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ABSTRACT: The interaction of troponin-C (TnC) with troponin-I (TnI) plays a central role in skeletal and
cardiac muscle contraction. We have recently shown that the binding of Ca2+ to cardiac TnC (cTnC)
does not induce an “opening” of the regulatory domain in order to interact with cTnI [Sia, S. K., et al.
(1997)J. Biol. Chem. 272, 18216-18221; Spyracopoulos et al. (1997)Biochemistry 36, 12138-12146],
which is in contrast to the regulatory N-domain of skeletal TnC (sTnC). This implies that the mode of
interaction between cTnC and cTnI may be different than that between sTnC and sTnI. In sTnI, a region
downstream from the inhibitory region (residues 115-131) has been shown to bind the exposed hydrophobic
pocket of Ca2+-saturated sNTnC [McKay, R. T., et al. (1997)J. Biol. Chem. 272, 28494-28500]. The
present study demonstrates that the corresponding region in cTnI (residues 147-163) binds to the regulatory
domain of cTnC only in the Ca2+-saturated state to form a 1:1 complex, with an affinity approximately
six times weaker than that between the skeletal counterparts. Thus, while Ca2+ does not cause opening,
it is required for muscle regulation. The solution structure of the cNTnC‚Ca2+‚cTnI147-163 complex has
been determined by multinuclear multidimensional NMR spectroscopy. The structure reveals an open
conformation for cNTnC, similar to that of Ca2+-saturated sNTnC. The bound peptide adopts aR-helical
conformation spanning residues 150-157. The C-terminus of the peptide is unstructured. The open
conformation for Ca2+-saturated cNTnC in the presence of cTnI (residues 147-163) accommodates
hydrophobic interactions between side chains of the peptide and side chains at the interface of A and B
helices of cNTnC. Thus the mechanistic differences between the regulation of cardiac and skeletal muscle
contraction can be understood in terms of different thermodynamics and kinetics equilibria between
essentially the same structure states.

Ca2+-dependent regulation of vertebrate skeletal and
cardiac muscle contraction and relaxation is mediated by the
troponin complex through interactions with tropomyosin and
the actin filament. A succession of protein structural changes
and altered protein-protein interactions are initiated by Ca2+

binding to the thin filament protein, troponin-C (TnC)1. The
resultant signal is transmitted to the other members of the
thin filament (troponin-I, troponin-T, tropomyosin, and actin),
which in turn modifies the interaction between the thick and
thin filaments, leading to muscle contraction [for reviews,
see refs1-4]. Two isoforms of TnC exist in striated muscle,

fast skeletal TnC (sTnC), and slow skeletal/cardiac TnC
(cTnC). Both isoforms of TnC resemble a dumbbell with
the N (regulatory) and C (structural) domains joined through
a central linker. Each domain is comprised of two EF-hand
helix-loop-helix motifs as potential Ca2+-binding sites, except
that site 1 in cTnC is inactive. While only site 2 in cTnC is
required for triggering contraction in cardiac muscle, both
sites 1 and 2 in sTnC are required for contraction in fast
skeletal muscle (5, 6).

Structural studies on sTnC (7-12) have demonstrated that
Ca2+ binding to the N-domain induces a conformational
transition from a “closed” to an “open” state. This transition
involves large changes in interhelical angles with significant
reorientation of helices B and C relative to the structural
unit composed of helices N, A, and D. As a result, a
hydrophobic patch on the surface of the molecule is exposed,
which has been proposed to be the binding site for skeletal
troponin-I (13). The analogous Ca2+-induced change in the
cardiac isoform was not known until we recently solved the
solution structure of intact cTnC in Ca2+-saturated state (14)
and the structures of cNTnC in both the apo- and Ca2+-
saturated states (15). Strikingly, cNTnC remains essentially
closed in the Ca2+-saturated state, different from the open
sNTnC‚2Ca2+. The significant reduction in the exposure of
hydrophobic surface in Ca2+-saturated cTnC compared to
Ca2+-saturated sTnC implies that the mode of interaction
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between cardiac TnC and TnI may be different than that
between skeletal TnC and TnI. In the simplest terms, for
example, this raises the question of whether cTnC interacts
with cTnI in a different manner than its skeletal counterparts,
or whether the binding of cTnI is basically identical but the
thermodynamics and the kinetics of the interaction are
altered. In turn, these differences are reflected in the different
physiological behavior of the two muscle types.

Structural information for TnI both in isolation and in
complex with TnC/TnT is minimal. The NMR solution
structure of sTnI inhibitory peptide while bound to sTnC
determined by Campbell and Sykes (16) and the recently
published crystal structure of the N-terminal sTnI fragment,
residues 1-43, in complex with sTnC (17) are the only high-
resolution structures available to date. Small-angle and
neutron-scattering studies have proposed structure models
for the sTnC‚sTnI complex (18) and for sTnI and sTnC in
situ within the ternary troponin complex (19). The interface
between sTnI and sTnC has been shown to be in an
antiparallel arrangement, involving multiple interaction sites
between the two proteins [reviewed by Farah and Reinach
(3); see also refs20-22].

Farah et al. (23) have suggested that residues 116-156
of sTnI are responsible for the expression of maximum
inhibition, in addition to the inhibitory region (residues 105-
115) (24). Van Eyk et al. (25) have reported that a TnI
fragment encompassing only residues 96-148 is also able
to elicit an inhibitory activity equivalent to that of intact TnI.
Studies have also delineated the residues in the 96-148
region of TnI, which may interact directly with the N-domain
of TnC. For example, Kobayashi et al. (26) have demon-
strated that cysteine residues at positions 12 and 57 in the
N-domain of sTnC can be cross-linked to sTnI regions 113-
121 and 132-141, respectively. A recent fluorescence study
by Pearlstone and Smillie (27) shows that within sTnI 96-
148, residues 96-116 are primarily responsible for binding
to the C-domain of TnC and residues 117-148 to the
regulatory N-domain. Tripet et al. (28) have identified sTnI
115-131 (sTnI115-131) as the region of TnI that directly
interacts with the N-domain of TnC. We have monitored
the titration of sTnI115-131 to sNTnC‚2Ca2+ using multi-
nuclear, multidimensional NMR spectroscopy and demon-
strated that it binds the hydrophobic pocket of sNTnC (29).

