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Troponin T Alters Function at Low and
Saturating Ca®™*
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ABSTRACT Activation of striated muscle contraction occurs in response to Ca®" binding to troponin C. The resulting reorga-
nization of troponin repositions tropomyosin on actin and permits activation of myosin-catalyzed ATP hydrolysis. It now appears
that the C-terminal 14 amino acids of cardiac troponin T (TnT) control the level of activity at both low and high Ca®*. We made a
series of C-terminal truncation mutants of human cardiac troponin T, isoform 2, to determine if the same residues of TnT are
involved in the low and high Ca®" effects. We measured the effect of these mutations on the normalized ATPase activity at
saturating Ca®*. Changes in acrylodan tropomyosin fluorescence and the degree of Ca®* stimulation of the rate of binding of
rigor myosin subfragment 1 to pyrene-labeled actin-tropomyosin-troponin were measured at low Ca®". These measurements
define the distribution of actin-tropomyosin-troponin among the three regulatory states. Residues SKTR and GRWK of TnT
were required for the functioning of TnT at both low and high Ca®". Thus, the effects on forming the inactive B-state and in
retarding formation of the active M-state require the same regions of TnT. We also observed that the rate of binding of rigor
subfragment 1 to pyrene-labeled regulated actin at saturating Ca®>" was higher for the truncation mutants than for wild-type

TnT. This violated an assumption necessary for determining the B-state population by this kinetic method.

INTRODUCTION

Regulation of cardiac and skeletal muscle occurs through the
actin-binding proteins troponin and tropomyosin. At low free
Ca*" 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 meromy-
osin. That inhibition appears to occur because of a decrease
in the k., for ATP hydrolysis with a relatively small effect
on the concentration of actin-tropomyosin-troponin required
for half-maximal activation (1). The inhibition was not asso-
ciated 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-tropo-
myosin-troponin is 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—11). That steric blocking of binding
is likely restricted to “activating” forms of myosin such as
rigor S1 or S1-ADP, as S1-ATP and analogs of S1-ATP
bind differently (12,13).
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Three-dimensional reconstructions of electron micro-
graphs of regulated actin filaments show different positions
of tropomyosin on actin depending on the state of activation
(10,11). Differences in the states are seen depending on the
sample preparation (11), but there appear to be at least three
distinct states of tropomyosin. The B-state is inactive, and
tropomyosin covers the site for rigor binding of myosin to
actin. Tropomyosin is held in this inactive state through
the concerted actions of troponin I (Tnl), troponin T
(TnT), and troponin C (TnC).

Binding of Ca®" to TnC opens a hydrophobic cleft in TnC
(14) to which the switch region of Tnl can bind. The inhib-
itory region of Tnl detaches from actin, allowing tropomy-
osin to explore two other configurations. The C-state (for
calcium or closed) is the major state occupied at saturating
Ca”" and in the virtual absence of bound S1-ADP or rigor
S1. That state, like the B-state, appears to be inactive (15).
In the C-state, tropomyosin is bound to actin in an orienta-
tion where it partially covers the high-affinity myosin-bind-
ing site (10,11). Evidence for this intermediate state came
from several sources, including multiple step transitions
associated with the binding of myosin to actin (16—-19) or
the dissociation of myosin from actin (20-22). Although
actin in this state does not activate myosin ATPase activity,
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the affinity for activating types of myosin (SI-ADP and
rigor S1) is increased somewhat (6), as is the rate of binding
of these same species (16,17).

The other state that is populated at saturating Ca>" is the
open state or the M-state. In this state, tropomyosin is in a
position in which it allows virtually unconstrained binding
of rigor myosin (10,11). In the open or M-state, actin is
able to stimulate the ATPase activity of myosin (22-24).
The three states of actin-tropomyosin-troponin are related
by the following equilibrium constants: Kg = [Cleg/[Bleq
and Ky = [M]/[Cleq (17). Differences remain in the inter-
pretation of these states in terms of total activity (17,25-28),
but there is agreement that the activity is proportional to the
fraction of actin in the M-state.

Disease-causing mutations and other changes within the
troponin complex alter the switching among these states
(15,29-32). The 414 mutation of TnT appears to change
both equilibrium constants, Kg and K. That mutant is one
of two aberrant splice products resulting from a change in
the splice donor sequence of intron 15 (33). Both the 414
and 428 + 7 troponin T mutations lead to an increase in ac-
tivity (34,35).

