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ABSTRACT: NMR spectroscopy has been employed to elucidate the molecular consequences of the DCM G159D
mutation on the structure and dynamics of troponin C, and its interaction with troponin I (TnI). Since the
molecular effects of human mutations are often subtle, all NMR experiments were conducted as direct side-
by-side comparisons of the wild-type C-domain of troponin C (cCTnC) and the mutant protein, G159D. With
the mutation, the affinity toward the anchoring region of cTnI (cTnI34-71) was reduced (KD ) 3.0 ( 0.6 µM)
compared to that of the wild type (KD < 1 µM). Overall, the structure and dynamics of the G159D ·cTnI34-71

complex were very similar to those of the cCTnC ·cTnI34-71 complex. There were, however, significant changes
in the 1H, 13C, and 15N NMR chemical shifts, especially for the residues in direct contact with cTnI34-71, and
the changes in NOE connectivity patterns between the G159D ·cTnI34-71 and cCTnC ·cTnI34-71 complexes.
Thus, the most parsimonious hypothesis is that the development of disease results from the poor anchoring of
cTnI to cCTnC, with the resulting increase in the level of acto-myosin inhibition in agreement with physiological
data. Another possibility is that long-range electrostatic interactions affect the binding of the inhibitory and
switch regions of cTnI (cTnI128-147 and cTnI147-163) and/or the cardiac specific N-terminus of cTnI (cTnI1-29)
to the N-domain of cTnC. These important interactions are all spatially close in the X-ray structure of the
cardiac TnC core.

Calcium regulation of contraction in cardiac muscle is a
fine-tuned process that depends on the reliable function of
its protein parts. The presence of mutations in contractile
proteins can cause the development of cardiac disorders.
Indeed, as revealed by genetic analysis, a large number of
mutations in �-myosin, R-tropomyosin, cardiac troponin I
(cTnI),1 and cardiac troponin T (cTnT) cause various forms
of cardiomyopathy (1, 2). Cardiac troponin C (cTnC), the
protein directly responsible for Ca2+ sensitivity of the thin
filament, is highly conserved among mammals and was
thought to have fewer mutations until recently (3-5).

Troponin C is a dumbbell-shaped molecule with its
structural domain (cCTnC) linked to its regulatory domain
(cNTnC) through a stretch of 11 residues. During the
contracting-relaxing cycle, cCTnC remains saturated with
Ca2+ due to its high Ca2+ affinity. This domain is thought to
be bound at all times to the anchoring region of cTnI
(approximately residues 34-71), which tethers cTnC to the
thin filament. The Ca2+ binding site of cNTnC is occupied
only when the concentration of Ca2+ is relatively high. This

happens upon the release of Ca2+ from the sarcoplasmic
reticulum resulting from muscle stimulation. When Ca2+

binds, cNTnC binds to the switch region of cTnI (ap-
proximately residues 147-163), which pulls the inhibitory
region of cTnI (approximately residues 128-147) away from
its binding site on actin, leading to the movement of
tropomyosin and the exposure of myosin binding sites on
actin, allowing the contraction (for reviews, see refs 6 and7).

Two mutations found in cNTnC, L29Q and E59D/D75Y,
were linked to hypertrophic cardiomyopathy (FHC) and
dilated cardiomyopathy (DCM), respectively (3, 8). As
demonstrated in physiological experiments, L29Q resulted
in a slight increase of the Ca2+ sensitivity of force develop-
ment (9). L29Q also abolished the impact of phosphorylation
on the activity of ATPase, the sliding velocity of the thin
filament (10), and the kinetics of binding of Ca2+ to the
troponin complex (11). The presence of the E59D/D75Y
double mutation resulted in a weakened ability to activate
myosin ATPase (12) and a decreased Ca2+ sensitivity of force
development (8). In structural studies (13), mutations L29Q
and E59D/D75Y affected the interplay between the cardiac
specific N-terminus of cTnI (approximately residues 1-29)
and the switch region of cTnI (approximately residues
147-163), the binding of which is crucial for the transfer
of the Ca2+ signal through cTnC and further along the thin
filament. In L29Q, the affinity for cTnI147-163 was not affected
by the cTnI1-29 phosphorylation and in the presence of
cTnI1-29 was stronger than the wild-type value. In E59D/
D75Y, the affinity for cTnI147-163 was weakened in the
presence of cTnI1-29. Thus, the physiological consequences
of the L29Q and E59D/D75Y mutations and disease devel-
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opment can be related to the impaired thermodynamics of
the interactions of cNTnC with its binding partners, cTnI1-29