Little is known about regions of cTnI that are essential
for the Ca2+ switch. However, an antiparallel arrangement
between cTnC and cTnI has been proposed (20), an inhibitory
region (residues 128-148 in human cTnI) has been identified
(24), and cTnI 148-188 has been shown to be essential for
the Ca2+-dependent regulation of muscle activation (30). In
this study, we focus on exploring the interaction between
residues in the C-domain of cTnI and the N-domain of cTnC.
On the basis of the sequence homology between sTnI and
cTnI, residues 147-163 of cTnI, corresponding to residues
115-131 of sTnI, are the likely binding target for the
regulatory domain of cTnC. In the present report, we
examined the interaction between a synthetic cTnI fragment,
cTnI147-163, and cNTnC using multinuclear, multidimensional
NMR spectroscopy. The data demonstrate that cTnI147-163

binds to the N-domain of cTnC in the Ca2+-saturated state
with 1:1 stoichiometry. We have determined the three-
dimensional solution structure of the complex of cNTnC‚
Ca2+ and cTnI147-163. The most important finding is that

cTnI147-163 interacts with the hydrophobic core of cNTnC‚
Ca2+ and stabilizes the open conformation of cNTnC. The
structure of the TnC-TnI complex has important implications
for understanding the differences in regulation of cardiac and
skeletal muscle contraction.

EXPERIMENTAL PROCEDURES

Construction of TnC Mutants, Protein Isolation, Peptide
Synthesis, and NMR Sample Preparation.The engineering
of the expression vector of cNTnC (1-89) mutant was as
described in Chandra et al. (31). The expression of15N- and
15N/13C-labeled protein inEscherichia coliwas as described
previously for sNTnC (32, 33). Purification of the proteins
followed the previously published procedure for cleaved TnC
(34). Decalcification of15N-cNTnC and its NMR titration
sample preparation was as described for15N-sNTnC (33).
The synthetic peptide cTnI147-163, acetyl-RISADAMM-
QALLGARAK-amide, was prepared as described for
sTnI115-131 (28) and lyophilized twice to remove residual
organic solvents. The sequence was confirmed by amino acid
analysis, and the mass was verified by electrospray mass
spectrometry. cTnI147-163peptides with specifically deuterated
methyl groups were synthesized using corresponding deu-
terated amino acids from Cambridge Isotope Laboratories:
N-t-BOC-L-leucine-d10 (D, 98%),N-t-BOC-L-alanine-3,3,3-
d3 (D, 98%), andL-methionine-methyl-d3 (D, 98%). L-
Methionine-methyl-d3 (D, 98%) was N-terminally protected
in-house. All NMR samples were 500µL in volume. The
buffer conditions were 100 mM KCl, 10 mM imidazole in
90% H2O/10% D2O, 15 mM dithiothreitol (DTT), and the
pH was 6.8. For titration with peptide, 1.3 mL of15N-cNTnC
was prepared and the concentration was determined to be
1.7 mM by amino acid analysis. The sample was divided
into two equal portions: one sample contained 4 mM CaCl2

(15N-cNTnC‚Ca2+) and the other sample contained 5 mM
EDTA (15N-cNTnC‚apo). For structure determination, NMR
samples contained 1.5-3.0 mM protein, 6-8 mM Ca2+, and
5.25-10.5 mM peptide.

cTnI147-163 Titration of 15N-cNTnC Monitored by 2D
{1H,15N}-HSQC NMR Spectra. cTnI147-163 is highly soluble
in aqueous solution but tends to form a gel at high
concentrations (>50 mM), likely due to aggregation. Thus,
no stock peptide solution was prepared; instead, solid peptide
was added at every titration point. The concentrations of15N-
cNTnC and peptide were determined by amino acid analysis
for every titration point, giving the [cTnI147-163]total/[cNTnC]total

ratios. Both 1D1H and 2D{1H,15N}-HSQC NMR spectra
were acquired at every titration point. Changes in pH
associated with cTnI147-163 additions were compensated by
adjusting to pH 6.8 at every titration point. Two peptide
titrations were performed, one using15N-cNTnC‚apo and the
other with 15N-cNTnC‚Ca2+. The final [cTnI147-163]total/
[cNTnC]total ratio was 3.5 in both cases.

NMR Spectroscopy. All of the NMR spectra were obtained
using Unity INOVA 500 MHz or Unity 600 MHz spectrom-
eters equipped with triple-resonance probes andz-axis
actively shielded field gradients. All NMR spectra were
acquired at 30°C. Spectral processing and analyses were
accomplished with the programs NMRPipe (35) and PIPP
(36), respectively. 2D{1H,15N}-HSQC spectra were acquired
using the sensitivity-enhanced gradient pulse scheme devel-
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oped by Lewis E. Kay and co-workers (37, 38). For cNTnC
in the complex, sequential assignment of the backbone
resonances was achieved using 3D15N-separated NOESY
HSQC (150 ms) (38) and CBCA(CO)NNH experiments (39,
40) in H2O. Side-chain resonance assignments were ac-
complished with the HCCH-TOCSY experiment in H2O (41,
42). For cTnI147-163 bound to13C,15N-labeled cNTnC‚Ca2+,
side-chain assignments for the peptide were accomplished
using 2D13C/15N F1, F2-filtered NOESY and 2D13C/15N F1-
filtered DIPSI experiments in H2O, which are modified
versions of sequences proposed by Ogura et al. (43).

