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Abstract 

Activation of striated muscle contraction occurs in response to Ca
2+

 binding to troponin C (TnC). The 

resulting reorganization of troponin repositions tropomyosin on actin and permits activation of myosin 

catalyzed ATP hydrolysis. It now appears that the levels of activity at both low and saturating Ca
2+

 are 

modulated by the C-terminal 14 amino acids of cardiac troponin T (TnT). We made a series of mutants of 

human cardiac troponin T, isoform 2, with deletions from the C-terminal end: 4, 6, 8, 10 and 14. We 

measured the effect of these mutations on the normalized ATPase activity at saturating Ca
2+

, the change in 

acrylodan tropomyosin fluorescence at low Ca
2+

, and the degree of Ca
2+

 stimulation of the rate of binding of 

rigor myosin S1 to pyrene-labeled actin-tropomyosin-troponin. Together, these measurements define the 

distribution of actin-tropomyosin-troponin among the 3 regulatory states. Results from rates of rigor S1 binding 

deviated from other measurements when > 8 residues of TnT were deleted. That deviation was due to increased 

rates of binding of rigor S1 to pyrene-labeled actin with truncated TnT at saturating Ca
2+

. Such behavior 

violated a key assumption in the determination of the B state by this method. Nevertheless, all methods show 

that as residues were removed from the C-terminus of TnT there was approximately a proportional loss of the 

inactive B state at low Ca
2+

 and an increase in the active M state at saturating Ca
2+

. Most of the C-terminal 14 

residues of human cardiac troponin T are essential for forming the inactive B state at low Ca
2+

 and for limiting 

the formation of the active M state at saturating Ca
2+

. 
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Introduction 

 Regulation of cardiac and skeletal muscle occurs through the actin binding proteins troponin and 

tropomyosin. At low free Ca
2+

 concentrations, these proteins reduce the ability of actin to stimulate the rate of 

ATP hydrolysis by myosin or the active fragments: subfragment 1 (S1) and heavy meromyosin. That inhibition 

appears to occur because of a decrease in the kcat for ATP hydrolysis with relatively little effect on the 

concentration of actin-tropomyosin-troponin required for half maximum activation (1). The inhibition was not 

associated with a large weakening of binding of S1-ATP to actin in solution (1-3) or in rabbit psoas fibers (4) 

(5) although the cooperative binding of S1-ADP and rigor S1 to actin-tropomyosin-troponin are weakened at 

low free S1 concentrations (6). Inhibition of ATPase activity is thought to result from the presence of 

tropomyosin in a state that retards binding of myosin S1 to actin (7-10). That steric blocking of binding is likely 

restricted to “activating” forms of myosin such as rigor S1 or S1-ADP as S1-ATP and analogues of S1-ATP 

bind differently (11-12).  

Tropomyosin is held in the inhibitory position through the concerted actions of troponin I (TnI), TnT 

and TnC. An increase in Ca
2+

 to permit saturation of TnC opens a hydrophobic cleft (13) to which the switch 

region of TnI can bind. The inhibitory region of TnI detaches from actin allowing tropomyosin to explore two 

other configurations. The C state (for Calcium or Closed) is the major state occupied at saturating Ca
2+

 and in 

the virtual absence of bound S1-ADP or rigor S1. That state, like the B state, appears to be inactive (14). In the 

C state, tropomyosin is partially in the actin helical groove and partially covers the high affinity myosin binding 

site (10). Evidence for this intermediate state came from several sources including multiple step transitions 

associated with the binding of myosin to actin (15-18) or dissociation of myosin from actin (19-21). Although 

actin in this state does not activate myosin ATPase activity, the affinity for activating types of myosin (S1-ADP 

and rigor S1) is increased somewhat (6) as is the rate of binding of these same species (15-16).  

The other state that is populated at saturating Ca
2+

 is the M state. In this state tropomyosin is pushed 

more deeply into the helical groove of actin (10) because of the high affinity binding of myosin. In the M state, 

actin is able to stimulate the ATPase activity of myosin (21-23). The three states of actin-tropomyosin-troponin 
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with the equilibrium constants KB = [C]eq/[B]eq and KT = [M]eq/[C]eq (16) are shown in Scheme I. Differences 

remain in the interpretation of these states in terms of total activity (16, 24-27) but there is agreement that the 

activity is proportional to the fraction of actin in the M state. 

 

Scheme 1 

 

Disease causing mutations and other changes within the troponin complex alter the switching among 

these states (28-31). The 14 mutation of TnT appears to change both equilibrium constants in scheme 1. That 

mutant is one of two aberrant splice products resulting from a change in the splice donor sequence of exon 15 

(32). Both the 14 and 28 + 7 troponin T mutations lead to an increase in activity (33-34).  