Actin filaments containing 414 TnT have an increased
rate of binding to rigor S1 at low Ca*" (22), loss of the
change in acrylodan-labeled tropomyosin fluorescence asso-
ciated with the formation of the B-state (20-22), and loss of
the inhibition of S1 binding at low free S1 concentrations
(29). Analyses of equilibrium-binding studies were consis-
tent with the destabilization of the inactive state (lower
values of L’) without a change in binding cooperativity
(29). Incorporation of 414 TnT into both skeletal fibers
and skinned trabeculae resulted in activation at lower
Ca®" concentrations (29). These observations led to the
conclusion that formation of the inactive B-state is depen-
dent on the last 14 residues of TnT.

The 414 TnT mutation also affected the behavior of actin
filaments at saturating Ca>". The changes observed included
a doubling of the actin-activated ATPase activity at satu-
rating Ca>" (22). Furthermore, troponin containing both
414 TnT and A8V TnC fully activated actin filaments
with Ca?" even in the absence of activating cross-bridges.
That is, the M-state can be reached even in the absence of
high-affinity myosin binding. Indications of that possibility
were shown earlier (36,37). In wild-type actin filaments, the
last 14 residues of TnT appear to limit the degree of activa-
tion by Ca®". Neither the purpose of this limitation nor the
mechanism of this limitation is understood.

Our goal is to identify key regions within the C-terminal 14
residues of human cardiac TnT that are responsible for form-
ing the B-state and for limiting the M-state. The results show
that the entire C-terminal region, containing six basic amino
acid residues, is required for both effects. Residues SKTR
and GRWK have a larger effect on activity than do the
intermediary residues. We also show that S1 binds more
rapidly to actin in the M-state than in the C-state. This obser-
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vation affects calculations of the fraction of B-state from
rates of binding of S1 to actin-tropomyosin-troponin.

MATERIALS AND METHODS
Proteins

Isoform 2 of human cardiac TnT in pSBETa and human cardiac Tnl in
pET17b were expressed and purified as described earlier (29). Human car-
diac TnC in pET3d was expressed (38) and reconstituted with Tnl and TnT
(39). The troponin subunits were dialyzed against 1 M NaCl, 1 M urea,
5 mM MgCl,, 5 mM dithiothreitol, and 20 mM MOPS (pH 7). They
were mixed in a 1:1:1.2 molar ratio and dialyzed three times for 8 hr
each against the same buffer containing 6 M urea. The mixture was then
dialyzed three times against the same buffer without urea. The salt concen-
tration was reduced by successive dialyses 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 an NaCl gradient to 0.6 M.

Tropomyosin was prepared from bovine cardiac left ventricles (40).
Tropomyosin was labeled at cysteine 190 with acrylodan using a 10:1
molar ratio of acrylodan to tropomyosin (21). The extent of labeling
(normally 70%) was determined using an extinction coefficient of
14,400 M~! cm™' at 372 nm (41). Actin was prepared from rabbit back
muscle (42) and labeled with N-(1-pyrenyl) iodoacetamide (43). Myosin
was also prepared from rabbit back muscle (44) and digested with chymo-
trypsin to produce the soluble S1 fragment containing the enzymatic
activity (45). Animal use in this study was approved by the East Carolina
University Institutional Animal Care and Use Committee.

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 scat-
tering at a nonabsorbing wavelength. The extinction coefficients (¢*'%)
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 (tropomy-
osin), 24,000 (Tnl), 35,923 (TnT), and 18,400 (TnC).

Estimation of the M-state by ATPase rate
measurements

The initial time course of liberation of >?P; from [7—32P] ATP was measured
with three to four time points to ensure linearity. Data were fitted to a
straight line with Sigma Plot (Systat Software, San Jose, CA). Assays
were run at 25°C with 0.1 uM S1, 10 uM F-actin, and 2.2 uM tropomyosin
and troponin in a buffer containing 1 mM ATP, 3 mM MgCl,, 34 mM NaCl,
10 mM MOPS, 1 mM dithiothreitol, 2 mM EGTA, or 0.1 mM CaCl, (pH
7.0). Rates were normalized to the minimal, v,;,, and maximal, v,,,, values
obtained under identical conditions. The normalized rates, (Vops—Vmin)/
(Vmax—Vmin), Were proportional to the fraction of actin in the M-state
(22). 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 (20,46). The amplitude of fluorescence is propor-
tional to the fraction of actin regulatory units in the inactive B-state. The
reaction is shown in Fig. | A.