Structure Determination for cNTnC‚Ca2+‚cTnI147-163 Com-
plex. Intramolecular distance restraints for cNTnC were
obtained from 15N-separated 3D NOESY HSQC NMR
spectra (75 ms) (38) and simultaneous15N/13C-separated 3D
NOESY HSQC NMR spectra (75 ms) (44) in H2O. Distance
restraints for the 75 ms 3D NOESY HSQC experiments were
calibrated as previously described (45), with the error on
the peak intensities set to 40% and the lower bound on all
proton-proton restraints set to 1.7 Å. Six distance restraints
to the Ca2+ ion in site 2 were applied as previously described
(15). The φ angle dihedral restraints were obtained from
3JHNHR coupling constants derived from 3D HNHA NMR
spectra acquired in H2O (46). For the HNHA experiment, a
correction factor of 1.055 was used, peak intensities were
assumed to have errors of 25%, and the minimum restraint
range was set to(20°. ThedNR /dRN ratio was used to obtain
loose dihedral restraints for theψ angle of-30° ( 110° or
110° ( 110°, as reported previously (32). All valine and
leucine methyl groups for cNTnC were stereospecifically
assigned using 2D{1H,13C}-HSQC NMR spectra of a 30%
13C-labeled sample (47). For bound cTnI147-163, dihedral
restraints of-60° ( 25° and -30°( 25° for φ and ψ,
respectively, were obtained from the chemical shift indices
(CSI) of the peptide1HR protons for residues which showed
R-helical CSI values. Intermolecular distance restraints for
cNTnC methyl protons and cTnI147-163 methyl protons were
derived from 3D13C F1-edited, F3-filtered NOESY HSQC
NMR spectra at mixing times of 75 ms, using a modified
version of a pulse sequence reported by Ogura et al. (43).
Additionally, 3D 13C F1-filtered, F3-edited NOESY HSQC
NMR spectra at mixing times of 75 ms employing linear
frequency ramped broadband inversion pulses for13C were
also acquired for detection of intermolecular NOEs in H2O
(48). Distance restraints from the intermolecular NOEs were
set to 2 and 6 Å for the lower and upper limits, respectively.

Using an initial set of intramolecular NOE restraints for
cNTnC‚Ca2+, 100 structures of cNTnC‚Ca2+ without
cTnI147-163 were calculated starting from an extended con-
formation with the method of simulated annealing using the
program XPLOR (49) with 50 ps of heating and 30 ps of
cooling. Approximately 50% of the initial structures con-
verged. Structure refinement was carried out with 30 con-
verged structures with 50 ps of heating and 30 ps of cooling.
φ, ψ dihedral angle restraints and seven distance restraints
to Ca2+ in site 2 were added at later stages of the refinement
processes. One hundred structures for cNTnC‚Ca2+‚cTnI147-163

were calculated starting from extended conformations for
cNTnC and cTnI147-163 with the simulated annealing protocol
in XPLOR (49) using 65 ps of heating and 35 ps of cooling.
Simulated annealing was carried out using the distance and
dihedral restraints for cNTnC given in Table 1, seven

distance to restraints to Ca2+ in site 2, 35 intermolecular
distance restraints between protein and peptide methyls, 1
intermolecular distance restraint between the protein aromatic
side chain of residue Phe-27 and peptide side chain methyls
of residue Leu-157, and sevenφ and eightψ dihedral angle
restraints, respectively, for cTnI147-163. The final structures
in the ensemble consisted of the 40 structures of lowest total
energy from the initial family of 100 structures.

RESULTS

cTnI147-163 Titration of [15N]-cNTnC‚Ca2+. Previously, we
titrated Ca2+ into cNTnC and demonstrated that the addition
of Ca2+ to cNTnC caused dramatic changes in the 2D
{1H,15N}-HSQC NMR spectra (50). In this study, we show
that additional chemical shift changes are induced by
cTnI147-163 binding to Ca2+-saturated cNTnC. Figure 1A
depicts the Ca2+-induced shifts of backbone amide reso-
nances in cNTnC. In comparison, Figure 1B depicts the
cTnI147-163-induced backbone amide resonance changes in
cNTnC‚Ca2+. The 2D {1H,15N}-HSQC NMR spectra are
completely assigned for cNTnC‚apo, cNTnC‚Ca2+, and the
cNTnC‚Ca2+‚cTnI147-163 complex, with the exception of the
first two N-terminal residues and two prolines (Pro-52 and
Pro-54). Most of the resonances fall into the fast exchange
limit on the NMR time scale, except a few residues, which
undergo large chemical shift changes: for example, Val-28,
Glu-32, Ser-37, Gly-70, and Val-72 in Figure 1A and Val-
28, Ser-37, Thr-38, and Val-64 in Figure 1B (33). The linear
movement of cross-peaks in both titrations indicates single
binding of Ca2+ to cNTnC and single binding of cTnI147-163

to cNTnC‚Ca2+. Multiple binding of Ca2+ or peptide to
cNTnC would lead to cross-peaks shifting in a nonlinear
fashion in the 2D{1H,15N}-HSQC NMR spectrum, as
observed in the case of TFP binding to cTnC (51). It is
important to note that addition of cTnI147-163 has negligible
effect on the 2D{1H,15N}-HSQC NMR spectrum of cNTnC
in the absence of Ca2+ (data not shown), indicating that Ca2+

is essential for cNTnC to interact with cTnI147-163.