Actin filaments containing 14 TnT have an increased rate of binding to rigor S1 at low Ca
2+

 (21), loss 

of the change in acrylodan-labeled tropomyosin fluorescence associated with formation of the B state (19-21) 

and loss of the inhibition of S1 binding at low free S1 concentrations (28). Analysis of equilibrium binding was 

consistent with destabilization of the inactive state (lower values of L’) without a change in binding 

cooperativity (28). Incorporation of  TnT into both skeletal fibers and skinned trabeculae resulted in 

activation at lower Ca
2+

 concentrations (28). These observations led to the conclusion that formation of the 

inactive B state is dependent on the last 14 residues of TnT.  

The  TnT mutation also affected the behavior of actin filaments at saturating Ca
2+

. The changes 

observed included a doubling of the actin activated ATPase activity at saturating Ca
2+

 (21). Furthermore, 

troponin containing both  TnT and A8V TnC fully activated actin filaments with Ca
2+

 even in the absence 

of activating crossbridges. That is, the M state can be reached even in the absence of high affinity myosin 

binding. Indications of that possibility were shown earlier (35-36). In wild type actin filaments, the last 14 

residues of TnT appear to limit the degree of activation by Ca
2+

. Neither the purpose of this limitation nor the 

mechanism of this limitation are understood. 
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The present goal is to identify key regions within the C-terminal 14 residues of human cardiac TnT that 

are responsible for forming the B state and for limiting the M state. The results show that the entire C-terminal 

region, containing 6 basic amino acid residues, is required for both effects. The final 4 residues of TnT have a 

slightly disproportionately large effect on activity. We also show that S1 binds more rapidly to actin in the M 

state than in the C state. That observation affects calculations of the fraction of B state from rates of binding of 

S1 to actin-tropomyosin-troponin.  
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Materials and Methods 

Proteins. Isoform 2 of Human cardiac TnT in pSBETA and human cardiac TnI in pET17b were 

expressed and purified as described earlier (28). Human cardiac TnC in pET3d was expressed (37) and 

reconstituted with TnI and TnT (38). The troponin subunits were dialyzed against 1 M NaCl, 1 M urea, 5 mM 

MgCl2, 5 mM dithiothreitol, 20 mM MOPS pH 7. They were mixed in a 1:1:1.2 molar ratio and dialyzed three 

times, for 8h each, against the same buffer containing 6 M urea. The mixture was then dialyzed three times 

against the same buffer, without urea. The salt concentration was reduced by successive dialysis against the 

same urea-free buffer containing 0.3 M NaCl and 0.1 M NaCl. The mixture was clarified by centrifugation and 

applied to a Mono Q 15HR column (GE Healthcare, Pittsburgh, PA) equilibrated in the same buffer. The 

troponin complex was eluted with a NaCl gradient to 0.6 M. Animal use in this study was approved by the East 

Carolina University IACUC. 

Tropomyosin was prepared from bovine cardiac left ventricles (39). Tropomyosin was labeled at 

cysteine 190 with acrylodan using a 10:1 molar ratio of acrylodan to tropomyosin (20). The extent of labeling 

(normally 70%) was determined using an extinction coefficient of 14400 M
-1

 cm
-1

 at 372 nm (40). Actin was 

prepared from rabbit back muscle (41) and labeled with N-(1-pyrenyl) iodoacetamide (42). Myosin was also 

prepared from rabbit back muscle (43) and digested with chymotrypsin to produce the soluble S1 fragment 

containing the enzymatic activity (44).  

Tropomyosin and troponin concentrations were determined by the Lowry assay with a bovine serum 

albumin standard. Other protein concentrations were determined from absorbance at 280 nm with correction for 

light scattering at a non-absorbing wavelength. The extinction coefficients (
0.1%

) used for actin and S1 were 

1.15 and 0.75 respectively. Molecular weights were assumed to be 42,000 (actin), 120,000 (myosin S1), 68,000 

(tropomyosin), 24,000 (TnI), 35,923 (TnT) and 18,400 (TnC). 

Estimation of the M State by ATPase Rate Measurements. The initial time course of liberation of 

32
Pi from [-

32
P] ATP was measured with 3-4 time points to ensure linearity. Data were fitted to a straight line 

with Sigma Plot (Systat Software, Inc., San Jose, CA). Assays were run at 25 
o
C with 0.1 M S1, 10 M F-
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actin, and 2.2 M tropomyosin and troponin in a buffer containing 1 mM ATP, 3 mM MgCl2, 34 mM NaCl, 10 

mM MOPS, 1 mM dithiothreitol, 2 mM EGTA or 0.1 mM CaCl2, pH 7.0. Rates were normalized to the 

minimum, min, and maximum, max, values obtained under identical conditions. The normalized rates, (obs-

min)/(max-min), were proportional to the fraction of actin in the M state (21). ATPase rates were corrected for 

the rate of hydrolysis by S1 alone.  