Actin filaments were stabilized in the M-state by attached rigor S1 (S)
under conditions of low Ca*". Upon rapid binding to ATP (T), S1 detached
from M-state actin with an apparent rate constant of k3 + kg4, allowing actin
filaments to return to the inactive C- and B-states with apparent rate constants
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ks + ke and k7 + kg, respectively. At low Ca*", the B-state predominates, and
the amplitude of the signal is proportional to the occupancy of the B-state (20).

Actin with bound troponin, S1, and acrylodan-labeled tropomyosin was
rapidly mixed with ATP at 10°C in a SF20 sequential mixing stopped-flow
spectrometer (Applied Photophysics, Leatherhead, UK). 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 in-
crease 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.
The transition from the C- to B-state has an observed rate of <10% of
that for the M- to C-state transition. As a result, the observed transition
to the B-state was monoexponential with an apparent rate constant equal
to k7 + kg. Values of k; + kg were obtained by fitting a monoexponential
function to the time courses. The values were identical to those obtained
by fitting a set of ordinary differential equations describing Fig. 1 A to
the data (20). The ratio of rate constants kg/k; equals the ratio of state C
to state B at equilibrium—that is, the equilibrium constant Kg. Amplitudes
were measured as the difference between the minimal and maximal fluores-
cence values of the monoexponential 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®" to low Ca®" has been used to estimate the equilibrium
constant defining the equilibrium ratio of state C to state B (17):

I<B = 1/(kcalcium/kEGTA - 1) (1)

This equation requires that Kt << Kg. The process is described in Fig. 1
B. 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 ar-
rows indicate that significant binding of the B-state may only occur during
steady-state ATP hydrolysis and not during the rigor condition used here.
The values of the rate constants ks-and k¢ are only equal to ks and kg if
the myosin S1 (S) bound equally well to actin in the C- and M-states.
That assumption may be incorrect (see Fig. 6).

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 a long-pass filter with a

A
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FIGURE 1 Reaction schemes describing measurements of the B-state

both by acrylodan-tropomyosin fluorescence (A) and by pyrene-actin fluo-
rescence (B). Actin filaments in the three states (M, C, and B) are shown in
bold. T is ATP, and S is myosin S1. The presence of an asterisk denotes a
high fluorescence state.
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midpoint of 400 nm. Pyrene-labeled actin was stabilized with a 1:1 complex
of phalloidin (Sigma-Aldrich, St. Louis, MO). The phalloidin-stabilized pyr-
ene-labeled actin-tropomyosin-troponin complex was rapidly mixed with
nucleotide-free myosin S1 in the stopped flow. Rates were measured at
very low Ca*" (2mM EGTA) or at 0.5 mM Ca*". Student’s r-tests were per-
formed with SigmaPlot (Systat Software) or SPSS (IBM, Armonk, NY).

RESULTS

Replacement of wild-type human cardiac TnT with the 414
mutant reduced or eliminated the B-state at low Ca*" and
enhanced the M-state at saturating Ca®" (22). We sought
to identify areas within the C-terminal region that are crit-
ical for these Ca®"-dependent effects on the distribution of
actin states. We were particularly interested in determining
if the same residues were required for both activities. Our
approach was to measure 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®" were determined by
ATPase activities. At the concentration of actin used, the
rates are proportional to the ratio of V,,,/K.p, where
Kapp 18 [actin] at 50% V.« (22). Fig. 2 shows that cardiac
wild-type troponin-tropomyosin increased the actin-stimu-
lated rate of ATP hydrolysis by ~2-fold at saturating
Ca”". Full activation does not normally occur in the absence
of binding of “activating” forms of myosin such as rigor S1,
S1-ADP, or N-ethylmaleimide-modified S1. Fig. 2 shows
that substitution of 44, 46, A48, 410, and 414 TnT for

Y%

N

LI e e e e
\

w

N

—_

Corrected ATPase Rate s™

po by b v b by by

0 / ; /] 4 ; (
0 4 6 8 10 14
Residues Deleted

FIGURE 2 For a Figure360 author presentation of Fig. 2, see the figure
legend at https://doi.org/10.1016/j.bpj.2018.06.028#mmc].