Table 1: Characteristics of the Solution Structure of cNTnC in the
cNTnC‚Ca2+‚cTnI147-163 Complex

distance restraints
total 1119
intraresidue 533
sequential (|i - j| ) 1) 246
medium (2e |i - j| e 4) 212
long (|i - j| g 5) 128

dihedral restraints 48φ, 49ψ
restraints violation
distance> 0.2 Å 23 (0.58/structure)
dihedral> 2° 0

rmsd (Å)a

well-defined regionsb

Backbone atoms 0.67( 0.11
heavy atoms 1.14( 0.10

helixc 0.29
site 1 (res 29-40) 0.48( 0.12
site 2 (res 65-76) 0.32( 0.09
φ/ψ in most favored and additional

allowed regions (all residues)d
97.4%

a Forty structures for cNTnC‚Ca2+‚cTnI147-163 were calculated using
the simulated annealing protocol within XPLOR 3.1 (49). b Well-
defined regions for cNTnC were residues 5-83. c The average of the
N, A, B, C, and D backbone rmsds when each helix is separately
superimposed to its average.d Backbone dihedral angle distributions
were determined with the program PROCHECK (53).
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Resonances of residues which show backbone amide1HN

and/or 15N chemical shift changes during titration can be
followed to monitor Ca2+ and cTnI147-163 binding to cNTnC.
Virtually all residues of cNTnC (except Met-1, Asp-2, Pro-
52, and Pro-54) can be observed in the 2D{1H,15N}-HSQC
NMR spectra, and all observed resonances (except Val-28,
Ser-37, Thr-38, and Val-64) can be followed during the
titrations with Ca2+ and cTnI147-163. Plots of cTnI147-163-
induced chemical shift changes of individual amides of
cNTnC‚Ca2+ as a function of the [cTnI147-163]total/[cNTnC‚
Ca2+]total ratio gave similar curves, and the average curve
for all amides is shown in Figure 2. In comparison to Ca2+

binding to cNTnC (50), for which the normalized average
chemical shift change makes a sharp transition when the
[Ca2+]total/[cNTnC]total ratio is 1, the normalized average

chemical shift change upon cTnI147-163 binding to cNTnC‚
Ca2+ does not level off so sharply at a [cTnI147-163]total/
[cNTnC‚Ca2+]total ratio of 1. This indicates that cTnI147-163

binds cNTnC‚Ca2+ with significantly weaker affinity than
Ca2+ binding to cNTnC. The normalized average chemical
shift data as a function of [cTnI147-163]total/[cNTnC‚Ca2+]total

for all amides were fit to the following equation (see McKay
et al. (29) and references therein):

and yielded a macroscopic dissociation constant (KD) of 154
( 10 µM, which is ∼60 times greater than the dissociation
constant of Ca2+ binding to cNTnC (50). This affinity is
∼6 times weaker than sTnI115-131 binding to sNTnC‚2Ca2+

(29).
To correlate the Ca2+ and cTnI147-163-induced chemical

shift changes of cNTnC to conformational changes in the
protein, we plotted the chemical shift changes for backbone
atoms against the protein sequence (Figure 3). Interestingly,
most of the chemical shift perturbations induced by Ca2+

are located in the two Ca2+-binding sites, whereas for
cTnI147-163 binding, residues at the beginning of the B-helix
and at the end of the C-helix undergo significant chemical
shift changes (Figure 3). For example, Asp-65, Asp-67, Gly-
70, Thr-71, Val-72, and Asp-73 located in site 2 undergo
large Ca2+-induced chemical shift changes (Figure 3A) but
small cTnI147-163-induced changes (Figure 3B), while Glu-
40 and Val-64 experience large cTnI147-163-induced chemical
shift changes (Figure 3B).

We have shown previously that the two hinges in the Ca2+-
induced structural opening of sNTnC reside primarily on
residues Glu-41 (equivalent to Glu-40 in cTnC) and Val-65
(equivalent to Val-64 in cTnC) (45). The fact that cTnI147-163

induces major chemical shift perturbations at the two hinge
regions of cNTnC is consistent with a structural transition
from a closed state to an open state. In addition, the chemical

FIGURE 1: Titration of cNTnC‚apo with Ca2+ (A) and cNTnC‚Ca2+ with cTnI147-163 (B). 2D {1H,15N}-HSQC NMR spectra from the
backbone amide regions of cNTnC at various Ca2+ (A) and cTnI147-163 (B) additions are superimposed, showing the progressive shift of
peaks with increasing Ca2+ and cTnI147-163 concentrations in panels A and B, respectively. Conditions are as described in Experimental
Procedures.

FIGURE 2: Titration of cNTnC‚Ca2+ with cTnI147-163. The curve
represents the average of all residues followed in Figure 1B. The
curve is normalized according to (δobs - δinitial)/(δcomplex- δinitial).
The best-fit curve to the data is shown by a solid line. Conditions
are as described in Experimental Procedures.

cNTnC‚Ca2+ + cTnI147-163 h cNTnC‚Ca2+‚cTnI147-163
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shift changes observed for the backbone amide of Val-64 as
cTnI147-163 binds to cNTnC‚Ca2+ (Figure 1B) are similar to
those observed for Val-65 in the apo (closed state) to Ca2+

(open state) transition for sNTnC (32). The backbone3J HNHR

coupling constants for Glu-40 (5.9 Hz) and Val-64 (9.3 Hz)
in the cNTnC‚Ca2+‚cTnI147-163complex are closer to the ones
observed for sNTnC in the Ca2+-saturated state than to the
ones expected for a closed structure (7.7 Hz for Glu-40 and
7.4 Hz for Val-64). These results indicate that the “kink” at
Glu-40 observed in cNTnC‚apo and cNTnC‚Ca2+ (15) no
longer exists and theφ dihedral angles for Glu-40 and Val-
64 correspond to those for the open state.