Relative B State Determination with Acrylodan-Labeled Tropomyosin. The fluorescence of 

acrylodan labeled tropomyosin is sensitive to the state of tropomyosin on actin (19, 45). The amplitude of 

fluorescence is proportional to the fraction of actin regulatory units in the inactive B state. The assay is 

illustrated in Scheme II where actin species are shown in bold letters.  

 

Scheme II 

 

Actin filaments were stabilized in the M state by attached rigor S1 (S) under conditions of low Ca
2+

. 

Upon rapid binding to ATP (T), the S1 detached from M state actin with an apparent rate constant of k3 + k4 

allowing actin filaments to return to the inactive C and B states with apparent rate constants k5 + k6 and k7 + k8, 

respectively. At low Ca
2+

 the B state predominates and the amplitude of the signal is proportional to the 

occupancy of the B state (19).  

Actin with bound troponin, S1 and acrylodan labeled tropomyosin, were rapidly mixed with ATP at 10 

o
C in a SF20 sequential mixing stopped-flow spectrometer (Applied Photophysics, Leatherhead, U.K.). The 

excitation monochrometer was set at 391 nm with a slit width of 0.5 mm. Fluorescence was measured through a 

long-pass filter with a cut-on midpoint of 451 nm and low and high transition points of 435 and 460 nm, 

respectively. The increase of the B state was followed by an increase in acrylodan-tropomyosin fluorescence. 

At saturating ATP the rate of dissociation of S1 from actin was faster than the steps that followed. In 

most traces the detachment of S1 and the transition from the M state to the C state were too fast to be observed. 
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The transition from the C to B state has an observed rate <10% of that for the M to C state transition. As a 

result, the observed transition to the B state was mono-exponential with an apparent rate constant equal to k7 + 

k8. Values of k7 + k8 were obtained by fitting a mono-exponential function to the time courses. The values were 

identical to those obtained by fitting a set of ordinary differential equations describing Scheme II to the data 

(19). The ratio of rate constants k8/k7 equals the ratio of state C to state B at equilibrium, that is the equilibrium 

constant KB in Scheme I. Amplitudes were measured as the difference between the minimum and maximum 

fluorescence values of the mono-exponential fits.  

Estimation of B State from Kinetics of S1 binding to Pyrene-Labeled Actin. The ratio of apparent 

rates of binding of S1 to actin-tropomyosin-troponin at saturating Ca
2+

 to low Ca
2+

 has been used to estimate the 

equilibrium constant defining the equilibrium ratio of state C to state B (16):  

Equation 1. KB = 1/(kcalcium/kEGTA -1).  

That equation requires that KT << KB. The process is described by Scheme 3. The states of regulated 

actin given in bold letters. The presence of an asterisk denotes a high fluorescence state. As these measurements 

are normally made with rigor S1 or S1-ADP, it is assumed that the B state does not bind to regulated actin. The 

dashed arrows indicate that significant binding of the B state may only occur during steady-state ATP 

hydrolysis and not during this measurement. The values of the rate constants k5’and k6’ are only equal to k5 and 

k6 if the myosin S1 (S) bound equally well to actin in the C and M states. That assumption may be incorrect (see 

Fig. 5).  

Scheme III 

 

The rate of binding of S1 to pyrene labeled actin-tropomyosin-troponin was measured in the stopped 

flow with excitation at 365 nm with 0.5 or 1 mm slit widths and emission measured through long pass filter 

with a midpoint of 400 nm. Pyrene-labeled actin was stabilized with a 1:1 complex of phalloidin (Sigma-

Aldrich, St. Louis, MO). The phalloidin-stabilized pyrene-labeled actin−tropomyosin−troponin complex was 
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rapidly mixed with nucleotide-free myosin S1 in the stopped flow. Rates were measured at very low Ca
2+

 (2 

mM EGTA) or at 0.5 mM Ca
2+

. Student’s t tests were performed with SigmaPlot (Systat Software, San Jose, 

CA) or SPSS (IBM Corp., Armonk, NY).  

RESULTS 

Replacement of wild type human cardiac TnT with the 14 mutant reduced or eliminated the B state at 

low Ca
2+

 and enhanced the M state at saturating Ca
2+

 (21). Because these may represent unique regulatory 

functions of TnT, we sought to identify areas within the C-terminal region that are critical for these Ca
2+

 

dependent effects on the distribution of actin states. We did this by measuring changes in the M and B states 

with a series of deletion mutants of TnT. 