ATPase rates of myosin S1 in the presence of actin and actin-tropomyosin con-
taining troponin with different mutants of troponin T at saturating Ca>". Mea-
surements were made at 25°C and pH 7.0 in solutions containing 1 mM ATP,
3 mM MgCl,, 34 mM NaCl, 10 mM MOPS, 1 mM dithiothreitol, and 0.1 mM
CaCl,. The concentrations of S1, actin, tropomyosin, and troponin were 0.1,
10, 2.2, and 2.2 uM, respectively. The average rate for wild-type-regulated
actin over all experiments was 2.4/s (+0.1). Corrected rate = average of all
wild-type experiments* (measured mutant rate/measured wild-type rate).
Error bars are the SDs. The solid line shows the rate observed in the absence
of troponin and tropomyosin. The dashed line shows the expected behavior
if each residue contributed equally to the effect measured.

Figure360[>
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the wild-type increased ATPase activity in proportion to the
deletion size.

Slightly greater changes occurred between wild-type and
44 and between 410 and 414 (compare with dotted line), so
these data could also be described by a step function. Actin
filaments containing 414 TnT had 1.8 times the rate of actin
containing wild-type troponin and 3.7 times the rate of
unregulated actin (22). Although the 414 deletion had the
maximal value of Vp,,/K,, for this series, it is ~62% of
the highest possible value (22).

Because only the M-state of actin filaments stimulates
myosin ATPase activity (15), the previous results can be
shown in terms of the fraction of M-state that is formed.
This is done by comparing the ATPase rates with the mini-
mal rates and maximal possible rates at identical conditions.
The minimal rate that we have observed is 0.61x the rate
observed with wild-type troponin at very low Ca®" (31).
The maximal rate was formerly determined with N-ethyl-
maleimide-labeled S1 (29) or with actin filaments contain-
ing both A8V TnC and 414 TnT. That construct had
an ATPase rate 6.5 times that of unregulated actin (22).
Table 1 shows the population of actin in the active M-state
for each troponin mutant. These values are likely to be
dependent on conditions such as the ionic strength and the
concentration of ATP.

The second question is whether the regions of TnT
required for forming the B-state are the same as those
observed in Fig. 2 for destabilizing the M-state. This was
first examined with acrylodan-labeled tropomyosin, which
reports transitions from states M to C to B at low Ca*"
(20). Fig. 3 shows the time course of acrylodan tropomyosin
fluorescence when Sl-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.

The decrease in fluorescence in transitioning from the
M-state to the C-state (20) was too fast to observe in this
study. Shown in Fig. 3 are the monoexponential 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 in-
crease (0.17 V) 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 414 TnT. The

TABLE 1 Fraction of Actin in the M-State for Actin Filaments
at Saturating Ca®?* and Containing Various Mutants of TnT

TnT Mutant Fum"
Wild-type 0.34
44 0.45
46 0.46
48 0.50
410 0.50
414 0.62

“M-state = (ATPase rate)/(6.5 x unregulated actin ATPase rate).
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FIGURE 3 Formation of the inactive B-state seen by acrylodan-tropomy-
osin fluorescence. (A) Time courses of acrylodan fluorescence changes are
shown after the rapid detachment of myosin S1 in the absence of Ca>" at
10°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 is shown. The associated apparent rate con-
stants were 6.8, 6.9, 6.5, 7.4, and 6.1 per s for the wild-type through 410
mutants, respectively. No rate constant could be determined for 414. Con-
ditions are as follows: 2 uM actin, 0.86 uM tropomyosin, 1.4 uM troponin,
and 2 uM S1 in 20 mM MOPS, 152 mM KCl, 4 mM MgCl,, | mM dithio-
threitol, and 2 mM EGTA were rapidly mixed with 2 mM ATP, 20 mM
MOPS, 152 mM KCI, 8 mM MgCl,, | mM dithiothreitol, and 2 mM
EGTA. The dashed line shows the expected behavior if each residue
contributed equally to the effect measured.