Structure of cNTnC in the cNTnC‚Ca2+‚cTnI147-163 Com-
plex.Overall structural statistics and conformational energies
for the ensemble of solution structures are shown in Tables
1 and 2. The structures of cNTnC in the cNTnC‚Ca2+‚

cTnI147-163 complex are of high quality, as indicated in Table
1 and Figure 4. The secondary structural elements of cNTnC
in the cNTnC‚Ca2+‚cTnI147-163 complex are similar to those
in cNTnC‚apo and cNTnC‚Ca2+ (15). The five helices, N,
A, B, C, and D, are well-defined, superimposing with
individual backbone rmsds of 0.21( 0.07 (N, residues
5-11), 0.35( 0.09 (A, residues 14-27), 0.21( 0.06 (B,
residues 41-48), 0.29( 0.12 (C, residues 54-63), and 0.41
( 0.09 Å (D, residues 74-83). Sites 1 and 2 are joined by
a short twisted antiparallelâ-sheet. The two Ca2+-binding
sites are nearly as well-defined as in the structure of cNTnC‚
Ca2+ (15) with backbone rmsd of about 0.5 Å. Theâ-sheet
(residues 35-37, 71-73) is well-defined with a backbone
rmsd of 0.21( 0.07 Å. The N- and C-terminal residues
(residues 1-4 and 86-89) are less well defined than the
helices and theâ-sheet.

FIGURE 3: Comparison of Ca2+-induced chemical shift changes for cNTnC‚apo (A) and cTnI147-163-induced chemical shift changes for
cNTnC‚Ca2+ (B). The chemical shift changes for each residue were calculated by averaging the normalized chemical shift change of the
backbone1HR, 13CR, 1HN, and15N chemical shifts. For a particular nucleus, the normalized chemical shift change of a residue is obtained
by dividing the observed shift change by the average shift change for all residues. Thus,∆δppm ) 1 indicates that the chemical shift change
for a given residue is equal to the average change for all residues.
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The overall global fold of cNTnC in the cNTnC‚Ca2+‚
cTnI147-163 complex is similar to the open sNTnC‚2Ca2+

structure as determined by solution NMR spectroscopy (10)
and X-ray crystallography (11). The backbone atoms of the
NAD unit of cNTnC in the cNTnC‚Ca2+‚cTnI147-163 complex
superimpose onto the NAD unit of cNTnC‚Ca2+ with an
rmsd of 1.05 Å, indicating that binding of cTnI147-163 does
not induce a structural change in the NAD unit of cNTnC.
This is not surprising, as the NAD unit is structurally
invariant to Ca2+ binding in both c- and sNTnC. The BC
unit, on the other hand, undergoes a large cTnI147-163-induced
structural change, as quantified by the interhelical angle
changes in Table 3 and the exposure of a large hydrophobic
patch which is involved in cTnI147-163 binding (see below).
The overall character of the cTnI147-163-induced structural
change in cNTnC in the cNTnC‚Ca2+‚cTnI147-163 complex
is similar to the Ca2+-induced structural transition in sNTnC
(10).

Structure of cTnI147-163 in the cNTnC‚Ca2+‚cTnI147-163

Complex.The 17 residue cTnI147-163 peptide is expected to
have high helix propensity, as determined by several second-
ary structural prediction protocols, which indicate that most
of the peptide could likely adopt a helical conformation. The
1HR NMR chemical shift index (52) at 5 °C for the peptide
in H2O indicates a helical region spanning residues 150-
156. In the complex at 30°C, the1HR chemical shift index
also indicates a helical conformation spanning residues 150-
156. In the ensemble of solution structures (Figure 4),
cTnI147-163 is R-helical from residues 151-156, and the
backbone atoms of these residues superimpose onto the
average peptide structure in the cNTnC‚Ca2+‚cTnI147-163

complex with a backbone rmsd of 0.32( 0.11 Å. The helical
region and the N-terminus (residues 147-149) of the peptide
interact with the protein, while the C-terminus (residues
157-163) does not interact with the protein and remains
disordered in the ensemble of solution structures. The
position of the N-terminal residues of cTnI147-163 in the
hydrophobic pocket of cNTnC in the complex is fairly well
defined. The average rmsd for the backbone atoms of
residues 150-156 of cTnI147-163 is 1.03 Å when the
backbone atoms of residues 5-83 of cNTnC in the ensemble
of solution structures for the cNTnC‚Ca2+‚cTnI147-163 com-
plex are superimposed onto the average cNTnC structure.

In contrast, the average rmsd for the backbone atoms of
residues 159-163 of cTnI147-163 is 5.3 Å when the backbone
atoms of residues 5-83 of cNTnC in the ensemble of
solution structures for the cNTnC‚Ca2+‚cTnI147-163 complex
are superimposed onto the average cNTnC structure. The
stereochemical quality of the peptide structures in the
ensemble of solution structures for cNTnC‚Ca2+‚cTnI147-163

is not as high-quality as the structures of cNTnC in the
cNTnC‚Ca2+‚cTnI147-163 complex, as determined using the
program PROCHECK (53). This is due in part to the lack
of intramolecular NOEs for the peptide, the lack of ste-
reospecific assignments for Leu-157 and Leu-158 in the
peptide, and the fact that there are no experimental restraints
of any kind for residues 159-163 of the peptide.