The effects of C-terminal TnT residues on the formation of the active M state at saturating Ca
2+

 were 

determined by ATPase activities. Fig.1 shows that cardiac wild type troponin-tropomyosin increased the actin 

stimulated rate of ATP hydrolysis by approximately 2-fold at saturating Ca
2+

. Full activation normally does not 

normally occur in the absence of binding of “activating” forms of myosin such as rigor S1, S1-ADP or NEM-

modified S1. Fig. 1 shows that substitution of 4, 6, 8, 10 and 14 TnT for the wild type, increased the 

ATPase activity in proportion to the deletion size. A straight line between wild type and the 14 troponin 

mutations shows the expected trend if all residues contributed equally to the inhibition of M state formation.  

Figure 1. ATPase rates of myosin S1 in the presence of 

actin and actin-tropomyosin containing troponin with 

different mutants of troponin T at saturating Ca
2+

. 

Measurements were made at 25
o 
C and pH 7.0 in solutions 

containing 1 mM ATP, 3 mM MgCl2, 34 mM NaCl, 10 mM 

MOPS, 1 mM dithiothreitol and 0.1 mM CaCl2. The 

concentrations of S1, actin, tropomyosin, and troponin were 
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0.1, 10, 2.2, and 2.2 µM, respectively. The average rate for wild type regulated actin over all experiments 

was 2.4 /sec (+/- 0.1). Corrected rate = average of all wild type experiments*(measured mutant rate / 

measured wild type rate). Error bars are standard deviation. 

Slightly greater changes occurred between wild type and and between 10 and 14. Actin filaments 

containing 14 TnT had had 1.8 times the rate of actin containing wild type troponin and 3.7 times the rate of 

unregulated actin (21).  

Because only the M state of actin filaments stimulates myosin ATPase activity (14), the previous results 

can be shown in terms of fraction of M state that is formed. That is done by comparing the ATPase rates with 

the minimum rates and maximum possible rates at identical 

conditions. The minimum rate that we have observed is 0.61x the 

rate observed with wild type troponin at very low Ca
2+

 (30). The 

maximum rate was formerly determined with NEM-labeled S1 

(28) or with actin filaments containing both A8V TnC and Δ14 

TnT. That construct had an ATPase rate 6.5 times that of 

unregulated actin (21). Table I shows the population of actin in 

the active M state for each troponin mutant. These values are 

likely to be dependent on the conditions such as the ionic strength 

and the concentration of ATP. 

We showed earlier that acrylodan-labeled tropomyosin 

reports changes in the state of actin-tropomyosin-troponin allowing one to monitor the transitions from states M 

to C to B at low Ca
2+

 (19). We used this assay to determine the effect of deleting residues from the C-terminal 

of TnT on the formation of the B state at low Ca
2+

. Fig. 2 shows the time course of acrylodan tropomyosin 

fluorescence when S1-actin-tropomyosin-troponin was rapidly mixed with ATP. Because there was no 

appreciable S1 bound to actin during these reactions, the distributions observed are for free regulated actin 

filaments. 

Table I. Fraction of actin in the 

M state for actin filaments at 

saturating Ca
2+

 and containing 

various mutants of TnT. 

TnT mutant FM
a 

wild type 0.34 

Δ4 0.45 

Δ6 0.46 

Δ8 0.50 

Δ10 0.50 

Δ14 0.62 
a
M state = (ATPase rate) / (6.5* 

Unregulated actin ATPase rate) 
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The decrease in fluorescence in transitioning from the M state to the C state (19) was too fast to observe 

in this study. Shown in Fig. 2 are the mono-exponential increases in fluorescence reflecting the slower transition 

from the C to the B state. Curve 1 is actin-tropomyosin with wild type troponin. The amplitude of the 

fluorescence increase (0.17 volts) is proportional to the amount of actin in the B state. Curve 3 shows a time 

course for the transition with actin regulated by troponin containing Δ14 TnT. The amplitude of the 

fluorescence increase in this case was near zero confirming the absence of the B state. Curve 2 is actin-

tropomyosin-troponin containing the Δ10 TnT troponin truncation mutant. The 10 mutant had an amplitude of 

0.7 volts, intermediate to that of actin-tropomyosin containing wild type and Δ14 TnT troponin. That reduced 

amplitude reflects a partial loss of the B state relative to wild type.  