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 410 TnT
troponin truncation mutant. The 410 mutant had an ampli-
tude of 0.7 V, intermediate to that of actin-tropomyosin
containing wild-type and 414 TnT troponin. This reduced
amplitude reflects a partial loss of the B-state relative to the
wild-type.

The change in fluorescence amplitude (B-state occu-
pancy) with decreasing length of the C-terminal region of
TnT is shown in Fig. 3 B. Each truncation mutant had a
statistically lower fluorescence amplitude than that of the
wild-type regulated actin. The largest decreases in state
B occupancy occurred between wild-type and 44 with
another substantial change between 410 and 414. This
pattern was similar to that seen for the B-state in Fig. 2.
The apparent rate constant for the transition from the C-state
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to the B-state (k; + kg) did not change from wild-type to
410. It was impossible to obtain a rate measurement for
the 414 case.

Another way to distinguish among the states is to take
advantage of their different rates of binding to myosin S1
(16,17). In the absence of ATP, myosin S1 binds to actin-
tropomyosin-troponin at a higher rate in saturating Ca*"
than in virtually Ca®" free solution. This difference in bind-
ing 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. 4 shows time courses for the binding of excess S1 to
actin-tropomyosin-troponin at a very low Ca®>" concentra-
tion. 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 pres-
ence of the B-state is seen by an initial lag and a reduction in
the subsequent exponential phase of binding (17,47). This
lag is thought to represent an initial blocked state population
of actin filaments that do not bind to myosin (17,48) or that
bind slowly (13.47). Binding to actin filaments containing
wild-type TnT, curve 1, has a lag indicative of a high popu-
lation of the B-state. This initial lag was largely eliminated
when wild-type TnT was replaced with the 414 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-ter-
minal region of TnT on the lag duration is shown in Fig. 4 B.
The duration of the lag was obtained by fitting a multiexpo-
nential function to the traces. The time between the start of
the reaction and the beginning of the rapid exponential
change was the lag time. TnT lacking the terminal 4, 6, or
14 residues had statistically lower lags than those of the
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. 4 C shows changes in the rate of the first
and major phase of the double exponential fit to the data af-
ter the lag phase (the slow second phase did not vary among
the mutants). Troponin mutants containing 44, 46, or 414
TnT each had a statistically higher rate of binding than that
of wild-type regulated actin, indicating a decrease in the
B-state of actin. 414 TnT produced the highest rate of pyr-
ene fluorescence change corresponding to the lowest initial
B-state 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. They also showed a large change between
wild-type and 44 TnT containing actin filaments.

Measurements of the kinetics of S1 binding to pyrene-
labeled actin are simpler 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. 5 A shows examples of binding isotherms at a very
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FIGURE 4 Binding of excess S1 to pyrene-labeled actin filaments con-
taining tropomyosin and troponin in the absence of ATP at very low
Ca’". (4) Averages of >5 time courses of S1 binding to actin filaments
containing troponin with wild-type troponin T, curve 1, or 414 troponin
T, curve 2 are shown. Exponential fits are superimposed on the curves.
Inset: expanded view of initial 0.2 s shown with the major rapid exponential
phase extrapolated back to illustrate the lag. (B) Lag time preceding the
exponential phase against troponin type is shown. (C) Apparent rate con-
stants for the major rapid exponential phase of binding against troponin
variant are shown. Error bars shown are the SDs. Conditions are as follows:
at 25°C, 0.2 uM pyrene-actin (40% labeled), 0.086 uM tropomyosin, and
0.086 uM troponin were rapidly mixed with 2 uM myosin S1 in a buffer
containing 152 mM KCl, 20 mM MOPS buffer (pH 7), 4 mM MgCl,,
1 mM dithiothreitol, and 2 mM EGTA.

low Ca*" concentration. The rates of binding increased in
going from actin filaments containing wild-type troponin
(curve 1) to those containing either 46 TnT (curve 2) or
414 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.