NOEs between cNTnC‚Ca2+ and cTnI147-163. Strip plots
taken from the 3D13C F1-edited, F3-filtered NOESY-HSQC
spectrum of the cNTnC‚Ca2+‚cTnI147-163 complex are shown
in Figure 5A. In this spectrum, only NOEs arising from
protein protons (attached to13C) and terminating on peptide
protons (attached to12C) are observed. For example, the
methyl groups of Ala-22 and Ala-23 in the A-helix of cNTnC
and Met-45 and Met-47 located in the B-helix of cNTnC
show strong NOE contacts with methyl groups of alanine,
methionine, and leucine residues of unlabeled cTnI147-163,
indicating that the peptide interacts with the AB helical
interface of cNTnC. These NOEs were also observed in the
simultaneous 3D13C/15N-edited NOESY HSQC NMR spec-
trum of cNTnC in the complex, but no symmetrical peaks
were present, indicating that they are intermolecular NOEs
between cNTnC and cTnI147-163. Interestingly, NOE con-
nectivities observed between the A and B helices in the
closed conformation of cNTnC‚Ca2+ were not observed (14,
15), which suggests that cNTnC in the complex is in an open
conformation. The dissociation constant for cTnI147-163

binding to cNTnC‚Ca2+ of 154µM indicates fast exchange
between bound and unbound peptide. Thus, the chemical
shifts for the peptide in the cNTnC‚Ca2+‚cTnI147-163 complex
will be a weighted average between the two species. As the
free peptide is unstructured at 30°C, most of the methyl
groups for particular residue types have degenerate or nearly
degenerate chemical shifts. NOEs between peptide methyl
groups with degenerate chemical shifts and cNTnC were
unambiguously assigned by using two peptides which
contained specifically deuterated methyl groups, except for
leucine residues, for which all12C-bound1H were replaced
with 2H. One peptide (P1) contained deuterated methyl
groups at Met-153, Ala-156, Leu-157, and Ala-160, and the
other peptide (P2) contained deuterated methyl groups at
residues Ala-150, Met-154, Leu-158, and Ala-162. Figure
5B demonstrates the utility of these two peptides in obtaining
unambiguous intermolecular contacts for the cNTnC‚Ca2+‚
cTnI147-163 complex. Figure 5C summarizes the residue pairs
for which intermolecular NOEs between cNTnC and
cTnI147-163 are observed. Ala-150, Met-154, Leu-158, and
Ala-162 are located on one side of the hydrophobic face of
the peptide, and Met-153, Ala-156, Leu-157, and Ala-160
are located on the opposite side of the hydrophobic face of
the peptide.

Structure of the cNTnC‚Ca2+‚cTnI147-163 Complex.As
shown in Figure 6, cTnI147-163 lies within the hydrophobic
patch of open cNTnC. The peptide-induced conformational
transition involves straightening of the B-helix at the kink

Table 2: Statistics of the Conformational Energies and rmsd for the
Ensemble of Structures for cNTnC‚Ca2+‚cTnI147-163.

Energy (kcal mol-1)
total 122( 2
bonds 2.2( 0.2
angles 97( 1
impropers 15.0( 0.3
van der Waals (Frepel)a 3 ( 1
NOE restraintsb 4 ( 1
dihedral restraintsb 0.03( 0.03

rmsd from experimental restraints
NOE distance restraints (Å) 0.008( 0.001
dihedral angle restraints (deg) 0.07( 0.03

rmsd from ideal covalent geometry
bonds (Å) 0.00117( 0.00005
angles (deg) 0.465( 0.003
impropers 0.352( 0.003

a The force constant for the van der Waals energy (Frepel) calculation
was 4.0 kcal mol-1 Å-4. b Force constants for the calculation of NOE
and dihedral energies were 50 and 200 kcal mol-1, respectively.
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(Glu-40) and conformational changes at Val-64. The opening
of cNTnC‚Ca2+ allows the peptide to bind in the hydrophobic
pocket of cNTnC. The cNTnC‚Ca2+‚cTnI147-163 complex is
stabilized by a large number of hydrophobic interactions
which are summarized in Figure 5. In the structure of
cNTnC‚Ca2+, the methyl groups of Ala-22, Ala-23, Ile-26,
Val-44, Met-45, Met-47, Met-81, and Met-85 pack in the
hydrophobic core of the protein. Upon binding cTnI147-163,
the distance between the backboneR-carbons of Met-81 (D-
helix) and Asn-50 (BC-linker), for example, increases from
10 Å in cNTnC‚Ca2+ to 18 Å in cNTnC‚Ca2+‚cTnI147-163.
The peptide-induced increase in distance between the
R-carbons of Met-81 and Asn-50 in cNTnC is compatible
with a structural opening of cNTnC in which the BC
structural unit swings away from the NAD unit, similar to
that observed for the Ca2+-induced opening of sNTnC (10,
11).

The total “exposed” nonpolar accessible surface area using
the Shrake definitions (54) for residues 5-84 of cNTnC,
excluding the peptide, for the cNTnC‚Ca2+‚cTnI147-163

complex is 2879( 74 Å2. This is an increase of 178 and
160 Å2, compared to cNTnC‚apo and cNTnC‚Ca2+, respec-
tively (15). This increase in hydrophobic surface area for
the complex is consistent with an open conformation for
cNTnC and corresponds to the size of the hydrophobic patch
that is involved in interactions with the peptide. For the
analogous Ca2+-induced opening of sNTnC, an increase of
∼500 Å2 of hydrophobic surface is observed compared to
sNTnC‚apo (10, 11), indicating that cNTnC in the cNTnC‚
Ca2+‚cTnI147-163 complex is not as open as sNTnC‚2Ca2+.