The change in fluorescence amplitude (B state occupancy) with decreasing length of the C-terminal 

region of TnT is shown in Fig. 2B. Each truncation mutant had a statistically lower fluorescence amplitude than 

wild type regulated actin. The largest decreases in state B occupancy, occurred between WT and Δ4 and 

between Δ10 and Δ14. However, there is only a slight deviation from 

the linear curve between wild type and 14 TnT. Reducing the length 

of troponin T had no appreciable effect on the apparent rate of 

transition from the C state to the B state (k7 + k8).  

Figure 2. Formation of the inactive B state seen by 

acrylodan-tropomyosin fluorescence. A. Time courses of 

acrylodan fluorescence changes following the rapid detachment 

of myosin S1 in the absence of Ca
2+ 

at 10 
o
C. Traces shown are 

averages of at least three different measurements. B. Relative 

fluorescence amplitude for actin filaments containing wild type 

and truncated troponin T. The associated apparent rate 

constants were, 6.8, 6.9, 6.5, 7.4, 6.1 per sec for the wild type 

through 10 mutants, respectively. No rate constant could be 
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determined for 14. Conditions: 2 M actin, 0.86 M tropomyosin, 1.4 M troponin and 2 M S1 in 20 

mM MOPS, 152 mM KCl, 4 mM MgCl2, 1 mM dithiothreitol and 2 mM EGTA was rapidly mixed with 2 

mM ATP, 20 mM MOPS, 152 mM KCl, 8 mM MgCl2, 1 mM dithiothreitol and 2 mM EGTA.  

Another way to distinguish among the states is to take advantage of their different rates of binding to 

myosin S1 (15, 16). In the absence of ATP, myosin S1 binds to actin-tropomyosin-troponin at a higher rate at 

saturating Ca
2+

 than in virtually Ca
2+

 free solution. This difference in binding occurs with either excess S1 or 

excess actin at pseudo first order conditions. Unlike the acrylodan-tropomyosin assay, this reports the transition 

of actin filaments with either some (excess actin) or total (excess S1) saturation with S1. 

Fig. 3 shows time courses for binding of excess S1 to actin-tropomyosin-troponin at a very low Ca
2+

 

concentration. These curves are complex because increases in the amount of S1 bound during the reaction 

increase both the population of the M state and the rate of binding. The presence of the B state is seen by an 

initial lag and a reduction in the subsequent exponential phase of binding (16, 46). This lag is thought to 

represent an initial blocked state population of actin filaments that do not bind to myosin (16, 47) or that bind 

slowly (12, 16). Binding to actin filaments containing wild type TnT, curve 1, has a lag indicative of a high 

population of the B state. This lag is readily seen in the inset that shows the initial part of the curve along with 

the exponential fit. This initial lag was largely eliminated, when wild type TnT was replaced with the 14 

mutant (curve 2) showing that the last 14 residues of TnT are required to form the B state.  

A histogram showing the effects of shortening the C-terminal region of TnT on the lag duration is 

shown in Fig. 3B. The lag time was recorded at the inflection point of each trace. TnT lacking the terminal 4, 6 

or 14 residues had statistically lower lags than wild type regulated actin indicating decreases in the B state 

population. The extent of the lag decreased and the rate of S1 binding increased as the C-terminal region of TnT 

was shortened. Fig. 3C shows changes in the rate of the first and major phase of the double exponential fit to the 

data (the slow second phase did not vary among the mutants). Troponin mutants containing Δ4, Δ6, or Δ14 TnT 

each had a statistically higher rate than wild type regulated actin indicating a decrease in the B state of actin. 

Δ14 TnT produced the highest rate of pyrene fluorescence change corresponding to the lowest initial B state 
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population of the troponin mutants measured. Both approaches to examine the B state (Figs 2 and 3) showed a 

progressive loss of the B state as the C-terminal region was truncated.  

Figure 3. Binding of excess S1 to pyrene labeled actin 

filaments containing tropomyosin and troponin in the absence 

of ATP at very low Ca
2+

. A. Averages of ≥ 5 time courses of S1 

binding to actin filaments containing troponin with wild type 

troponin T, curve 1 or Δ14 troponin T, curve 2. Dashed lines 

are double exponential fits. B) Lag time preceding the 

exponential phase against troponin type. C) Apparent rate 

constants for the major rapid exponential phase of binding 

against troponin variant. Error bars shown are standard 

deviation. Conditions: At 25°C, 0.2 μM pyrene-actin (40% 

labeled), 0.086 μM tropomyosin and 0.086 μM troponin was 

rapidly mixed with 2 μM myosin S1 in a buffer containing 152 

mM KCl, 20 mM MOPS buffer pH 7, 4 mM MgCl2, 1 mM 

dithiothreitol and 2 mM EGTA.  

