivity differ-

ence is the same as that observed by Piroddi et al. (16) but

of smaller magnitude. As they pointed out one would not

predict higher calcium sensitivity for cTn considering the

weaker, calcium induced regulatory interactions between

TnC and TnI that is inferred in this study and observed in

biochemical studies. In cTn myofibrils, the proportion of

inactive or B-state thin filament can be less if the regulatory

domain of TnI is not bound to actin-Tm and this may occur

without the regulatory domain of TnI binding to TnC. Thus,

part of the greater calcium sensitivity could be due to the

lower fraction of inactive or B-state actin-Tm sites in the

nonoverlap region at pCa 9 for cTn.

The lower cooperativity in the pCa–ATPase data for cTn

(1.46 for cTn vs. 3.36 for sTn) is likely mediated by the single

calcium-binding site in cTnC compared with sTnC, and this

has been shown in several physiological studies (14–16). It

could also partially be explained by the system not being as

inactive at pCa 9. In general, increases in pCa 9 force or

ATPase activity are associated with decreases in cooperativ-

ity whether this is mediated by strong cross-bridges (55,56) or

changes in apparent TnI–actin-Tm interactions (57). Cooper-

ativity was also observed in the Tn exchange pattern when the

intensity ratio as a function of calcium is analyzed (Fig. 7 B)

and inferred from the modeling of the intensity profiles

(Fig. 9). There is an enhanced Tn dissociation rate in the non-

overlap region proximal to the overlap region at submaximal

calcium for sTn but this is not as obvious for cTn (Fig. 8). This

feature is likely via a long-range effect mediated by Tm, from

the strong cross-bridge to Tn (31) and a component of the

cooperative mechanism of calcium activation. However, it

is difficult to estimate values for the distance of the effect

from the images. Toward achieving this goal, the half sarco-

mere intensity profile was modeled as the result of the sum of

Gaussian distributions of light emitted from the Tn sites along

the thin filament (Fig. 9). A model that did not incorporate

a long-range influence of the strong cross-bridge fit the

observed profile at pCa 4 well (Fig. 9 A), but it did not fit

the observed profiles at submaximal calcium (Fig. 9, B and

C, unitary model). These profiles, for both cTn and sTn,
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were fit better by a model that incorporated a long-range influ-

ence of the strong cross-bridge on Tn that graded with

distance from the strong cross-bridge (Fig. 9, B and C, graded
model). These observations strongly suggest that there is

a long-range (up to 200 nm) influence of the strong cross-

bridge on both cTn and sTn as observed in biochemical

studies (25,33,34). Much more development of this approach

is needed but it will potentially allow for more refined esti-

mates on the influence of the strong cross-bridge on Tn that

is likely mediated by Tm.

An alternative Tn dissociation scheme and its
relation to thin filament activation

The primary method used in this study to probe Tn inter-

action with the thin filament was estimation of the rate of

Tn dissociation and how this was influenced by calcium

and strong cross-bridges. The rate of complete Tn dissoci-

ation is likely controlled by TnT dissociation and the disso-

ciation of the C-terminal regulatory domain of TnI that is

dictated by the equilibrium of the switching of TnI between

actin-Tm and TnC as shown in Scheme 1 (31). The switch-

ing of TnI is very rapid (58) and several orders of magni-

tude faster than TnT dissociation. Kinetic simulations,

however, suggest Tn dissociation can be modulated by

the switching equilibrium of TnI (A. Sen and D.R. Swartz,

manuscript in preparation). The dissociation of TnI from

actin-Tm is coupled to its binding to the regulatory domain

of TnC as shown in Scheme 1, but this is not a prerequisite

for C-state actin-Tm. The observations from the current

study suggest that an additional step is needed where TnI

first dissociates from actin-Tm and then binds to TnC as

shown in Scheme 2. This general scheme is conceptually

similar to those presented by Robinson et al. (51) and May-

tum et al. (17) but incorporates a step for TnI dissociation

from actin-Tm. The first step (K1) is calcium independent,

but Tn isoform dependent and likely strong cross-bridge

dependent. The second step (K2) is calcium and Tn iso-

form dependent and may be strong cross-bridge dependent.