DISCUSSION

Striated muscle contraction is triggered by Ca2+ binding
to the regulatory domain of troponin-C. In the case of sTnC,
Ca2+ binding induces a large conformational change with

the exposure of a large hydrophobic patch, enabling the
regulatory domain of sTnC to interact with its target protein,
sTnI. For cNTnC, on the other hand, little structural change
occurs upon Ca2+ binding, with a substantially reduced
hydrophobic surface exposure compared to the skeletal iso-
form. This fundamental difference raises important questions
regarding the mode of interaction between sTnC‚sTnI and
cTnC‚cTnI. We have previously studied in detail the binding
of a synthetic sTnI peptide (sTnI115-131) binding to the
regulatory domain of sNTnC and demonstrated that sTnI115-131

binds in the hydrophobic pocket of sTnC and that the binding
is kinetically competent for muscle contraction (29). In this
study, we investigated the interaction between the corre-
sponding cTnI peptide (cTnI147-163) and the regulatory
domain of cTnC. The results demonstrate that cTnI147-163

binds cNTnC with 1:1 stoichiometry and that binding
involves the hydrophobic core of the protein. Most impor-
tantly, cTnI147-163 binds the open conformation of cNTnC,
which is closed in the presence of Ca2+. The structure of
the complex is the first high-resolution structure of any cTnC‚
cTnI complex. It is clear from this work that the pathway
involved in initiating skeletal and cardiac muscle contraction
is similar, but the kinetics and thermodynamics of the
pathway differ substantially for the two systems. That is,
the end states for cNTnC‚Ca2+‚cTnI147-163 and sNTnC‚
2Ca2+‚sTnI115-131 are similar, with both sNTnC and cNTnC
binding their respective TnI peptides in an open conforma-
tion.

Comparison to Structural Change in sNTnC. The confor-
mational change in cNTnC‚Ca2+ that occurs upon binding
cTnI147-163 involves the BC unit moving away from the NAD
unit. This peptide-induced conformational change in cNTnC‚
Ca2+ is similar to that observed for the apo to Ca2+-saturated
transition observed for sNTnC (10). The changes in inter-
helical angles induced by peptide binding are summarized
in Table 3. In the apo-state of c- and sNTnC, the A/B and
C/D interhelical angles are∼130°. The A/B and C/D
interhelical angles do not change much upon Ca2+ binding
to cNTnC. Upon peptide binding, however, the A/B and C/D
angles in cNTnC change to 102° and 96°, respectively. These
values are comparable to the A/B and C/D angles of 90°
and 69°, respectively, for sNTnC‚2Ca2+, indicating an
opening for cNTnC. However, the larger A/B and C/D
interhelical angles for cNTnC‚Ca2+‚cTnI147-163 indicate that
the complex is slightly less open compared to sNTnC‚2Ca2+.

FIGURE 4: Stereoimage of the backbone superposition of the 40 structures of cNTnC‚Ca2+‚cTnI147-163. The backbone atoms (N, CR, C′) of
residues 5-85 of cNTnC are colored in light blue, the backbone atoms (N, CR, C′) of residues 148-158 of cTnI147-163 are colored in red,
and Ca2+ ions are colored in green. The secondary structure of cNTnC in the complex is similar to cNTnC‚apo and cNTnC‚Ca2+ (15).

Table 3: Interhelical Angles for cNTnC and sNTnC

A/B B/C C/D A/D

cNTnC‚apo (NMR)a 136( 3 118( 4 129( 5 113( 3
cNTnC‚Ca2+ (NMR)b 132( 3 106( 4 117( 3 116( 3
cNTnC‚Ca2+‚cTnI147-163 102( 5 111( 7 96( 5 113( 3
sNTnC‚apo (NMR)c 130( 3 126( 5 125( 4 111( 2
sNTnC‚2Ca2+ (NMR)§d 90 ( 3 100( 6 69( 5 109( 3

a PDB accession code: 1SPY.b PDB accession code: 1AP4.c PDB
accession code: 1TNP.d PDB accession code: 1TNQ.
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FIGURE 5: (A) Intermolecular methyl-methyl NOEs between unlabeled cTnI147-163 and uniformly 13C-labeled cNTnC‚Ca2+. 3D 13C F1-edited,
F3-filtered NOESY-HSQC NMR spectra were collected at a cTnI147-163/cNTnC‚Ca2+ ratio of 3.5:1. (B) Strips taken from the 3D13C F1-edited,
F3-filtered NOESY HSQC NMR spectra at the methyl1H-13C chemical shifts of Ala-22 and Ala-23 of cNTnC. A GRASP (56) surface representation
of a R-helical model of cTnI147-163 is shown above panels P1 and P2. The panel P1 shows spectra acquired for the cNTnC‚Ca2+‚cTnI147-163 complex
in which the side chain of Leu-157 of cTnI147-163 was deuterated (peptide P1); thus both Ala-22 and Ala-23 show contacts to Leu-158 methyl
protons. The panel labeled P2 shows spectra in which the side chain of Leu-158 of cTnI147-163 was deuterated (peptide P2), and only Ala-23 shows
contacts to Leu-157 methyls. Peptide P1 was deuterated at methyl groups of Met-153, Ala-156, Ala-160, and the side chain of Leu-157. Peptide P2
was deuterated at the methyl groups of Ala-150, Met-154, Ala-160, and the side chain of Leu-158. (C) Summary of protein-peptide residue pairs
for which intermolecular methyl-methyl NOEs are observed between cNTnC‚Ca2+ and cTnI147-163. The molecular surface of a model of open
cNTnC is shown, with residues which make contact with the peptide colored in red; residues Ala-22 and Ala-23 are indicated. Residues which make
contact with peptide are buried in the hydrophobic core of cNTnC‚Ca2+ (15), consistent with an open structure for cNTnC in the cNTnC‚Ca2+‚cTnI147-163
complex.
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Comparison to TnC-TnI Structural Models. The structure
of the cNTnC‚Ca2+‚cTnI147-163 complex presented here is
consistent with a model of cTnI and cTnC interacting in an
antiparallel fashion, where the C-terminal region of cTnI
binds to cNTnC (3). On the basis of the crystal structure of
sTnC‚2Ca2+‚sTnI1-47 and previous structural data on the
inhibitory region of sTnI (16), Maeda and co-workers (17)
proposed a three-dimensional model of the sTnC‚4Ca2+‚
sTnI96-127 complex. In this model, sTnI111-127 adopts an
R-helical conformation and interacts with the hydrophobic
patch of sNTnC‚2Ca2+. The orientation of sTnI111-127 bound
to sNTnC‚2Ca2+ in the model is consistent with the orienta-
tion of bound cTnI147-159 in the NMR structure of the
cNTnC‚Ca2+‚cTnI147-163 complex presented here. Interest-
ingly, in the model, the region of sTnI encompassing residues
128-131 does not interact with the hydrophobic patch of
sNTnC, which is not surprising considering that this region
(Ser-128, Lys-129, His-130, and Lys-131) is basic. One
would expect that these residues extend outward away from
the hydrophobic patch of sNTnC and perhaps interact with
the hydrophilic surface residues of sNTnC or other thin
filament proteins. Indeed, the NMR structure of cNTnC‚
Ca2+‚cTnI147-163 shows that the C-terminal residues (160-
163) of the peptide do not interact with cNTnC and remain
disordered in the family of NMR structures for the complex,
which suggests that this region of cTnI may play a similar
structural role to that of sTnI128-131. While the last four
residues in cTnI147-163 (Ala-160, Arg-161, Ala-162, and Lys-
163) are not identical to those in the corresponding sTnI
peptide, the basic residues Arg-161 and Lys-163 can be
involved in electrostatic interactions at the rim of the
hydrophobic patch in cNTnC.

