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ABSTRACT: The structure of the calcium-saturated C-domain of skeletal troponin C (CTnC) in complex
with a regulatory peptide comprising residues 1-40 (Rp40) of troponin I (TnI) was determined using
nuclear magnetic resonance (NMR) spectroscopy. The solution structure determined by NMR is similar
to the structure of the C-domain from intact TnC in complex with TnI1-47 determined by X-ray
crystallography [Vassylyev, D. G., Takeda, S., Wakatsuki, S., Maeda, K., and Maeda, Y. (1998)Proc.
Natl. Acad. Sci. U.S.A. 95, 4847-4852]. Changes in the dynamic properties of CTnC‚2Ca2+ induced by
Rp40 binding were investigated using backbone amide15N NMR relaxation measurements. Analysis of
NMR relaxation data allows for extraction of motional order parameters on a per residue basis, from
which the contribution of changes in picosecond to nanosecond time scale motions to the conformational
entropy associated with complex formation can be estimated. The results indicate that binding of Rp40
decreases backbone flexibility in CTnC, particularly at the end of the C-terminal helix. The backbone
conformational entropy change (-T∆S) associated with binding of Rp40 to CTnC‚2Ca2+ determined from
15N relaxation data is 9.6( 0.7 kcal mol-1 at 30°C. However, estimation of thermodynamic quantities
using a structural approach [Lavigne, P., Bagu, J. R., Boyko, R., Willard, L., Holmes, C. F., and Sykes,
B. D. (2000)Protein Sci. 9, 252-264] reveals that the change in solvation entropy upon complex formation
is dominant and overcomes the thermodynamic “cost” associated with “stiffening” of the protein backbone
upon Rp40 binding. Additionally, backbone amide15N relaxation data measured at different concentrations
of CTnC‚2Ca2+‚Rp40 reveal that the complex dimerizes in solution. Fitting of the apparent global rotational
correlation time as a function of concentration to a monomer-dimer equilibrium yields a dimerization
constant of∼8.3 mM.

Sliding of the thin filament past the thick filament
constitutes the mechanical basis of muscle contraction. The
thick filament is comprised of three major components (actin,
tropomyosin, and the troponin complex), whereas the thick
filament consists mainly of myosin. Regulation of muscle
contraction occurs at the level of troponin, where binding
of Ca2+ triggers a cascade of altered protein-protein
interactions, leading to force development. Troponin is a
three-component complex involving troponin C (TnC),1 TnI,

and TnT. TnC responds to the Ca2+ signal; TnI is thought
to inhibit interactions between thick and thin filaments in
the absence of Ca2+, and TnT is believed to anchor troponin
to actin and transmit the Ca2+ signal along the thin filament,
thereby enhancing the actomyosin ATPase activity from
which energy is derived (for reviews, see refs1-6).

X-ray and NMR structural studies of TnC reveal a
dumbbell-shaped molecule with two globular domains
(designated N and C, for the N- and C-terminal domains,
respectively) connected by a central linker (7-11). Each
domain contains two helix-loop-helix EF hand motifs
typical of calcium binding proteins (12). Sites III and IV in
the C-domain are believed to be fully occupied by either
Ca2+ or Mg2+ under physiological conditions, whereas sites
I and II in the N-domain are Ca2+ specific sites with weaker
affinity (see the reviews listed above and ref13). Following
Ca2+ binding to TnC in either of the globular domains, a
hydrophobic “pocket” becomes exposed, which constitutes
an important binding site for different portions of TnI (for a
review, see ref14 and references therein).

The interaction between the Ca2+-binding and inhibitory
proteins of the troponin complex is central to the regulation
of muscle contraction. While much is known about how Ca2+

induces structural changes in the regulatory domain of TnC
and initiates a cascade of protein-protein interactions leading
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to muscle contraction, much less is known about TnC
interactions with TnI and TnT. Neutron scattering studies
have shed some light on the general aspects of the TnI-
TnC interaction (15, 16) in the binary complex and in the
presence of TnT (17), but despite several years of investiga-
tion, there are still no high-resolution structures of the
complex, due in part to the low solubility of TnI. A common
approach to investigating the sites of interactions between
TnC and TnI involves the use of relatively short synthetic
fragments of TnI complexed with TnC (18-34).

The first 40 residues of TnI (Rp40) represent a region of
particular interest. This segment of TnI was first shown by
Syska et al. (35) to bind to TnC, and further work by Ngai
et al. (36) established that Rp40 could effectively compete
with the inhibitory peptide TnI104-115 and block its inhibitory
properties with respect to contraction. Later, Tripet et al. (21)
showed that the ability of Rp40 to compete with TnI104-115

is modulated by other TnC-TnI interactions, mainly by the
interaction of TnI116-131 with the N-domain of TnC (NTnC).
These results were corroborated in our previous study with
Rp40 (22), where we demonstrated, using solution NMR
spectroscopic techniques, that Rp40 and TnI96-115 share
common binding sites on CTnC, but that the interaction of
Rp40 is much stronger (Rp40,Kd ) 2 ( 1 µM; TnI96-115,
Kd ) 47 ( 7 µM) and that Rp40 could displace TnI96-115 in
the absence of NTnC and any other portion of TnI. The exact
nature of the structural and/or functional role of Rp40 is still
not yet fully understood. The crystal structure of TnC in
complex with TnI1-47 determined by Vassylyev et al. (34)
revealed that TnI3-33 forms a longR-helix that binds within
the hydrophobic pocket of CTnC. The corresponding region
of cardiac TnI33-80 has also been shown to bind within the
hydrophobic patch of the C-domain of cardiac TnC (30, 31).

NMR spectroscopy not only is of great utility for probing
the atomic structures of proteins but also has proven to be a
powerful tool for the study of dynamic and thermodynamic
properties of proteins through backbone amide15N and13C/
2H side chain relaxation measurements (37-40). The model-
independent approach to relaxation data analysis introduced
by Lipari and Szabo allows for extraction of a global
macromolecular rotational correlation time (τm), as well as
an internal correlation time (τe) and an order parameter (S2)
that is related to the amplitude of internal motion for each
residue (41, 42). S2 can be interpreted as the orientational
probability distribution of a given bond vector (N-H or
C-H); thermodynamic parameters such as entropy and heat
capacity can be estimated in a semiquantitative fashion from
changes inS2 obtained upon ligand binding, or temperature
changes (43). These approaches have been useful in further-
ing our understanding of the role of time-dependent confor-
mational fluctuations involved in the binding of metal ions
and peptides, for example, and can provide insight into
understanding the contribution of dynamics to the overall
stability of a protein.

In this paper, we have determined the solution structure
of the Ca2+-saturated state of CTnC in complex with the
Rp40 peptide using NMR spectroscopy, and performed a
series of NMR relaxation experiments to investigate changes
in backbone dynamics induced by binding of Rp40. The
changes in backbone dynamics were used to estimate the
contribution of backbone conformational entropy to the
thermodynamics of peptide binding. The solution structure

of CTnC‚2Ca2+ in the CTnC‚2Ca2+‚Rp40 complex was
found to be similar to the structure of CTnC in the crystal
structure of TnC‚2Ca2+‚TnI1-47 (34).

EXPERIMENTAL PROCEDURES

Construction of the Plasmid Vector Encoding CTnC and
Protein Isolation. The engineering of CTnC (residues 88-
162) into expression vector pET3a was carried out as
described for NTnC (residues 1-90) (44) except for the use
of two different oligonucleotides that are complementary to
the sequence and restriction enzyme sites. The expression
and purification of [15N]CTnC and [13C,15N]CTnC in minimal
media follows the procedure described for [15N]NTnC (44,
45). During expression inEscherichia coli, the N-terminal
methionine, corresponding to the initiation codon, is not
cleaved off. Decalcification of both [15N]CTnC and [13C/
15N]CTnC was as described for [15N]NTnC (45). Since CTnC
has a higher affinity for Ca2+ than NTnC, the pH of the 25
mM NH4HCO3 buffer was increased to 8.5 for the decalci-
fication step to increase the efficiency of EDTA. Unlabeled
Rp40 peptide, acetyl-GDEEKRNRAITARRQHLKSVML-
QIAATELEKEEGRREAEK-amide, was synthesized and
purified as described by Ngai and Hodges (36).

NMR Sample Preparation. [15N]CTnC and [13C,15N]CTnC
were dissolved in 600µL of NMR buffer (treated with
Chelex 100 to remove metal contaminants) containing 100
mM KCl, 10 mM imidazole, and 15 mM DTT in a 90%
H2O/10% D2O mixture. Since Rp40 has very low solubility
in aqueous solution, it was slowly added in solid form
directly to the sample, until a precipitate was observed. To
facilitate peptide solubilization, the pH of the solution prior
to Rp40 addition was increased to 8.5. After complete
dissolution of Rp40, the pH of the final sample was adjusted
to 6.8 if necessary (uncorrected for2H isotope effects). The
solution was then filtered, and 480µL was transferred into
an NMR tube, to which 10µL of 1 M DSS and 10µL of
1.3% NaN3 were added. The protein and peptide concentra-
tions were determined to be 1.33 and 1.91 mM, respectively,
by amino acid analysis in duplicate, corresponding to a
peptide/protein ratio of 1.44.