The profile of changes in rate with the extent of truncation
of TnT is shown in Fig. 5 B. Each truncation mutant showed
a statistically higher rate of fluorescence change than that of
wild-type troponin regulated actin. Deletion of the last four
residues (GRWK) from TnT produced a large (70%)
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FIGURE 5 Rate of binding of S1 to an excess of pyrene-labeled actin fil-
aments containing tropomyosin and troponin in the absence of ATP at a
very low Ca®>" concentration. (A) Averaged time courses of binding to
actin-tropomyosin containing wild-type troponin T (curve 1), 46 troponin
T (curve 2), and 414 troponin T (curve 3). Dashed lines are single exponen-
tial fits. (B) The observed rate of binding of S1 to actin-tropomyosin con-
taining troponin with different mutants of troponin T is shown. Error bars
shown are the SDs for at least five experiments. Conditions are as follows:
the same as those in Fig. 4, except that 4 uM pyrene-actin (40% labeled),
0.86 uM tropomyosin, and 1.7 uM troponin were rapidly mixed with
0.4 uM myosin S1. The dashed line shows the expected behavior if each
residue contributed equally to the effect measured.

increase in the rate of binding, as had been seen for other as-
says of the B-state in Figs. 2 and 3. Additional increases
were observed for subsequent deletions 46, 48, and 410.

The rate of binding of S1 to pyrene-labeled actin is
thought to be at its maximal value at saturating Ca>"
That value is required for estimation of the B-state by
Eq. 1. Isotherms for binding S1 to an excess of actin fila-
ments at saturating Ca®" with wild-type 48 and 414 TnT
are shown in Fig. 6 A. Each curve is shown with a monoex-
ponential fit to the data. The rate of binding to wild-type
filaments was 7/s. That value is 2.3 x the wild-type rate at
low Ca®" and is equal to the value observed for actin fila-
ments containing 414 TnT at low Ca**

The apparent rate of binding of S1 to actin filaments at
saturating Ca®" increased as the C-terminal region of TnT
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FIGURE 6 Binding of SI to excess pyrene-labeled actin filaments con-
taining tropomyosin and troponin in the absence of ATP at saturating
Ca®". (A) Averages of >5 time courses of binding to actin filaments con-
taining troponin with wild-type troponin T, curve 1; 48 troponin T, curve 2;
and 414 troponin T, curve 3. Dashed lines are single exponential fits of the
data. (B) The observed rate of binding of S1 to actin-tropomyosin contain-
ing troponin with different mutants of troponin T is shown. Error bars
shown are the SDs. Conditions are as follows: the same as those in
Fig. 5, except that 0.2 mM Ca>" was substituted for the EGTA. The dashed
line shows the expected behavior if each residue contributed equally to the
effect measured.

was shortened. Fig. 6 B shows that rates of binding in
Ca”" increased in a near linear fashion as residues were
deleted from the C-terminal region of TnT. The maximal
observed rate occurred with 414 TnT containing filaments
in which the apparent rate constant was ~1.4x the rate
measured with wild-type troponin. Again, there was a
particularly large increase in rate between wild-type and
44 TnT, as seen in all previous cases.

DISCUSSION

The C-terminal region of TnT is essential for forming the
inactive B-state of actin-tropomyosin-troponin (21,29).
Furthermore, that region limits the extent of activation by

*(29). Stepwise shortening of the C-terminal region
of TnT caused progressive loss of the B-state at low Ca*"
and gain of the M-state at saturating Ca>". The importance
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of TnT residues for forming both the B- and M-states fol-
lowed this order: GRWK,gg > SKTR,75 > GKAKVT,g4.
It is notable that the loss of B-state did not result in a
commensurate increase in the M-state as observed by
ATPase activities at low Ca>" (22). That is further evidence
for an intermediate inactive state in the regulatory
mechanism.

Although all studies showed a loss of the B-state as the
C-terminal region was shortened, calculations using Eq. 1
deviated from the other measurements. The results are
compared in Fig. 7. For the purposes of comparison, all
data are shown as the fraction of the B-state relative to
that seen with wild-type actin filaments. Estimates from
Eq. 1 (triangles) deviated from acrylodan-tropomyosin
measurements (circles) and lag durations (squares) for the
mutant’s 410 through 414.

Acrylodan tropomyosin fluorescence amplitudes (Fig. 3)
give levels of the B-state relative to the wild-type levels
(20,22) in the absence of bound activating myosin. The
duration of the lag in binding of excess S1 to regulated fil-
aments (Fig. 4) also gives a relative measure of the B-state.
Determination of the absolute level of B-state by these
methods requires a standard. At present, no independent
standard exists. Differences in distribution are readily
measured by these methods, and this is the primary goal
of this study.