 

 

Measurements of the kinetics of S1 binding to pyrene-labeled actin are less complex when actin-

tropomyosin-troponin is in large excess over S1. At that condition there is little stabilization of the C and M 

states due to S1 binding. Fig. 4A shows examples of binding isotherms at a very low Ca
2+

 concentration. The 

rates of binding increased in going from actin filaments containing wild type troponin (curve 1) to those 

containing either 6 TnT (curve 2) or 14 TnT (curve 3). Deletions from the C-terminal region of TnT led to an 

increased rate of binding indicating a lower initial B state population. 
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Figure 4: Rate of binding of S1 to an excess of pyrene labeled 

actin filaments containing tropomyosin and troponin in the absence 

of ATP at a very low Ca
2+

 concentration. A. Averaged time courses 

of binding to actin-tropomyosin containing wild type troponin T 

(curve 1); Δ6 troponin T (curve 2); and Δ14 troponin T (curve 3). 

Dashed lines are single exponential fits. B. Observed rate of binding 

of S1 to actin-tropomyosin containing troponin with different 

mutants of troponin T. Error bars shown are standard deviation for 

at least 5 experiments. Conditions: same as Fig. 3 except 4 μM 

pyrene-actin (40% labeled), 0.86 μM tropomyosin and 1.7 μM 

troponin was rapidly mixed with 0.4 μM myosin S1.  

 

The profile of changes in rate with extent of truncation of TnT is shown in Fig. 4B. Each truncation 

mutant showed a statistically higher rate of fluorescence change than wild type troponin regulated actin. 

Deletion of the last 4 residues (GRWK) from TnT produced a large (70%) increase in the rate of binding. 

Additional increases were observed for subsequent deletions 6, 8 and 10. As in Figs. 2 and 3, the last 4 C-

terminal residues appear to be particularly important. 

The rate of binding of S1 to pyrene-labeled actin is thought to be at its maximum value at saturating 

Ca
2+

. That value is required for estimation of the B state by Equation 1. Isotherms for binding S1 to an excess of 

actin filaments, at saturating Ca
2+

, with wild type, 8 and 14 TnT are shown in Fig. 5A. Each curve is shown 

with a mono-exponential fit to the data. The rate of binding to wild type filaments was 7/sec. That value is 2.3x 

the wild type rate at low Ca
2+

 and is equal to the value observed for actin filaments containing 14 TnT at low 

Ca
2+

.  

The apparent rate of binding of S1 to actin filaments at saturating Ca
2+

 increased as the C-terminal 

region of TnT was shortened. Fig. 5B shows that rates of binding in Ca
2+

 increased in a near linear fashion as 
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residues were deleted from the C-terminal region of TnT. The maximum rate was with 14 TnT containing 

filaments where the apparent rate constant was about 1.4x the rate observed with wild type troponin. There was 

a significant increase in rate in going from wild type to 4 TnT with a positive deviation from the trend line.  

 

Figure 5. Binding of S1 to excess pyrene labeled actin 

filaments containing tropomyosin and troponin in the absence of 

ATP at saturating Ca
2+

. A. Averages of ≥5 time courses of binding 

to actin filaments containing troponin with wild type troponin T, 

curve 1; Δ8 troponin T, curve 2; and Δ14 troponin T, curve 3. 

Dashed lines are single exponential fits of the data. B. Observed 

rate of binding of S1 to actin-tropomyosin containing troponin 

with different mutants of troponin T. Error bars shown are 

standard deviation. Conditions: Same as Fig. 4 except 0.2 mM Ca
2+

 

was substituted for the EGTA.  

 

Discussion 

The C-terminal region of TnT is essential for forming the inactive B state of actin-tropomyosin-troponin 

(20, 28). Furthermore, that region limits the extent of activation by Ca
2+

 (28, 31). We show here that stepwise 

shortening of the C-terminal region of TnT caused progressive loss of the B state at low Ca
2+

 and gain of the M 

state at saturating Ca
2+

. The last 4 residues (GRWK) of TnT appear to have a slightly greater effect than the 

remaining residues. Overall, there is nearly a linear dependence of activity on chain length.  

Changes in the B state were measured by three methods. The amplitude of acrylodan tropomyosin 

fluorescence (Fig. 3) permits direct observation of B state levels relative to a wild type control (19, 21). The 

distribution of actin states obtained by that method represents the situation in the absence of bound activating 
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crossbridges. Determining the absolute fraction of B state, by acrylodan tropomyosin fluorescence is limited by 

the certainty to which the wild type distribution is known. However, changes in distribution are readily 

measured and that is the primary goal of this study.  