NMR Experiments for Structure Determination. The
chemical shift assignment of CTnC‚2Ca2+ not bound to Rp40
was based on the chemical shift assignment of TnC‚4Ca2+

previously reported by Slupsky et al. (9). For CTnC‚Ca2+

in the CTnC‚Ca2+‚Rp40 complex, the assignment of1H, 13C,
and15N resonances, and the subsequent structural determi-
nation, were carried out using the results of NMR experi-
ments listed in Table 1. The aromatic protons of Phe residues
are unassigned. The two-dimensional (2D)15N- and 13C-
filtered DIPSI and NOESY experiments did not allow for
the assignment of Rp40 resonances, due to line broadening
as a result of chemical exchange, and poor chemical shift
dispersion for the peptide resonances. All NMR spectra were
acquired at 30°C on Varian INOVA 500 MHz, Unity 600
MHz, or INOVA 800 MHz spectrometers (see Table 1)
equipped with 5 mm triple-resonance probes andz-axis
pulsed field gradients for the 500 and 600 MHz instruments
and triple-axis gradients for the 800 MHz spectrometer. All
experimental FIDs were processed using the program
NMRpipe (46) and analyzed using either PIPP (46) or
NMRView programs (47). Generally, linear prediction for
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up to half the number of experimental points was used in
indirect dimensions. Data were then zero-filled to twice the
number of acquired plus predicted points, and typically
multiplied by a sine-bell apodization function shifted by 60-
90° before Fourier transformation.

Distance and Torsion Angle Restraints.Proton-proton
distance restraints were derived from measured peak intensi-
ties in the three-dimensional (3D)15N NOESY-HSQC and
simultaneous 3D15N/13C NOESY-HSQC experiments and
calibrated as previously described (48) with the error on the
peak intensities set to 40%, and the lower bound on all
proton-proton restraints set to 1.7 Å. The1H resonances of
Rp40 could not be assigned; thus, only symmetry-related
cross-peaks were selected from the simultaneous 3D15N/
13C NOESY-HSQC spectrum, minimizing the probability of
misinterpretation of a protein-peptide NOE as a protein-
protein NOE. Approximately 80 ambiguous contacts, thought
to be proton-proton NOE contacts between CTnC‚2Ca2+

and Rp40, were excluded from structure calculations. In-
tramolecular CTnC‚2Ca2+ NOEs within the CTnC‚2Ca2+‚
Rp40 complex with distance violations of>0.3 Å were
closely examined before further rounds of structure refine-
ment. On the basis of homologous calcium binding sites, 11
Ca2+ distance restraints of 2.0-2.8 Å for sites III and IV
were incorporated (49). Unfortunately, CTnC‚2Ca2+‚Rp40
NOE distance restraints were not incorporated, due to
ambiguity in the assignment of peptide resonances.

Backboneφ dihedral angle restraints were obtained from
3JHNHR coupling constants derived from the 3D HNHA
spectrum (50). For the HNHA experiment, a correction factor
of 1.055 was used (48). The peak intensities were assumed
to have errors equal to the noise level, and the minimum
restraint range was set to(20°. The backboneψ dihedral
angle was determined from thedNR/dRN ratio as previously
described. FordNR/dRN ratios of >1.2, ψ was restricted to
-30 ( 110°. For dNR/dRN ratios of<0.71,ψ was limited to
-120 ( 100°. Methylene hydrogens for 14 residues were
stereospecifically assigned by comparing intraresidue1HN-
1Hâ1 and1HN-1Hâ2 cross-peak intensities in a short-mixing
time 3D 15N-edited DIPSI-HSQC experiment (50 ms) (51),
carefully inspecting intraresidue1HN-1Hâ1 and 1HN-1Hâ2

NOE cross-peak intensities from the 3D15N-edited NOESY-
HSQC spectrum (50 ms) and the 3D simultaneous15N- and
13C-edited NOESY-HSQC spectrum (75 ms), comparing

intraresidue1HR-1Hâ1 and 1HR-1Hâ2 NOE cross-peak in-
tensities from the 3D simultaneous15N- and 13C-edited
NOESY-HSQC spectrum (75 ms), and carefully inspecting
intraresidue1HN-1Hâ1 and1HN-1Hâ2 cross-peak intensities
from a 3D15N-edited HNHB spectrum. Restraints for theø1

angle of 60, 180, or-60° ((60°) were imposed if the results
from the three experiments were consistent with a single side
chain rotamer. In later stages of the structure refinement,
direct refinement against13CR and 13Câ chemical shifts for
residues located in regions of well-defined secondary struc-
ture was employed to further restrain bothφ andψ backbone
dihedral angles (52).

Structures were generated with Xplor 3.1 (53) using a
simulated annealing protocol with 10 000 high-temperature
steps and 7000 cooling steps. The type and number of
distance and dihedral restraints are summarized in Table 2.
Starting from an extended conformation, we generated an
initial set of 100 structures using only NOE-derived distance
restraints to probe incorrect NOEs. Following removal of
any NOEs yielding distance violations of>0.2 Å from the
starting set of restraints, the Vadar (D. S. Wishart, L. Willard,
and B. D. Sykes, unpublished) and Procheck (54) programs
were used to identify the well-defined secondary structure
elements from the 30 lowest total energy structures taken
from the initial 100 structures, andφ angle restraints were
applied for subsequent rounds of refinement. The structure
was further refined by successively includingψ andø1 angle
restraints and Ca2+ distance restraints in sites III and IV and
directly refining against13CR and13Câ chemical shifts. The
structural statistics presented in Table 2 are for the 30
structures of lowest total energy obtained from a set of 30
low-energy structures taken from an ensemble of 100
structures generated from an elongated conformation, after
refinement of the structure was complete.

Backbone Amide15N Relaxation Measurements. All re-
laxation data were acquired at 30°C on Varian INOVA 500
MHz and Unity 600 MHz spectrometers. Sensitivity-
enhanced pulse sequences developed by Farrow et al. (37)
were used to measure15NT1,

15NT2, and{1H}-15N NOE values.
Prior to the addition of Rp40, backbone amide15N

backbone relaxation data for [15N]CTnC‚2Ca2+ were col-
lected at 500 MHz. The same NMR sample ([15N]CTnC‚
2Ca2+‚Rp40) was used for structure determination and
backbone relaxation measurements. Due to partial dimer-

Table 1: NMR Experiments Conducted for the Purpose of Chemical Shift Assignment and Obtaining NOE-Based Distance Restraints

nucleia 1H ntb x-ptsc y-pts z-pts x-sw y-sw z-sw mixd ref
15N HSQC 1H, 15N 600 16 960 256 - 7500 1800 - - 83, 84
DISPI-HSQC 1H, 1H, 15N 600 12 1024 256 64 8000 6550 1690 - 85
HCCH-TOCSY 1H, 1H, 13C 500 16 768 256 64 6000 3200 3000 - 86
CBCA(CO)NNH 1H, 13C, 15N 500 32 768 100 64 6000 7794 1650 - 83
HNCACB 1H, 13C, 15N 500 32 1024 108 72 600 7794 1500 - 83
15N NOESY-HSQC 1H, 1H, 15N 600 12 1024 256 64 8000 6579 1700 125 85
15N NOESY-HSQC 1H, 1H, 15N 600 12 1024 256 64 8000 6579 1700 50 85
13C/15N NOESYe 1H, 1H, 13C/15N 800 16 1088 280 72 10000 9000 4243 75 87
HNHA 1H, 1H, 15N 600 8 1024 152 96 8000 4807 1650 - 50
HNHB 1H, 13C, 13C(O) 500 16 902 256 72 6200 4900 1500 - 88
15N- and13C-filtered DIPSf 1H, 1H 500 128 4096 1024 - 6200 6200 - - 89
15N- and13C-filtered NOESYf 1H, 1H 500 128 4096 1024 - 6200 6200 - - 89

a The nucleus acquired in each dimension (e.g.,1H, 15N indicates protonx, nitrogeny). b The number of transients acquired for each FID.c x-,
y-, andz-pts and -sw are the number of complex points and the sweep width in each respective dimension (x is the directly detected dimension).
d Mixing times are given in milliseconds.e 13C/15N NOESY-HSQC is simultaneously13C- and15N-edited NOESY-HSQC.f The sequence was heavily
modified in-house (L. Spyracopoulos).
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ization of the CTnC‚2Ca2+‚Rp40 complex in solution (see
Results), backbone amide15N NMR relaxation data were
collected at three different concentrations of the protein-
peptide complex at 600 MHz (1.33, 0.65, and 0.33 mM by
consecutively diluting the same sample by a factor of 2) and
at the initial (1.33 mM) and final protein concentration (0.33
mM) at 500 MHz. The protein and Rp40 concentrations were
determined in duplicate by amino acid analysis after each
dilution.