In view of the four disordered C-terminal residues of cTnI,
the choice of peptide used in this study may not be ideal for
maximizing the interaction between the hydrophobic pocket
of cNTnC and the hydrophobic face of cTnI147-163. For
example, cTnI143-159with additional N-terminal residues Leu-
143, Arg-144, Arg-145, and Val-146 and C-terminal residues
160-163 removed could be used instead of cTnI147-163.
Modeling studies carried out in our laboratory suggest that
it may be possible for this peptide to pass through the

hydrophobic pocket of cNTnC in anR-helical conformation,
similar to that for cTnI147-163, but with Val-146 making
hydrophobic contacts with the bottom of the hydrophobic
pocket (residues on the C-helix of cNTnC), as opposed to
cTnI147-163, which has a turn at residue Ile-148 that allows
the side chain of this residue to make hydrophobic contacts
with the bottom of the hydrophobic pocket of cNTnC.

ReleVance of cNTnC‚Ca2+‚cTnI147-163 Structure with Re-
spect to Function. The structure of cNTnC‚Ca2+‚cTnI147-163

has important implications for the functional role of this
region of cTnI encompassing residues 147-163. A recent
study by Rarick et al. (30) has shown that the C-terminal
region of cardiac TnI is essential for the Ca2+-dependent
regulation of cardiac myofilament activation. Their data
suggest that the inhibitory region inhibits about 50% of the
ATPase activity, while two other regions (residues 152-
188, and 189-199 in mouse cTnI) contribute 25% each (30).
Our finding that cTnI147-163 interacts with the regulatory
domain of cTnC in a Ca2+-dependent fashion strongly
supports the conclusions of Rarick et al. (30). The weak
binding of cTnI147-163 to cNTnC implies that cTnI binds
cTnC in a fashion which allows the inhibitory protein to bind
and release at a rapid rate. This property may be associated
with the unique mechanism of heart muscle contraction.

ReleVance to the Design of Pharmacological Agents for
Treatment of Heart Failure. The troponin complex is a
potential target for putative Ca2+-sensitizing compounds
designed to modify the Ca2+ dependence of cardiac muscle
contraction. The ability to sensitize cardiac muscle to Ca2+

would have therapeutic potential for the treatment of Ca2+

desensitization that is associated with congestive heart failure
due to acute myocardial infarction and associated ischemia
(55). Ideally, the mechanism of sensitization would not
involve altering Ca2+ transients in myocardial cells which
would add the risk of toxic Ca2+ overload in the heart; rather
it would increase the Ca2+-binding affinity of the troponin
complex. This can be accomplished by employing pharma-
ceutical agents which drive the following equilibrium to the
right:

One of the major structural changes in cNTnC‚Ca2+ upon
binding cTnI147-163 is a movement of the B helix away from
the A helix. Thus, the region of cNTnC located at the
interface of the A and B helices is a likely target against
which to design new and selective Ca2+-sensitizing com-
pounds.

Conclusions. This study was undertaken to investigate the
interaction of cTnI with the regulatory domain of cTnC. A
synthetic cTnI peptide, encompassing residues 147-163, was
used to accomplish this task. The study demonstrates that
the interaction between cTnI147-163 and cNTnC is Ca2+-
dependent, which is consistent with the functional role of
this region of cTnI. The three-dimensional solution structure
of the complex demonstrates that, while cNTnC remains in
the closed conformation in the Ca2+-saturated state, cTnI147-163

binds within the hydrophobic core of cNTnC in the presence
of Ca2+, thereby stabilizing cNTnC in an open conformation.
The structure provides a framework for understanding the

FIGURE 6: Molecular surface of cNTnC‚Ca2+ (residues 5-84) in
the cNTnC‚Ca2+‚cTnI147-163 complex. The structure of cTnI147-163
is shown in the “rods” representation. The side chain atoms of
hydrophobic residues (Ala, Leu, Ile, Met, Phe, Pro, Tyr, Val) are
shown in yellow, negatively charged atoms are shown in red (Glu
and Asp), positively charged atoms (Lys, Arg) are shown in blue,
and all other atoms are colored in white. The figure was created
with the program GRASP (56). The N- and C-terminal ends of the
peptide are indicated.

cNTnC+ Ca2+ + cTnI147-163 h cNTnC‚Ca2+ +

cTnI147-163 h cNTnC‚Ca2+‚cTnI147-163
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details of the cTnC‚cTnI interaction at the molecular level,
an interaction which is fundamental in the Ca2+-mediated
regulation of cardiac muscle contraction.
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