The other approaches for measuring the B state are based on changes in binding kinetics of rigor S1 or 

S1-ADP to pyrene labeled actin filaments (15-16). The absolute fraction of B state can be calculated from the 

ratio of rates of binding at saturating and low Ca
2+

 provided that the assumptions leading to Eq. 1 are valid: 1. 

the reduction in binding rates at low Ca
2+

 result from steric blocking of a fraction of potential binding sites on 

actin, 2. no appreciable B state exists at saturating Ca
2+

 and 3. S1 binding kinetics are the same for actin 

filaments in the C and M states (16). The 3
rd

 assumption was invalid in this study (Fig. 5). That is, the rate of S1 

binding to pyrene actin at saturating Ca
2+

 increased as the C-terminal region of TnT was shortened giving 

estimated apparent rate constants of 3, 6 and 13/sec for the B, C and M states, respectively. Eq. 1 is invalid 

under these conditions.  

The duration of the lag in binding of excess S1 to regulated filaments is a third measure of the fraction 

of actin filaments in the B state. The lag duration, together with acrylodan tropomyosin amplitudes and 

estimates from Eq. 1 are shown in Figure 6. For purposes of comparison, all data are shown as the fraction of 

the B state relative to that seen with wild type actin filaments. The acrylodan-tropomyosin measurements 

(circles) and lag durations (squares) follow a similar trend. Estimates from Eq. 1 (triangles) appeared to 

underestimate the fraction of B state for the mutants 10 through 14. The lag duration and acrylodan 

tropomyosin methods are independent of measurements in Ca
2+

 so the effects of changing distributions between 

the C and M state in Ca
2+

 are inconsequential. All methods showed a loss in the B state as the C-terminal region 

of TnT was shortened.  
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Figure 6. The fraction of actin filaments in the 

B state relative to wild type values at low Ca
2+

 for 

different troponin T deletion mutants. Values were 

calculated from acrylodan tropomyosin fluorescence 

amplitudes (circles), the duration of the lag in binding 

of excess S1 to actin (squares), and from Equation 1 

(triangles). The latter were calculated using a different 

rate of binding in Ca
2+

 for each deletion mutant. 

Although the amplitude of the B state decreased when the C-terminal region of TnT was truncated, there 

was no change in the apparent rate constant, k7 + k8, for transition from the C state to the B state. It is possible 

that the decrease in the ratio of [B]/[C] was due to both increases in k7 and decreases in k8. However, 

uncertainty remains because useful kinetic data could only be obtained over a limited range of [B]/[C] due to 

diminishing signals. 

Formation of the B state at low Ca
2+

 is thought to occur because the inhibitory region (residues 137-148) 

and mobile domain (residues 163-210) of TnI bind to actin when the regulatory Ca
2+

 site of TnC is empty. It 

appears from the present results that forming this state is dependent on the entire C-terminal region of TnT. 

How this functions is unclear. The C-terminal region of TnT is highly basic and natively unstructured and thus 

invisible to X-ray and NMR analyses. Deuterium/hydrogen exchange studies showed that in the isolated 

troponin complex the C-terminal region of TnT exhibits rapid exchange. Ca
2+

 decreases the exchange rate of 

TnT at the C-terminal region of the IT helix adjacent to the C-terminal 14 residues (48). Thus, there appears to 

be Ca
2+

 dependent changes near the C-terminal region of TnT. The region adjacent to the C-terminus of skeletal 

TnT binds to TnC (49) but interactions of the last 14 residues are unknown.  

The C-terminal region of TnT also retards formation of the M state at saturating Ca
2+

. The last 4 

residues may have a slightly greater impact on the M state than the remainder of the C-terminal 14 residues but 
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all residues appeared to participate in that function. At a low actin concentration, the S1 ATPase rate for actin 

filaments fully in the M state was 6.5 times the rate seen with S1 and pure actin (no tropomyosin or troponin) 

(21). The presence of troponin and tropomyosin significantly enhances actin activation at saturating Ca
2+  

(22, 

28, 35, 36, 50-52). That activation beyond actin alone is most often seen with the accumulation of high affinity 

myosin species (rigor S1 or S1-ADP) and has been attributed to S1 pinning tropomyosin deep into the actin 

groove. However, troponin itself appears to modulate the position of tropomyosin on actin at saturating Ca
2+

 as 

well as low Ca
2+

. We show here, and in an earlier work (21), that human cardiac troponin lacking the C-

terminal region of TnT gave close to 70% of full activation (i.e. 70% M state stabilization) with Ca
2+

 alone and 

the combination of A8V TnC and 14 TnT led to full activation with Ca
2+

. It may be that the large activation of 

ATPase activity as rigor S1 accumulates is observed only because the C-terminal region of TnT limits 

movement of tropomyosin into the activating position.  