Equation 1 is an attempt to measure the absolute levels of
the B-state from the rates of binding of S1 to actin compared
to rates at saturating Ca>* (17). The assumptions implicit in
this method are as follows: 1) the reduction in binding rates
at low Ca®" results from steric blocking of a fraction of
potential binding sites on actin, 2) no appreciable B-state
exists at saturating Ca”, and 3) S1 binding kinetics is the
same for actin filaments in the C- and M-states. The first
assumption is not universally accepted (13,47.49). The
second and third assumptions provide the necessary
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FIGURE 7 The fraction of actin filaments in the B-state relative to wild-
type values at low Ca®" for different troponin T deletion mutants. Values
were calculated from acrylodan tropomyosin fluorescence amplitudes (cir-
cles), the duration of the lag in binding of excess S1 to actin (squares), and
from Eq. | (triangles). The latter were calculated using a different rate of
binding in Ca*" for each deletion mutant. The dashed line shows the ex-
pected behavior if each residue contributed equally to the effect measured.
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benchmarks. The third assumption was tested here and
found to be invalid (Fig. 6). The rate of binding to the
M-state was ~13/s compared with 6/s for the C-state and
3/s for the B-state. We suggest that the deviation of Eq. 1
from the other measurements results from the limitations
of the assumptions on which it is based. That is, the rate
of binding at saturating Ca®" is not an appropriate standard,
at least in the case under investigation here.

Formation of the B-state at low Ca”" is thought to occur
because the inhibitory region (residues 137-148) and mo-
bile domain (residues 163-210) of Tnl bind to actin when
the regulatory Ca®" site of TnC is empty. It appears now
that forming the B-state also requires the 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 com-
plex, the C-terminal region of TnT exhibits rapid exchange.
Ca”" decreases the exchange rate of TnT at the C-terminal
region of the IT helix (the coiled coil formed between Tnl
and TnT) adjacent to the C-terminal 14 residues (50).
Thus, there appear to be Ca®"-dependent changes near the
C-terminal region of TnT. The region adjacent to the C-ter-
minus of skeletal TnT binds to TnC (51), but the interactions
of the last 14 residues are unknown.

The C-terminal region of TnT also retards the formation
of the M-state at saturating Ca”>". The last four residues
may have a slightly greater impact on the M-state than the
remainder of the C-terminal 14 residues, but all residues
appeared to participate in that function. At a low actin con-
centration, 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) (22). The presence of troponin
and tropomyosin significantly enhances actin activation at
saturating Ca** (23,29,36,37,52-54). That activation
beyond actin alone is most often seen with the accumulation
of high-affinity myosin species (rigor S1 or SI-ADP) and
has been attributed to S1 forcing tropomyosin to move
away from the high-affinity binding sites on actin for
myosin. However, troponin itself appears to modulate the
position of tropomyosin on actin at saturating Ca’" as
well as low Ca®". Human cardiac troponin lacking the
C-terminal region of TnT gave close to 70% of full activa-
tion (i.e., 70% M-state stabilization) with Ca®" alone, and
the combination of A8V TnC and 414 TnT led to full
activation with Ca>" (22). 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 the movement
of tropomyosin into the activating position.

The effects of the C-terminal 14 residues of TnT on the
B- and M-states did not appear to be due to a few key resi-
dues. Rather, both activities depended on a long patch of
basic residues. The importance of basic amino acid residues
in the C-terminal region of TnT is reinforced by other
observations. Two mutations at R278 (55-57) and two at



R286 (58) result in hypertrophic cardiomyopathy. The
R278C mutation leads to somewhat increased ATPase activ-
ity at both low and saturating Ca®" (55) and to an increase in
Ca*" sensitivity for force development (55,59). That is qual-
itatively similar to the pattern reported here. The R278C
mutation of TnT is also able to partially rescue the effects
of the R145G Tnl mutation at saturating Ca®™" (60). The
R278P mutation alters the dynamics of the unstructured
C-terminal region of TnT (57).

Just outside the 414 region is another disease-causing
mutation of a basic residue associated with hypertrophic
and dilated cardiomyopathy. K273E TnT increased Ca*"
sensitivity in the in vitro motility assay (61,62) and elimi-
nated the normal response to Tnl phosphorylation (62) but
did not significantly affect actomyosin ATPase activity (61).