All 15NT1,
15NT2, and {1H}-15N NOE experiments were

collected with 794 (t1) × 96 (t2) complex points at 500 MHz
and 970 (t1) × 96 (t2) complex points at 600 MHz. TheT1

relaxation delays were 11.1, 55.5, 122.1, 199.8, 277.5, 388.5,
499.5, 666, 888, and 1100 ms on both instruments. The delay
between repetitions of the pulse sequence was set to 1.2 s
for the T1 experiment. TheT2 relaxation delays were set to
16.61n and 16.544n ms (wheren ) 1, 2, ..., 10) on the 500
and 600 MHz spectrometers, respectively. For theT2

experiment, the delay between repetitions of the pulse
sequence was 3 s at 500 and 600MHz. {1H}-15N NOEs
were measured in the absence (incorporating a relaxation
delay of 5 s between repetitions of the pulse sequence) and
presence of proton saturation (incorporating 3 s of 1H
saturation, and a delay between repetitions of the pulse
sequence of 2 s). All relaxation data were processed using
the NMRpipe program (46) and analyzed using PIPP (55)
or NMRView (47). The data were processed as described
above, with the exception that linear prediction was not used.

Analysis of Backbone Amide15N Relaxation Measure-
ments. Magnetic dipole-dipole interactions between the15N
nucleus and the amide1H, and the chemical shift anisotropy
of the 15N nucleus, are the predominant relaxation mecha-
nisms contributing to macroscopic relaxation timesT1, and
T2, and cross-relaxation giving rise to the{1H}-15N NOE,
for a given backbone amide15N. The15NT1,

15NT2, and{1H}-
15N NOE relaxation parameters are theoretically well estab-
lished (37, 56) and are expressed as a linear combination of
a spectral density function at the resonance frequencies of
15N and1HN nuclei:

whered2 ) (0.1γH
2γN

2p2)/(4π2rNH
6), c2 ) 2/15γN

2H0
2(σ|| -

σ⊥)2, γH is the proton magnetogyric ratio (2.68× 108 rad
s-1 T-1), γN is the magnetogyric ratio of15N (-2.71× 107

rad s-1 T-1), rNH is the proton-nitrogen internuclear distance
(1.02 Å),σ|| andσ⊥ are the principal components of the15N
chemical shift anisotropy (CSA) tensor [(σ|| - σ⊥)2 ) -160
ppm], p is Planck’s constant divided by 2π (1.05 × 10-34

J s),H0 is the strength of the magnetic field,ωN is the Larmor
frequency of15N, ωH is the Larmor frequency of1HN, and
Rex (s-1) accounts for the contribution of potentially genuine
microsecond to millisecond time scale internal motions, in
a phenomenological fashion. The second-rank chemical shift
anisotropy tensor for the15N nucleus was assumed to be
axially symmetric, and parallel to the amide15N-1HN bond
vector.

Backbone amide15N NMR relaxation data were interpreted
using the Lipari-Szabo model-free approach (41, 42), where
the spectral density functionJ(ω) is expressed as

whereτ-1 ) τm
-1 + τe

-1, S2 (the order parameter) accounts
for the degree of spatial restriction for a backbone amide
15N-1HN bond vector and ranges from 0 to 1, with 0
indicating completely unrestricted internal motion and 1
indicating completely restricted internal motion,τm is the
global molecular rotational correlation time, andτe is the
correlation time for fast internal motions (τe , τm). When
internal motions occur on two different time scales, eq 4
can be extended in a heuristic fashion:

Table 2: Structural Statistics for CTnC‚2Ca2+ in the
CTnC‚2Ca2+‚Rp40 Complex

no. of NOE restraints
total 873
intraresidue 447
sequential (|i - j| ) 1) 208
medium-range (2e |i - j| e 4) 140
long-range (|i -j| g 5) 78

no. of dihedral restraints
total 86
φ 33
æ 32
ø1 21

no. of restraints violations
distance> 0.1 Å 7 (0.23/str.)
dihedral angle> 1° 1 (0.03/str.)

rmsd to averaged structure (Å)
well-defined regionsa (N, CR, C) 0.63( 0.14
all regionsb (N, CR, C) 0.77( 0.17
heavy atoms 0.80( 0.17

helix E (residues 95-105) 0.36( 0.15
helix F (residues 116-124) 0.25( 0.15
helix G (residues 131-141) 0.26( 0.09
helix H (residues 151-158) 0.24( 0.06
â-sheets (residues 112-114, 148-150) 0.22( 0.08

energiesc (kcal mol-1)
Etotal 348( 4
ENOE 1.4( 0.5
Edihedral 0.03( 0.02

φ-ψ in core or allowed regionsd (%)
residues in most favored regions 84.6
residues in additional allowed regions 14.9
residues in generously allowed regions 0.3
residues in disallowed regions 0.1

a Using residues 95-158 having backbone rmsds of<1.00. b Using
residues 95-158. c Using all residues in the first 30 lowest-energy
structures.d Using residues 95-158, as determined by the program
Procheck (54).

1
T1

) d2[J(ωH - ωN) + 3J(ωN) + 6J(ωH + ωN)] +

c2[J(ωN)] (1)

1
T2

) d2

2
[4J(0) + J(ωH - ωN) + 3J(ωN) +

6J(ωH + ωN) + 6J(ωH)] +

c2

6
[4J(0) + 3J(ωN)] + Rex (2)

NOE ) 1 +
γH

γN
d2[6J(ωH + ωN) - J(ωH - ωN)]T1 (3)

J(ω) ) 2/5[ S2τm

1 + ω2τm
2

+
(1 - S2)τ

1 + ω2τ2] (4)

J(ω) ) 2/5[ S2τm

1 + ω2τm
2

+
(Sf

2 - S2)τs′

1 + ω2τs′
2 ] (5)
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whereS2 ) Sf
2Ss

2, τs′ ) {τsτm}/{(τs + τm)}, Sf
2 describes

the order parameter for fast picosecond internal motions,Ss
2

is the order parameter for nanosecond time scale internal
motions faster thanτm but slower thanτe, and τs is a
correlation time for nanosecond time scale internal motions
(57, 58). The correlation time for picosecond internal motions
is assumed not to contribute to relaxation.

Analysis of Backbone Amide15N Relaxation Measure-
ments. The experimental backbone amide relaxation param-
eters for each residue were fit using five different models
for the spectral density function [S2-τm, S2-τm-τe, S2-τm-
Rex, S2-τm-τe-Rex, and a two-time scale model (57, 58)].
For each residue, parameters for each model of the spectral
density function were adjusted to minimize the objective
function given by

where subscripts c and e denote calculated and experimental
values, respectively, andσ is the error of the individual
relaxation parameters.

To improve the reliability of the fits for backbone amide
NMR relaxation data of CTnC‚2Ca2+‚Rp40, the 500 and 600
MHz data sets were combined into a single set and fit using
Bayesian statistical methods developed by Andrec et al. (59).
One advantage of Bayesian statistical methods is that no
particular model selection is made relative to the data.
Furthermore, the analysis is not subject to convergence
problems, which may arise when fitting using classical
approaches. The data were fit to theS2-τe-Rex model (with
a τm of 7.36 ns), which represents the most parametrized
form of the single-time scale model. Given thatRex is
expected to increase with the square of the magnetic field
for genuine chemical exchange,Rex was restrained such that
Rex

600 ) (6/5)2Rex
500.

The marginal density ofS2 for the ith residue,P(S2|Ri),
was calculated with the program Mathematica using the
function Nintegrate. The limits of the integral for the
calculation ofP(S2|Ri) were set from 0 to 100 ms forτe and
from 0 to 5 s forRex. The prior probability,P(S2,τe,Rex,τm),
was taken to be equal to 1 in the region defined by 0e
S2 e 1, τe g 0, Rex g 0, and 0 outside this region. For each
residue, the value ofS2 was incremented in steps of 0.05,
and the marginal density ofS2, P(S2|Ri), was calculated for
a minimum of 21S2 values, 10 points around a central point,
whose value had a priori been estimated from a classical fit
using theS2-τe model. For each residue,S2 and its associated
uncertainty were calculated by plottingP(S2|Ri) as a function
of S2 and fitting the curve to a Gaussian distribution.