Tn dissociation from the nonoverlap region at pCa 9 likely

follows path K1 to K30, whereas dissociation at pCa 4

follows path K1 to K3. Comparison of cTn and sTn disso-

ciation rates and ATPase activity at pCa 9 suggest that K1

is larger for cTn than sTn. Comparison of the relative (pCa

4 to pCa 9) Tn dissociation rates in the nonoverlap region

suggest that K1*K2 is larger for sTn than cTn. Thus, K2 is

smaller for cTn than sTn and this is supported by biochem-

ical data on the calcium dependent interactions between

cTnC and cTnI (13) and in reconstituted thin filaments

(51). With Scheme 2, modulation of K1 and keeping K2

constant results in a change in the calcium sensitivity of

the fraction of C state. In the physiological context, K1 has

a finite maximum to allow for inhibition of the system. As

it approaches one, the calcium sensitivity becomes K2 (i.e.,

the pCa50 of the thin filament approaches that of Tn alone).
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Scheme 2 is supported by this study, biochemical studies

with reconstituted thin filaments, and studies on a cTnI

mutant associated with hypertrophic cardiomyopathy.

Studies on sTn by Rosenfeld and Taylor (59) and cTn by

Davis et al. (60) show that calcium binding by Tn differs

when Tn is bound to actin-Tm compared with when it is

not bound to actin-Tm. The Kd for calcium binding is ~7-

fold higher when Tn is bound to actin-Tm compared with

when it is not bound to actin-Tm. When rigor S1 and Tn

are bound to actin-Tm, the Kd is similar to that of Tn not

bound to actin-Tm. Similar observations were made by Rob-

inson et al. (51) on the calcium sensitivity of the distance

between cTnI and cTnC. These observations could be

partially explained by Scheme 2 where Tn alone has no

K1 step, but with actin-Tm-Tn K1 is added and has a small

value. However, with rigor S1, K1 becomes larger. For the

current work, the proximal rigor cross-bridges increase K1

in a graded fashion giving the enhanced Tn dissociation

rate near the overlap region (Figs. 8 and 9). Kobayashi and

Solaro (57) showed that the cTnI R145G mutation is associ-

ated with an increased basal ATPase activity and calcium

sensitivity in reconstituted thin filaments. Mechanical studies

with cardiac myofibrils containing this mutation had higher

passive tension at low calcium, and this enhanced passive

tension was dramatically reduced in the presence of butane-

dione monoxime suggesting that the thin filament was not

completely inhibited (61). These results could be explained

by K1 being larger for the mutant than the wild-type, result-

ing in a greater fraction of C state at low calcium and an

increase in calcium sensitivity. There are inter Tn subunit

interactions that enhance TnC calcium binding through TnI

and TnT (46,62,63) and additional interactions of TnI with

actin-Tm that alter calcium sensitivity (57,64) that are not

considered in the simple scheme. However, the simple

scheme aids in explaining some features of Tn function in

thin filament regulation.

In summary, Tn exchange kinetics and ATPase assays

were used to investigate the differences between cTn and

sTn interactions with skeletal actin-Tm within myofibrils.

The data show that cTn is not as inactivated as sTn at low

calcium and calcium has a much lesser effect on cTn than
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sTn. Although the Tn exchange data show a lesser calcium

effect on cTn, it can activate ATPase to the same extent as

sTn. Long-range effects between the rigor cross-bridge and

Tn are apparent from intensity profile modeling for both

sTn and cTn at submaximal calcium. This is likely mediated

by a change in the equilibrium between TnI and actin-Tm via

a change in the conformation of the actin-Tm binding site of

TnI. Further studies using different subunits and mutations

of the subunits are needed to fully resolve the differences

in the molecular interactions of these Tn isoforms with

actin-Tm.

SUPPORTING MATERIAL

One figure is available at http://www.biophysj.org/biophysj/supplemental/
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