Like the 414 mutation, deletion of the 28 C-terminal res-
idues and addition of seven residues (428 + 7 TnT) leads to
hypertrophic cardiomyopathy, a loss of cooperative binding
of S1, and an elevated ATPase activity at low Ca’™ (34).
Both the 428 + 7 and the 414 mutants lowered cooperativ-
ity and increased the sensitivity of force to Ca%* (35).
Myocytes from transgenic mice having this mutation were
also hypercontractile (63). Yet, the position of tropomyosin
at saturating and low Ca”" appeared like wild-type filaments
(34). The affinity of troponin containing 428 + 7 TnT for
actin-tropomyosin was decreased especially at low Ca®"
where the affinity was 22% of wild-type. The authors of
that study proposed that the TnT deletion lowered the en-
ergy barrier among the states of actin so that transitions
could occur more readily. In the case of 414 TnT, the equi-
librium constant between the B- and C-states changed, but
there was no change in the apparent rate constant, k; +
kg, for the 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 k; and decreases in kg. However,
uncertainty remains because useful kinetic data could only
be obtained over a limited range of [B]/[C] because of di-
minishing signals.

The involvement of both TnT and Tnl in forming the
B-state is reasonable, as there is evidence of an evolutionary
and functional relationship between these subunits (60,64).
Both the C-terminal domain of TnT and the inhibitory
domain of Tnl (residues 137-148) emerge from the IT helix
(the coiled coil formed between Tnl and TnT), which in-
cludes residues 226-271 of human cardiac TnT (65). The
inhibitory domain of Tnl 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 Tnl 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 modu-
lates contraction (66,67). Alternative splicing at the N-ter-
minus leads to isoforms with varied charge; those with a
greater negative charge have a higher relative force in

C-Terminal Truncation of Troponin T

skinned fibers at low Ca®" and are activated at lower
Ca”" concentrations (68). A higher Ca*" sensitivity was
also associated with the negatively charged N-terminus
of TnT in chicken skeletal muscle (69). Deletion of the
N-terminal region of TnT leads to a decrease in ATPase
activity to 70% of wild-type at low Ca’" and 83% of
wild-type at saturating Ca®" and a higher affinity for
tropomyosin (70). The effects of N-terminal loss are
milder than those of C-terminal loss, and the loss of charge
produces decreased activity rather than increased activity,
as seen with C-terminal TnT truncation. Although these
regions have opposite charges, they do not appear to
have a shared function.

The effects of C-terminal 14 residues of cardiac TnT are
likely the result of binding to other thin filament proteins.
The C-terminal region of TnT may bind to TnC (65), the
N-terminal of TnT (71), actin (72-74) or near cys 190 of
tropomyosin (75-78). The binding of TnT to tropomyosin
was localized to the TnT, region, which is the C-terminal
40% of the molecule). The last 17 residues of TnT
contribute to tropomyosin binding (76), although another
study placed the tropomyosin binding site near the N-termi-
nal part of the TnT, (79). Although these results are
intriguing, this story is incomplete.

The presence of an element within TnT that modulates
the degree of actin activation at both low and saturating
Ca”" opens the possibility that the interactions of the C-ter-
minal region of TnT are regulated. It is conceivable that
posttranslational modification of the C-terminal region of
TnT or its binding target alters the Ca*>" response. Phosphor-
ylation sites of troponin (80,81) and tropomyosin (82) are
known. The C-terminal TnT residues S275 and T284 are
targets for protein kinase C and the ROCKII pathway
(83). The effects of phosphorylation of T284 have been
studied, but only in combination with phosphorylation at
other sites (84,85).

CONCLUSIONS

Residues SKTR and GRWK of TnT are particularly impor-
tant for forming the B-state at low Ca>" and for limiting the
M-state at saturating Ca>*. In the absence of the C-terminal
TnT residues, troponin appears to be able to stabilize tropo-
myosin in the active M-state without much assistance from
S1-ADP or rigor S1 binding to actin. This self-limitation rai-
ses the possibility that the interactions of this region are
regulated. Furthermore, the C-terminal region of TnT may
be part of a myosin-activated regulatory switch (13).
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