Structure-Based Thermodynamic Calculations for Rp40
Binding to CTnC‚2Ca2+. The STC program (60) was used
to calculate the thermodynamics of binding of Rp40 to
CTnC‚2Ca2+. The crystal structures of TnC‚2Ca2+‚TnI1-47

(34) and TnC‚4Ca2+ (11), both determined using rabbit
skeletal TnC, not chicken skeletal TnC as in the current
study, were used as reference structures for the protein-
ligand and free protein structures, respectively. The coordi-
nates of the C-domain in both structures were isolated by
removal of the coordinates corresponding to residues 1-85

of the N-domain. Residues 86-91 of CTnC form anR-helix
in the original structure of TnC‚4Ca2+ (11), but were given
an extended conformation using the InsightII program (61)
to better reflect the lack of secondary structure in this region
when CTnC is isolated from the N-domain.

The crystal structure of TnC‚2Ca2+‚TnI1-47 only includes
residues 3-33 of TnI (34); thus, structure-based thermody-
namic calculations may not properly reflect the correct
binding situation with Rp40 using the X-ray coordinates.
Residues 1, 2, and 34-47 of TnI1-47 are believed to be
disordered in the crystal. Also, there are no structural data
for unbound Rp40. Thus, it was assumed that residues 1, 2,
and 34-40 are unstructured in the free state, and therefore
do not contribute to entropy changes upon binding, and we
have used the structure of TnI3-33 from the crystal structure
as a model for the free peptide structure to perform the
structure-based thermodynamic calculations for estimating
the affinity of binding of Rp40 to CTnC‚2Ca2+. This
assumption might not be valid since secondary structure
prediction using the program Peptool (62) indicates that Rp40
is 95% helical, spanning residues 2-39. Additionally,
binding of Rp40 to CTnC‚2Ca2+ may lead to structuring of
the C-terminal end of the peptide, assuming that the
C-terminal end of the peptide is unstructured in the free state,
and this would contribute significantly to the thermodynamics
of binding.

Details for the structure-based thermodynamic calculations
are similar to those reported by Lavigne et al. (60). The
standard entropy of dissociation∆Sd

0 for protein dissociation
can be expressed as the sum of the changes in the follow-
ing: solvation entropy (∆Ssol), conformational entropy
(∆Sconf), and overall rotational/translational entropy (∆Srt):

The entropic contribution of solvation (∆Ssol) is temperature-
dependent and can be calculated from changes in accessible
surface area of nonpolar (∆ASAnp) and polar residues
(∆ASApol) (60, 63). The change in conformational entropy
(∆Sconf) can be decomposed according to

where∆Sbufex is the gain in conformational entropy for a
side chain upon exposure, following disordering of tertiary
or quaternary interactions,∆Sexfu is the change in confor-
mational entropy of the side chain corresponding to second-
ary structure unfolding, and∆Sbb corresponds to the gain in
conformational entropy for unfolding of the backbone. For
structure-based thermodynamic calculations, we enhanced
the STC program to allow the inclusion of the contribution
from backbone conformational entropy (∆Sbb) as calculated
from backbone amide15N NMR relaxation data for the
CTnC‚2Ca2+‚Rp40 complex. Due to a lack of experimental
backbone amide15N relaxation data for the peptide,∆Sbb

for Rp40 was not included. The STC program was further
adapted to incorporate the conformational entropy contribu-
tion of the side chains (∆Sexfu) based on the change in
accessible surface area of side chains (ASAsc) when the
secondary structure unfolds according to

ø2 )
(T1,c - T1,e)

2

σT1

2
+

(T2,c - T2,e)
2

σT2

2
+

(NOEc - NOEe)
2

σNOE
2

(6)

∆Sd
0 ) ∆Ssol(T) + ∆Sconf + ∆Srt (7)

∆Sconf ) ∆Sbufex + ∆Sexfu + ∆Sbb (8)

∆Sexfu ) (∆ASAsc/∆ASAsc*)∆Sexfu* (9)

Binding of Troponin I 1-40 to Troponin C Biochemistry, Vol. 40, No. 34, 200110067



where∆ASAsc* and∆Sexfu* are standard values reported by
Miller et al. (64) and D’Aquino et al. (63).

RESULTS

Structure of CTnC‚2Ca2+‚Rp40 Determined by NMR
Spectroscopy. The 30 lowest-energy structures of CTnC‚
2Ca2+ in the CTnC‚2Ca2+‚Rp40 complex were generated
with 873 NOE-derived distances restraints, 86 dihedral angle
restraints, and 11 distance restraints to the Ca2+ ions, and
are shown superimposed in Figure 1A. The average structure
is compared to the C-domain of TnC in the X-ray structure
of TnC‚2Ca2+‚TnI1-47 (34) in Figure 1B. The structural
statistics for the ensemble of solution structures are given
in Table 2. The distribution of NOEs (intraresidue, sequential,
medium-range, and long-range) and the backbone atom rmsd
values relative to the average structure for each residue are
provided in Figure 2. Backbone rmsd values were calculated
from the 30 lowest-energy structures after superimposition
of the backbone atoms of residues 95-158 of CTnC in the
CTnC‚2Ca2+‚Rp40 complex onto the average structure. The
mean backbone rmsd from the average structure for residues
95-157 of CTnC‚2Ca2+ in the CTnC‚2Ca2+‚Rp40 complex
is 0.77( 0.17 using all residues in that region, 0.63( 0.14
with residues having a backbone rmsd of<1.0, and 0.80(
0.17 with residues having a backbone rmsd of>1.0. The
quality of the ensemble of solution structures was analyzed
with the program Procheck (54). Eighty-five percent of the
residues in well-defined regions were found to be in most
favoredφ and ψ regions of the Ramachandran map, with
another 15% in additional allowed regions. There were no
NOE violations greater than 0.2 Å. A total of seven different
distance violations in the range of 0.1-0.2 Å were detected
in seven different structures of the family of 30 structures,
and therefore, no structure had more than one distance

violation. Only one dihedral violation of>1° in one structure
was detected within the final ensemble of structures. The
structure of CTnC‚2Ca2+ in complex with Rp40 is very
similar to the C-domain of TnC‚2Ca2+ in complex with
TnI1-47 (34), as previously determined by X-ray crystal-
lography (backbone rmsd of 1.0 upon superimposition of
residues 95-158). A comparison of the angles between
R-helices within CTnC in the CTnC‚2Ca2+‚Rp40 complex
and the CTnC‚2Ca2+‚ TnI1-47 complex in Table 3 indicates

FIGURE 1: (A) Ensemble of 30 solution structures of CTnC‚2Ca2+ in the CTnC‚2Ca2+‚Rp40 complex superimposed onto the average
structure of CTnC‚2Ca2+ (only residues 94-158 are shown). (B) Ribbon representation of the minimized average solution structure of
CTnC‚2Ca2+‚Rp40 (red) superimposed on the crystal structure of TnC‚2Ca2+‚TnI1-147 (white). TnI1-147 is shown in green (only residues
6-29 are shown). It was not possible to determine the structure of Rp40 within the CTnC‚2Ca2+‚Rp40 complex.

FIGURE 2: (A) Distribution of NOEs as a function of residue
number. Intraresidue, sequential, medium-range, and long-range
NOEs are identified by black, white, slight gray, and dark gray
columns, respectively. (B) Backbone rmsd for the ensemble of 30
solution structures with respect to the average coordinates.
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that no significant change occurs in the degree of structural
“openness”, or exposure of the hydrophobic patch of CTnC‚
2Ca2+ upon binding of Rp40.

Backbone Amide15N Relaxation Data. Backbone amide
15N NMR relaxation data for CTnC‚2Ca2+ at 500 MHz were
analyzed for 73 of 75 residues. The backbone resonances of
M88 and M89 were not observed due to rapid exchange with
water. Partial resonance overlap for residues S94 and I115,
E96 and K139, and V129 and K143 in the1H-15N HSQC NMR
spectra restricted the relaxation data analysis for the [15N]-
CTnC‚2Ca2+‚Rp40 complex to 67 residues at 500 and 600
MHz. The15N-1HN backbone amide resonance of H128 could
not be assigned in the1H-15N HSQC NMR spectra.

The experimental backbone amide15N relaxation values
for [15N]CTnC‚2Ca2+ and [15N]CTnC‚Ca2+‚Rp40 are shown
in Figure 3. TheT1, T2, and NOE values of [15N]CTnC‚2Ca2+

show similar patterns in comparison to those of the cardiac
isoform [15N]cNTnC‚Ca2+, where large deviations from
average values are observed at both the N- and C-termini
(the first and last residues of helices E and H, respectively),
as well as in the FG linker and calcium binding sites III and
IV, to a smaller extent. These regions correspond structurally

to helices A and D (helices E and H in the C-domain), the
BC linker (FG linker in the C-domain), and Ca2+ binding
sites I and II (analogous to sites III and IV in the C-domain),
which were shown to be the most flexible parts of [15N]-
cNTnC‚Ca2+ (38). The average measured backbone relax-
ation parameters are listed in Table 4. Residues whose
internal motions affect their measuredT1 values were
excluded from the calculation of the averages, as determined
using NOE criteria. For example, residues with NOE values
smaller than 0.6 at 500 MHz and smaller than 0.65 at 600
MHz were rejected. For CTnC‚2Ca2+ in the absence of Rp40,
this included residues 89-96, 98, 115, 124-130, 133, 138,
and 159-162, which are located at the N- and C-termini,
the FG linker, and the Ca2+ binding sites. For CTnC‚2Ca2+‚
Rp40, residues 89-93, 122, 123, 160, and 162 were
excluded.