The importance of basic amino acid residues in the C-terminal region of TnT is reinforced by other 

observations. Two mutations at R278 (53-55) and two at R286 (56) result in hypertrophic cardiomyopathy. The 

R278C mutation leads to somewhat increased ATPase activity at both low and saturating Ca
2+

 (53) and to an 

increase in Ca
2+

 sensitivity for force development (53-57). That is qualitatively similar to the pattern reported 

here. The R278C mutation of TnT is also able to partially rescue the effects of the R145G TnI mutation at 

saturating Ca
2+

 (58). The R278P mutation alters the dynamics of the unstructured C-terminal region of TnT 

(55).  

Just outside the 14 region is another disease causing mutation of a basic residue associated with 

hypertrophic and dilated cardiomyopathy. K273E TnT increased Ca
2+

 sensitivity in the in vitro motility assay 

(59-60) and eliminated the normal response to TnI phosphorylation (60), but did not significantly affect 

actomyosin ATPase activity (59). 

Another deletion mutant of the C-terminal of TnT causes hypertrophic cardiomyopathy and exhibits 

some similar traits to the 14 mutation. Deletion of the 28 C-terminal residues and addition of 7 residues 

(28+7 TnT) leads to less cooperative binding of S1 and an elevated ATPase activity at low Ca
2+

 (33). Both the 
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28 + 7 and the 14 mutants lowered cooperativity and increased the sensitivity of force to Ca
2+

 (34). 

Myocytes from transgenic mice having this mutation were also hyper-contractile (61). Yet, the position of 

tropomyosin at saturating and low Ca
2+

 appeared like wild type filaments (33). The affinity of troponin 

containing 28+7 TnT for actin-tropomyosin was decreased especially at low Ca
2+

 where the affinity was 22% 

of wild type. The authors of that study proposed that the deletion lowered the energy barrier among the states of 

actin so that transitions could occur more readily. In the case of 14 TnT the equilibrium constants appear to 

have changed but the rate constants between the B and C states were not greatly altered.  

An involvement of both TnT and TnI in forming the B state is reasonable as there is evidence of an 

evolutionary and functional relationship between these subunits (58, 62). Both the C-terminal domain of TnT 

and the inhibitory domain of TnI (residues 137-148) emerge from the IT helix that includes residues 226-271 of 

human cardiac TnT (63). The inhibitory domain of TnI is highly basic, like the C-terminal region of TnT, and at 

11 residues is only slightly smaller. The spatial and sequence similarity of the C-terminal region of TnT to the 

TnI inhibitory domain raises the possibility that the C-terminus of TnT may bind to actin and affect 

tropomyosin placement.  

The N-terminal hypervariable region of TnT also modulates contraction (64-65). Alternative splicing at 

the N-terminus leads to isoforms with varied charge; those with a greater negative charge have a higher relative 

force in skinned fibers at low Ca
2+

 and are activated at lower Ca
2+

 concentrations (66). A higher Ca
2+

 sensitivity 

was also associated with a negatively charged N-terminus of TnT in chicken skeletal muscle (67). Deletion of 

the N-terminal region of TnT leads to a decrease in ATPase activity to 70% of wild type at low Ca
2+

 and 83% of 

wild type at saturating Ca
2+

 and a higher affinity for tropomyosin (68). The effects of N-terminal loss are milder 

than C-terminal loss and loss of charge produces decreased activity rather than increased activity as seen with 

C-terminal TnT truncation. While these regions have opposite charges, they do not appear to have a shared 

function. 

The presence of an element within TnT that modulates the degree of actin activation at both low and 

saturating Ca
2+

 opens the possibility that interactions of the C-terminal region of TnT are regulated. It is 
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conceivable that post translational modification of the C-terminal region of TnT, or its binding target, alters the 

Ca
2+ 

response. Phosphorylation sites of troponin (69-70) and tropomyosin (71) are known. The C-terminal TnT 

residues S275 and T284 are targets for protein kinase C and the ROCKII pathway (72). The effects of 

phosphorylation of T284 have been studied but only in combination with phosphorylation at other sites (73-74).  

Conclusion: All of the C-terminal 14 residues of human cardiac TnT are required for forming the B 

state at low Ca
2+

 and for limiting the M state at saturating Ca
2+

 although the last 4 residues have a slightly 

greater impact than the rest. In the absence of the C-terminal residues, troponin appears to be able to stabilize 

tropomyosin in the active M state without much assistance from S1-ADP or rigor S1 binding to actin. This self-

limitation raises the possibility that interactions of this region are regulated. Furthermore, the C-terminal region 

of TnT may be part of a myosin activated regulatory switch (12).   
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