Figure 3 indicates that binding of Rp40 perturbs the
dynamics of CTnC by reducing backbone flexibility in the
Ca2+ binding sites and, more strikingly, at the C-terminal
end of helix H, as judged by changes in the overall pattern
of theT1, T2, and NOE values plotted as a function of residue
number. For [15N]cNTnC‚Ca2+‚Rp40 at 0.33 mM, a second
data set was collected at 600 MHz to evaluate the quality of
the data. Figure 4 illustrates different relaxation parameter
ratios per residue for backbone amide15N relaxation data
collected at 500 and 600 MHz. The statistics for residues
whose relaxation is not significantly affected by internal
motions (NOE500 > 0.6 and NOE600 > 0.65) are listed in
Table 4. As expected, the averageT1

600/T1
500 ratio (1.24(

0.05) is >1, but the pattern of theT1 data is constant
throughout the sequence. Figure 4B indicates thatT2

500 and
T2

600 are equivalent for the majority of residues. The average
T2

600/T2
500 (0.98 ( 0.05) is slightly less than 1, consistent

with theoretical predictions that indicate that the contribution
from dipole-dipole relaxation (T2,DD) should be almost
identical at both fields, whereas chemical shift anisotropy
will contribute more toT2 relaxation (T2,CSA) with increasing
magnetic field strengths. TheT1/T2 ratios from whichτm was
calculated are plotted in Figure 4C. The average NOE600/
NOE500 ratio (1.06( 0.1) is larger than 1, which is also
consistent with theoretical predictions. Taking into account
the fact that the averageS2 for structured regions in proteins
is usually around 0.85 at∼30 °C, and assuming isotropic
overall rotational tumbling for a 7.32 kDa protein and aτe

ranging from 0 to 100 ps, theS2-τm-τe model predicts that
NOE600/NOE500 ranges from 0.98 to 1.03, which is in
agreement with the average experimental value.

Table 3: Interhelical Angles for CTnC‚2Ca2+ (skeletal and cardiac isoforms) Free and Bound to N-Terminal TnI Peptides

bound free

helix pair CTnC‚2Ca2+‚Rp40a cCTnC‚2Ca2+‚TnI33-80
e TnC‚2Ca2+‚TnI1-47

b TnC‚4Ca2+ d cCTnC‚2Ca2+ f TnC‚2Ca2+ c

E/F 93( 7 82( 4 100 89( 6 114( 4 108
E/G 132( 7 157( 7 134 137( 6 122( 5 124
E/H 112( 6 112( 3 116 110( 5 114( 5 122
F/G 127( 5 120( 5 122 133( 6 117( 3 126
F/H 41( 6 59( 4 47 36( 6 42( 4 33
G/H 115( 3 87( 5 107 107( 7 122( 4 111

a Using residues 95-105, 115-124, 131-141, and 151-158 for helices E-H, respectively (PDB entry 1JC2).b Using residues 91-103, 112-
120, 128-138, and 148-155 for helices E-H, respectively (PDB entry 1A2X) (34). c Using residues 89-105, 115-125, 131-142, and 151-159
for helices E-H, respectively (PDB entry 5TNC) (7). d Using residues 96-105, 115-124, 131-141, and 151-157 for helices E-H, respectively
(PDB entry 1TNW) (9). e Using residues 95-103, 114-123, 130-138, and 150-156 for helices E-H, respectively (PDB entry 1GGS) (30, 31).
f Using residues 95-102, 114-123, 132-139, and 151-157 for helices E-H, respectively (PDB entry 3CTN) (90).

FIGURE 3: Backbone amide15N NMR relaxation times for CTnC‚
2Ca2+ (O) at 1.33 mM and CTnC‚2Ca2+‚Rp40 (0) at 0.33 mM
and at a magnetic field strength corresponding to a1H Larmor
frequency of 500 MHz.
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Determination of the OVerall Rotational Correlation Time.
Backbone amide15N NMR relaxation data were interpreted
using the Lipari-Szabo model-free approach (41, 42). From
the normalized values of the principal axes of the inertia
tensor, 1.6/1.07/1.0 for CTnC‚2Ca2+ (7) (calculated from the
crystal structure of TnC‚4Ca2+) and 1.32/1.07/1.0 for CTnC‚
2Ca2+‚Rp40 (34) (using coordinates from the crystal structure
of TnC‚2Ca2+‚TnI1-47), the overall rotational tumbling was
initially assumed to be isotropic. The overall macromolecular
correlation time (τm) was determined using two different
methods. In the first approach,τm was determined using an
in-house Mathematica script (P. Mercier) from theT1/T2 ratio
of residues falling within one standard deviation of the mean,
after removal of residues whose NOE value was lower than

a given threshold (NOE500 > 0.6, NOE600 > 0.65). This
ensures the elimination of residues whose relaxation is
affected by fast internal motions on the picosecond time
scale. The overall correlation time was determined by
optimizing aø2 function given by

over theN remaining residues. The subscripts e and c denote
experimental values and predicted values, respectively.

In the second approach, individual residues were fit to the
S2-τm-τe model, including fitting the experimental NOE
values, and whereτm was adjusted separately for each
residue. A globalτm was obtained from the averageτm

determined for each residue. Both methods gave identical
results, which are summarized in Table 4.

The global correlationτm obtained for CTnC‚2Ca2+ in the
absence of Rp40 (τm ) 4.8 ( 0.1 ns) is in good agreement
with the expected value (τm ∼ 4.5 ns) for isotropic tumbling
on the basis of the molecular mass [τm(ns)∼ MW(kDa)/2].
However, since the calculatedτm (8.52 ( 0.24 ns at 500
MHz and 8.25( 0.26 ns at 600 MHz) for CTnC‚2Ca2+‚
Rp40 at 1.33 mM was larger than the expected value (6.8
ns) assuming isotropic tumbling, and on the basis of the
molecular mass, the sample was diluted 2-fold twice, and a
full set of 15NT1,

15NT2, and{1H}-15N NOE data were acquired
for each dilution. Figure 5 shows the value ofτm as a function
of concentration for the CTnC‚2Ca2+‚Rp40 complex.τm was
fit to a monomer-dimer equilibrium, giving a dimerization
constant (Kdimer) of ∼8.3 mM. Thus, the percent dimer is
estimated to be 20% at 1.33 mM, 12% at 0.65 mM, and 7%
at 0.33 mM. The monomer-dimer equilibrium occurs in the
fast exchange limit on the NMR time scale; thus, at 0.33
mM, the peak intensities in the15NT1,

15NT2, and 1H-15N
HSQC NMR spectra are heavily weighted toward the
monomeric species, and were fit to a single-exponential, two-
parameter decay. The globalτm extracted from the experi-
mental backbone amide15N relaxation data thus reflects the
weighted average corresponding to the proportions of
monomer and dimer, and is weighted mostly toward the
monomericτm.

Using criteria established by Tjandra et al. (65), the
rotational diffusion anisotropy of CTnC‚2Ca2+‚Rp40 was

Table 4: Experimental Backbone Amide15N Relaxation Parameters and Overall Rotational Correlation Times (τm) at 500 and 600 MHz for
[15N]CTnC in the Ca2+-Saturated State and Bound to Rp40a

[15N]CTnC‚2Ca2+‚Rp40
[15N]CTnC‚2Ca2+

(1.33 mM) 1.33 mM 0.65 mM 0.33 mM

T1
500 (ms) 410( 18 (0.4%) 571( 31 (0.9%) - 518( 32 (3.2%)

T2
500 (ms) 154( 8 (0.5%) 96( 4 (1%) - 105( 5 (2.7%)

NOE500 0.67( 0.03 (0.7%) 0.71( 0.03 (3%) - 0.71( 0.06 (8.4%)
T1

600 (ms) - 694( 42 (0.81%) 649( 40 (1.7%) 639( 38 (1.9%)
T2

600 (ms) - 90 ( 5 (0.88%) 101( 5 (1.1%) 103( 5 (1.9%)
NOE600 - 0.75( 0.03 (2%) 0.76( 0.04 (4%) 0.75( 0.05 (6.0%)
T1

600/T1
500 - 1.22( 0.03 - 1.24( 0.05

T2
600/T2

500 - 0.94( 0.03 - 0.98( 0.05
T1

500/T2
500 - 6.0( 0.5 - 4.9( 0.4

T1
600/T2

600 - 7.7( 0.7 - 6.3( 0.6
NOE600/NOE500 - 1.06( 0.05 - 1.06( 0.1
τm

500 (ns) 4.78( 0.11 8.52( 0.24 - 7.56( 0.22
τm

600 (ns) - 8.25( 0.26 7.42( 0.30 7.32( 0.15
a The numbers in parentheses correspond to the average errors on individualT1, T2, and NOE values from which the average was calculated.

FIGURE 4: Backbone amide15N NMR relaxation time ratios for
CTnC‚2Ca2+‚Rp40 (O) at 0.33 mM and at magnetic field strengths
corresponding to1H Larmor frequencies of 500 and 600 MHz. In
panel C, theT1/T2 ratios are identified by squares at 600 MHz and
by circles at 500 MHz.

ø2 ) ∑
i)1

N ((T1i/T2i)e - (T1i/T2i)c

σT1i/T2i
) (10)
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examined using residues not affected by fast picosecond and
slower millisecond time scale motions. An averageT1/T2 ratio
was first calculated with residues having NOEs of>0.6 at
500 MHz and NOEs of>0.65 at 600 MHz. Residues having
a T1/T2 ratio outside the range defined by the mean( one
standard deviation, or located in random-coil secondary
structure elements and theâ-sheets region, were excluded.
The analysis was carried out using a program written in house
(39) with 25 and 31 residues at 500 and 600 MHz,
respectively. The degree of anisotropy was calculated with
respect to isotropic, axially symmetric, and fully asymmetric
rotational tumbling models using atomic coordinates derived
from the 30 solution structures of CTnC‚2Ca2+‚Rp40 deter-
mined herein and the crystal structure of TnC‚2Ca2+‚TnI1-47

(34). The statistics of the analysis are reported in Table 5.
On the basis of the observation that the degree of anisotropy
was found to be small (D||/D⊥ ∼ 1.1) and that the improve-
ment inø2 was not meaningful according to a statisticalF
test, the model-free analysis was carried out assuming
isotropic rotational tumbling.

Determination of Backbone Amide15N S2 Values. For
[15N]CTnC‚2Ca2+ in the absence of Rp40, the experimental
relaxation parameters (15NT1,

15NT2, and{1H}-15N NOE) for
each residue were fit to five motional models, using the
Lipari-Szabo model-free analysis as implemented in the
program Tensor 2 (see Experimental Procedures) (66). The
changes inS2 between CTnC‚2Ca2+ and CTnC‚2Ca2+‚Rp40
are discussed in detail below.

Due to the presence of dimer, the backbone amide15N
NMR relaxation data for the CTnC‚2Ca2+‚Rp40 complex at
0.33 mM were fit using different methods. The 500 and 600
MHz data sets were first fit separately using the program
Tensor 2 (66), using the model-free approach as described
above. To verify the validity of the results, the two data sets
were then combined and fit simultaneously using theS2-
τm-τe-Rex model using Bayesian analysis (59). The details

of the procedure utilized herein differ slightly from the
original paper (see Experimental Procedures). For residues
having aP(S2|Ri) close to 0 or significantly lower than the
values observed for other residues, the experimental data
were evaluated using a two-time scale model. The use of a
two-time scale model greatly increased theP(S2|Ri) values
for residues 89-91, 93, 95, 97, 103, 116, 117, 119-121,
123, 124, 126, 131, 133, 138, and 161. TheS2 values
determined by independent analysis of the two data sets at
500 and 600 MHz using the standard model-free approach
within the Tensor 2 program, and theS2 values determined
using Bayesian analysis for the combined data, are in
agreement with each other. The results of Bayesian statistical
analysis for extraction ofS2, τe, andRex values for F112 are
presented in Figure 6.

Protein dimerization is known to result in values ofS2

that are larger than the true values. Schurr et al. have shown,
using simulated data, that the best-fitS2 values are closer to
their actual values whenτm is allowed to float for each
residue, rather than using a global correlation time for the
entire protein (67). The fits were shown to be excellent for
pure monomers or dimers, but the best-fit internal motion
parameters were judged as being unreliable when the fraction
of monomer was between 0.9 and 0.2. Given that the
proportion of monomer is>0.9 for 0.33 mM CTnC‚2Ca2+‚
Rp40, and the degree of rotational tumbling anisotropy is
small compared to that in cases investigated by Schurr et
al., the 500 and 600 MHz relaxation data sets, as well as the
data set that is a combination of the two, were fit to the
S2-τe-τm model using the protocol recommended by Schurr
et al. (67), whereτm is independently evaluated for each
residue. TheS2 values were consistent with the ones
determined by the standard protocol where a globalτm value
is used, except for residues needing the two-time scale model
or Rex terms to properly fit the relaxation data. For this
reason,S2 values obtained using a globalτm are reliable. The
S2 values determined from the Bayesian analysis using the
data set formed by the union of the 500 and 600 MHz data
sets were chosen as final values for CTnC‚2Ca2+‚Rp40. The
combined data set is potentially more reliable because the
fitted parameters are overdetermined. The backbone amide
S2 values obtained for CTnC‚2Ca2+ in the absence and in
the presence of Rp40 are presented in panels A and B of
Figure 7, and the change inS2 for CTnC‚2Ca2+ on a per
residue basis upon Rp40 binding is shown in Figure 7C. The
crystallographicB factors of the backbone nitrogen atoms
of TnC in the TnC‚2Ca2+‚TnI1-47 (34) complex are also
shown in Figure 7B, for qualitative comparison toS2 values.
Intuitively, one might expect a correlation between backbone
S2 values andB factors, as conformational disorder in the
crystal structure may be indicative of enhanced mobility in
solution. However, the two parameters are not directly or
linearly correlated (68).

Backbone Conformational Entropy Changes upon Peptide
Binding Determined from Changes in S2. The free energy
change (∆G) associated with the binding of a ligand to a
protein dictates the binding affinity. Changes in both enthalpy
(∆H), or structure, and entropy (∆S), or dynamics, contribute
to the energetics of the interaction.

Building on the work of Akke et al. (69), Yang and Kay
(70) developed a methodology for correlating changes in
conformational entropy associated with bond vector fluctua-

FIGURE 5: Global rotational correlation time (τm) for CTnC‚2Ca2+‚
Rp40 as a function of concentration. The curve was fit to a
monomer-dimer equilibrium, yielding a dimerization constant of
8.3 mM.

Table 5: Rotational Diffusion Anisotropy for CTnC‚2Ca2+‚Rp40

500 MHza 500 MHzb 600 MHza 600 MHzb

D||/D⊥ 1.10( 0.03 1.14 1.10( 0.01 1.16
Ec 20 ( 1 94.3 94( 2 12.8
Ev

c 0.94( 0.06 3.8 3.49( 0.08 0.68
Fx

c 2.7( 0.6 3.1 2.5( 0.3 6.8
a Using atom coordinates from the ensemble of NMR structures.

b Using atom coordinates from the X-ray structure of TnC‚2Ca2+‚TnI1-47

(34). c E, Ev, andFx are as defined in Table 2 of ref39.
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tions on the nanosecond to picosecond time scale with a two-
state transition. FromS2 values determined from backbone
amide 15N NMR relaxation data of CTnC‚2Ca2+, the
contribution of conformational entropy can be calculated
according to

wherek is Boltzmann’s constant,∆Sp(j) is the entropy change
associated with thejth backbone15N-1HN vector, andSa and
Sb are the square root of the Lipari-Szabo order parameter
for states a (CTnC‚2Ca2+) and b (CTnC‚2Ca2+‚Rp40),
respectively. The contribution to free energy from changes
in backbone conformational entropy, on a per residue basis,
was calculated from the changes in backbone amide15N S2

values and is shown in Figure 7D. A value of 9.6( 0.7
kcal mol-1 (-T∆S) at 30 °C is obtained by summing the
individual contribution for each residue. At present, it is not
clear if the motion for each residue is independent, and given
that NMR-derivedS2 values are not sensitive to motions
outside the picosecond to millisecond time scale, or trans-
lational motion, and that separability of these motions is
assumed, the analysis of thermodynamics from NMR relax-
ation data can only be performed in a semiquantitative
manner. For this reason, the value of 9.6( 0.7 kcal mol-1

(-T∆S) for the change in backbone conformational entropy
reported here is an approximation, and should be viewed as

an upper limit. Nevertheless, according to this result, the
binding of Rp40 is entropically unfavorable, as the backbone
of CTnC‚2Ca2+ “stiffens” upon Rp40 binding. The observa-
tion that the backbone flexibility of CTnC‚2Ca2+ is reduced
upon binding of Rp40 is in agreement with the common
notion that binding should reduce flexibility, perhaps for the
backbone of a protein, but particularly for the side chains
(71). Interestingly, cases have been reported in the literature
where backbone amide15N S2 values decrease upon ligand
binding (72), which is counterintuitive (73), but may very
well be a critically important factor in contributing favorably
to ligand binding.

Structure-Based Thermodynamic Calculations for Rp40
Binding to CTnC‚2Ca2+. The entropic contribution to the
thermodynamics of Rp40 binding to CTnC‚2Ca2+ was
estimated from structure-based thermodynamic calculations
using the program STC (60) (see Experimental Procedures).
The results obtained from the structure-based thermodynamic
calculations using STC (Table 6) indicate that the binding
of Rp40 to CTnC‚2Ca2+ is entropically favorable. This result
highlights the importance of other entropic factors apart from
changes in conformational entropy that play a role in the
determination of the binding affinity.

The total decrease in accessible surface area for nonpolar
residues (∆ASAnp) upon complex formation is more than
200% greater than the decrease in the accessible surface area
of polar residues (∆ASApol), and therefore, solvation entropy
is the dominant term in eq 12. When Rp40 binds, the total

FIGURE 6: (A) Marginal density,P(S2|Ri), as a function ofS2 for residue F112 [(b) calculated values and (‚) predicted values with a Gaussian
distribution centered atS2 ) 0.866 withσ ) 0.014)]. (B) Surface density plot of the marginal density ofS2 integrated overRex andτe for
residue F112 (the plot was generated withS2 set to 0.866). The darker region representsτe andRex values that reproduce the experimental
relaxation parameters with the highest probability.

∆Sp(j)

k
) ln(3 - x1 + 8Sb

3 - x1 + 8Sa
) (11)
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hydrophobic surface area of CTnC‚2Ca2+ decreases by 771
Å2, from 3053 to 2282 Å2. Since the structure of CTnC‚
2Ca2+ in the CTnC‚2Ca2+‚Rp40 complex is similar to the
structure of unbound CTnC‚2Ca2+, most of the diminution
in accessible nonpolar surface area can be attributed to a

reduction in the size of the hydrophobic patch of CTnC‚
2Ca2+ that is formed by the core residues of CTnC‚2Ca2+.
The hydrophobic patch of CTnC‚2Ca2+ forms the binding
interface for Rp40. The positive gain in entropy achieved
by burying hydrophobic residues upon complex formation
(∆Ssol ) 144 cal mol-1 K-1) compensates, in large part, for
the cost associated with a decrease in backbone flexibility
(∆Sbb ) -31.9( 2.3 cal mol-1 K-1 for CTnC‚2Ca2+ upon
Rp40 binding from backbone amide15N relaxation data) and
the burial of side chains (∆Sbufex ) -47 cal mol-1 K-1).
The structure-based thermodynamic calculations were carried
out with coordinates for TnI1-33 in the free state taken from
the crystal structure. This yields a dissociation constant of
0.95 µM. This value is close to the value determined by
following chemical shift changes of the backbone amide1H-
15N resonances of CTnC‚2Ca2+ upon titration with Rp40
peptide (2( 1 µM) (22). If the last seven residues of Rp40
do not indeed contribute significantly to the binding of Rp40,
the agreement between the two results suggests that the
structure of Rp40 does not change considerably upon binding.

Interestingly, structure-based thermodynamic calculations
performed without considering the contribution of backbone
and side chain conformational entropy lead to a binding
constant of 2× 10-9 µM, which is unrealistically tight
binding, thus emphasizing the importance of including the
contribution of conformational entropy when performing
structure-based thermodynamic calculations for high-affinity
protein-ligand complexes. In light of the extent of the
decrease in flexibility for the backbone of CTnC‚2Ca2+ upon
binding to Rp40, and its importance in the calculation of
thermodynamic parameters, it is likely that conformational
entropy changes for the peptide backbone upon complex
formation with CTnC‚2Ca2+ also play an important role. A
decrease in TnI3-33 backbone flexibility upon binding to
CTnC‚2Ca2+ would contribute to an increase in the value
of the dissociation constant (0.95µM).

DISCUSSION

The general role of TnC in regulating muscle contraction
is now quite well understood (1-6). However, no high-
resolution structures of TnC with TnI and/or TnT are
available, and the specific interactions occurring between
members of the troponin complex during different stages of
muscle contraction still need to be elucidated. In the past
few years, we have successfully determined the solution
structures of TnC in various states, and in complex with
different peptides of TnI, for both the skeletal and cardiac
isoforms (9, 10, 25, 28, 48, 49). These studies, coupled with
backbone and side chain NMR relaxation data (38, 39), have
provided insight into the mechanism and energetics of Ca2+

and peptide binding to TnC. The collective efforts of different
research groups have allowed for the construction of different
models for the interactions between different components
of the TnI‚TnC‚TnT ternary complex (21, 74, 75).

The Ca2+-binding sites of the C-domain of TnC are
believed to always be occupied by either Mg2+ or Ca2+ under
physiological conditions. Due to the high affinity of Ca2+

for the ion binding sites of the C-domain of TnC, this domain
is believed to assume a structural role within intact muscle.
On the other hand, the N-terminal domain of TnC does not
bind metal ions in the resting state of intact muscle. In

FIGURE 7: Backbone amide15N S2 on a per residue basis for CTnC‚
2Ca2+ (O) at 1.33 mM (A) and CTnC‚2Ca2+‚Rp40 at 0.33 mM
(B). Changes inS2 values for CTnC‚2Ca2+ observed upon Rp40
binding (C). Contribution to conformational entropy on a per residue
basis (D). The crystallographicB factors (b) for the nitrogen atoms
of TnC in the TnC‚2Ca2+‚TnI1-47 (34) complex are included in
panel B for qualitative comparison.

Table 6a

(A) Change in Accessible Surface Area for Polar (∆ASApol)
and Nonpolar Residues (∆ASAnp) upon Rp40 Binding to

CTnC‚2Ca2+ Used for Structure-Based Thermodynamic Calculations

species ∆ASApol (Å2) ∆ASAnp (Å2)

Rp40 222 740
CTnC‚2Ca2+ 513 771
total 735 1511

(B) Structure-Based Thermodynamic Analysis
for Binding of Rp40 to CTnC‚2Ca2+

∆Cpbind (cal mol-1 K-1) 489
∆Hbind (kcal mol-1) 4.33
∆Sbind (cal mol-1 K-1) 42
∆Ssol (cal mol-1 K-1) 144
∆Srt (cal mol-1 K-1) -8
∆Sconf (cal mol-1 K-1) -94
∆Sbufex (cal mol-1 K-1) -47
∆Sexfu (cal mol-1 K-1) -15
∆Sbb (cal mol-1 K-1) -32
-T∆Sbind (kcal mol-1) -12.68
∆Gbind (kcal mol-1) -8.35
Ka (mM-1) 1.05
Kd (µM) 0.95

a Positive values indicate a decrease in accessible surface area upon
complex formation.
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addition, association of Ca2+ with the N-terminal Ca2+-
specific regulatory sites of TnC is thought to give rise to
conformational changes within TnC that essentially consti-
tutes the molecular switch that initiates muscle contraction.
Classification of the roles for the C- and N-terminal domains
as structural and regulatory, respectively, may not reflect the
genuine physiological roles of the two domains of TnC
within intact muscle. Functional studies by the Hodges group
have indicated that CTnC may participate to some extent in
the regulation of muscle contraction by interacting with
different regions of TnI in the resting and contracted states
(21). Following Ca2+ binding to NTnC, the inhibitory TnI
peptide, TnI96-115, is believed to switch binding partners,
from actin to TnC, thus removing the steric block on actin,
and allowing for myosin binding and completion of the
power stroke.

A key component of the inhibitory mechanism of contrac-
tion is arguably the binding location and structure of
TnI96-115. A study involving1H chemical shift perturbations
by NMR led to the proposal that TnI104-115 forms a short
helix, distorted around two central proline residues, and
interacts with the hydrophobic patch on CTnC‚2Ca2+ (76).
The CTnC‚2Ca2+‚TnI104-115 complex was subsequently mod-
eled with the short TnI peptide anchored in the hydrophobic
pocket of TnC (18). A more recent study using both NMR
and CD spectroscopic data by Trewella et al. indicates that
TnI104-115 adopts an extended conformation when bound to
TnC (33).

Recently, it has been demonstrated that while TnI116-131

is bound to NTnC, TnI95-115 can displace the Rp40 peptide
from TnI when it is bound to CTnC‚2Ca2+ in intact TnC
(21). This result somewhat contradicts a previous study by
the same research group, which shows that Rp40 can prevent
intact TnI binding to intact TnC (36). It was proposed that
TnI116-131 modulates TnI96-115 binding to TnC and that it
might contribute to displacement of Rp40 from TnC. On the
basis of this hypothesis, the authors proposed that the
hydrophobic patch of CTnC alternately binds TnI96-115 in
the presence of Ca2+-saturated NTnC, and the N-terminal
region of TnI (Rp40) under conditions of low Ca2+ concen-
trations. However, more recent studies question this model
for the TnI-TnC interaction, as described in detail in the
following discussion. First, in a previous paper (22), we
showed that in the absence of NTnC and TnI116-131, the
binding affinity of Rp40 for TnC was∼24 times larger than
that of TnI96-115 (Kd-Rp40 ) 2 ( 1 µM, Kd-TnI96-115 ) 47 (
7 µM). By following chemical shift changes with1H-15N
HSQC NMR spectroscopy, we have also suggested that the
peptides share common binding sites on TnC. However, the
changes in backbone amide1H-15N chemical shifts induced
by TnI96-115 binding did not indicate that the peptide is bound
within the hydrophobic patch of TnC (18) but, rather, binds
across the top of one end of the hydrophobic patch. On the
other hand, the location of Rp40 deduced from backbone
amide1H-15N chemical shift mapping matches perfectly the
binding site of TnI1-47 as determined by X-ray diffraction
(34). Our results also clearly demonstrate that Rp40 prevents
TnI96-115 from binding to CTnC‚2Ca2+ and completely
displaces TnI96-115 from CTnC‚2Ca2+.

Fluorescence resonance energy transfer and chemical
photo-cross-linking studies with the TnI‚TnC intact binary

complex and the intact ternary complex (TnI‚TnC‚TnT) have
led to important conclusions that support a structural role
for the N-terminal region of TnI rather than a functional role
(75, 77). The distance between residue 6 of TnI and residue
89 of TnC was shown to be Ca2+-independent, which is not
consistent with a regulatory mechanism involving movement
of Rp40 in and out of the hydrophobic patch of CTnC‚2Ca2+.

In this paper, we present the solution structure of CTnC‚
2Ca2+ bound to Rp40 and examine changes induced in
backbone dynamics of CTnC‚2Ca2+ upon Rp40 binding. The
superimposition of the 30 lowest total energy structures
determined by NMR, presented in Figure 1A, shows that
the structure is well-defined from residue 94 to 160, with
somewhat increased rmsds from the average backbone atom
positions for the two Ca2+-binding loops. As shown in Figure
2A, the smaller number of distance restraints per residue for
regions close to the Ca2+-binding loops is likely to be
responsible for increased rmsd values in these regions, rather
than increased backbone flexibility in comparison to the rest
of the protein (see Figure 7B). The linker region is relatively
well-defined compared to regions of secondary structure for
CTnC‚2Ca2+ bound to Rp40. As shown in Figure 1B, the
average structure calculated from a family of 30 structures
(Figure 1A) is similar to that for the crystal structure of
TnC‚2Ca2+‚TnI1-47. As reported in Table 3, both the structure
of CTnC‚2Ca2+‚Rp40 determined herein and the structure
of TnC‚2Ca2+‚TnI1-47 determined by X-ray crystallography
show a similar degree of openness, interpreted in terms of
interhelical angles between helices within CTnC. Helices E
and F are slightly more closed in comparison to those in the
solution structure of TnC‚4Ca2+ determined by NMR (9),
but show similar interhelical angles with respect to the
structure of TnC‚2Ca2+ determined by X-ray crystallography
(7). Whereas a slight opening of CTnC was observed in the
cardiac isoform of the CTnC‚2Ca2+‚TnI33-80 complex with
respect to CTnC‚2Ca2+ (30, 31), there is no significant
change in the degree of structural openness for the skeletal
isoform of CTnC‚2Ca2+ upon Rp40 binding reported herein.

The structure and sites of interaction of Rp40 bound to
CTnC‚2Ca2+ could not be determined in this study. Attempts
to obtain1H chemical shift assignments for the bound peptide
through the use of 2D13C- and15N-filtered experiments were
unrewarding, primarily due to the fact that the peptide
resonances were overlapping. However, the unassigned1HR

chemical shifts (78, 79) are indicative of anR-helical
structure for Rp40 in the complex, in agreement with X-ray
structural studies (34). Moreover, the residues for which NOE
peaks observed in the simultaneous 3D13C/15N NOESY-
HSQC experiment that did not have the expected sym-
metrical cross-peak and therefore expected to be NOEs
between protein and peptide also correspond to residues that
are in proximity to the peptide in the crystal structure of
TnC‚2Ca2+‚TnI1-47 (34). Figure 8 shows strip plots for
residue I104 from TnC taken from the simultaneous 3D13C/
15N NOESY-HSQC experiment. I104 is within 2 Å of 47
different peptide protons in the X-ray structure, and is
therefore a key residue in terms of the number of contacts
with the target protein TnC [the analogous residue from
rabbit TnC is I101 which is used for the crystal structure
determination (34)]. For CTnC, I104 is also the residue for
which the largest number of1H-1H contacts to Rp40 could
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be observed by NMR in this study, followed by residues
T125 and V161 from TnC. Residue T125, corresponding to S122

in rabbit TnC, is not a key residue involved in the binding
of TnI1-47 to TnC, as judged by number of proton contacts
observed between this residue and TnC in the crystal
structure. The side chain of V161 of TnC participates in
several hydrophobic contacts, and this has implications for
changes in the flexibility for the C-terminal helix H.

Backbone amide15N relaxation measurements indicate
concentration-dependent dimerization for the CTnC‚2Ca2+‚
Rp40 complex in solution. Unlike NTnC‚2Ca2+ that tends
to self-associate at millimolar concentrations (80), CTnC‚
2Ca2+ is not known to self-associate in solution. Interestingly,
the structure of calmodulin in complex with the peptide
GADp [CAM ‚(GADp)2] has been recently reported (81). The
complex was shown to dimerize via GADp and possessed a
2-fold symmetry axis, with two GADp peptide units forming
a cross. Like the peptide-induced dimerization observed for
calmodulin, we propose that Rp40 may be responsible for
the observed dimerization of the CTnC‚2Ca2+‚Rp40 com-
plex, possibly via helix-helix interactions of Rp40 with
itself. While the structural determination of CTnC‚2Ca2+ in
the CTnC‚2Ca2+‚Rp40 complex was performed at a con-
centration that would include 20% dimer, the1H-1H NOE
data do not indicate the presence of a dimeric form.

The binding of Rp40 to CTnC‚2Ca2+ results in a decrease
in flexibility for CTnC, particularly at the C-terminal end of
helix H, where the largest changes inS2 (see Figure 7C)
and backbone amide1H-15N chemical shifts (22) are
observed. The tight binding of Rp40 to CTnC‚2Ca2+

contributes to a reduction in the amount of conformational
space that is sampled by the extreme C-terminal end of
CTnC‚2Ca2+. The flexibility of the linker between helices
F and G is also reduced, and this was also observed in a
study with the corresponding cardiac complex [cCTnC‚
2Ca2+‚TnI33-80 (30, 31)]. However, with the cardiac isoform,
the flexibility at the C-terminal end of cCTnC was not
affected by the binding of N-terminal TnI peptides (TnI33-80

and TnI1-80) in the absence (30, 31) and presence of the

cardiac-specific TnI 33-residue N-terminal extension (82).
This might be the result of a difference in the affinities of
binding to their corresponding CTnC isoforms between the
cardiac TnI peptide and the skeletal TnI peptide, and could
also indicate slight differences in CTnC residues between
the two isoforms that make contact with their respective TnI
peptides.

The contribution of pico- to nanosecond time scale
backbone amide15N-1H bond vector motions to conforma-
tional entropy, as derived from NMR relaxation data,
indicates that binding of Rp40 to CTnC‚2Ca2+ is an
entropically unfavorable event. However, approximation of
other entropic factors (such as solvation entropy) with
structure-based thermodynamic calculations using the pro-
gram STC indicates that the overall change in entropy upon
binding is positive and overcomes the enthalpy term, which
is positive and unfavorable. Thus, structure-based thermo-
dynamic calculations indicate that the binding reaction is
driven by a large positive increase in solvation entropy, as
hydrophobic side chains are buried upon complex formation.
The large decrease in accessible hydrophobic surface area
for nonpolar residues appears to be a critical factor determin-
ing the thermodynamics governing binding of Rp40 to
CTnC‚2Ca2+, at least when estimating thermodynamic
parameters from structure. The large increase in solvent
entropy is responsible, in part, for overcoming the entropic
penalty associated with a reduction in the flexibility for the
backbone of CTnC‚2Ca2+ (measured here using backbone
amide 15N NMR relaxation measurements), and potential
decreases in flexibility for the protein and peptide side chains
upon formation of the CTnC‚2Ca2+‚Rp40 complex.
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