and cTnI147-163.
Another mutation, G159D, linked to DCM, was found in

cCTnC (4). In reconstituted rat (14) and rabbit (15) cardiac
trabeculae, the presence of G159D did not significantly alter
myofilament Ca2+ sensitivity. However, the presence of the
G159D mutation in guinea pig trabeculae resulted in reduced
Ca2+ sensitivity (16). Available physiological data on G159D
reported the reduced activity of ATPase (16); however, the
Ca2+ sensitivity of ATPase was not affected (14). It might
be difficult to interpret physiological results at the molecular
level, especially since Ca2+ sensitivity is a complex function
of many consequential events, such as the binding of Ca2+,
the binding of cTnI147-163, and the attachment of cross-
bridges, and since the reproducibility of the results was
thought to be dependent on muscle fiber type (15). We have
attempted to address this question using the G159D mutant
of cCTnC and the cTnI peptide (cTnI34-71), so that the
interactions between troponin parts can be unambiguously
traced. The knowledge of these interactions can be compiled
afterward into the overall picture that assists in the inter-
pretation of the physiological data.

There are several functions attributed to cCTnC, which
could be affected by the presence of G159D. First, in its
Ca2+-bound form, cCTnC binds to the anchoring region of
cTnI (approximately residues 34-71) and tethers the entire
troponin complex to the thin filament. Second, cCTnC binds
the inhibitory region of cTnI (approximately residues
128-147), the location of which has not been visualized in
available crystal structures (17) and is suspected to be driven
by electrostatics (18, 19). The binding of cTnI128-147 occurs
without replacement of cTnI34-71 and is hypothesized to be
localized next to the highly charged E-D linker connecting
two domains of cTnC. Third, cCTnC was also shown to
interact with cTnT (20). Fourth, G159D might affect the
interaction with the cardiac specific N-terminus of cTnI
(approximately residues 1-34), which was suspected in
experiments with skinned rat trabeculae (14) and with the
reconstituted troponin complex (11). In the crystal structure,
Gly159 is located at the very end of the H-helix, 5 Å from
Leu47 of the anchoring region of cTnI (approximately
residues 34-71) (17). This suggests that the presence of the
mutation might first of all affect the interaction with
cTnI34-71, which has not been addressed previously. Using
NMR spectroscopy, we have determined the affinity of
G159D for cTnI34-71 and examined the consequences of this
mutation on the structure and dynamics of the
G159D · cTnI34-71 complex. On the basis of NOE connectiv-
ity patterns, NMR chemical shift changes, dynamics, and
three-dimensional structures, we conclude that compared to
cCTnC, G159D binds to cTnI34-71 in a similar fashion, albeit
with a lower affinity. This interaction is a key function of
cCTnC and, when impaired, can perturb the function of the
entire Tn complex and lead to severe physiological conse-
quences, such as the development of cardiomyopathy.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The DNA encoding
cCTnC (residues 91-161) was subcloned previously into the
pET-3a expression vector in a manner similar to that of

Pearlstone et al. (21). Using cCTnC as a template, the G159D
mutation was engineered using a site-directed mutagenesis
kit (QuikChange purchased from Stratagene). Escherichia
coli strain BL21(DE3)pLysS was transformed with the
expression vector and incubated at 37 °C to an OD600 of
0.6-0.9. Cell cultures were induced with IPTG and harvested
after being incubated for 3 h. Uniformly 15N-labeled or 13C-
and 15N-labeled cCTnC and G159D were expressed in a
minimal medium enriched with (15NH4)2SO4 or (15NH4)2SO4

and [13C]glucose (22). The cell pellet was lysed using a
French press and applied to a DEAE column [50 mM Tris
and 0.1 M NaCl (pH 8.0)]. Proteins were further purified
using a Superdex-75 size exclusion column [50 mM Tris
and 0.15 M NaCl (pH 8.0)], desalted using a Sephadex G25
column (10 mM NH4HCO3), and lyophilized. Molecular
masses for unlabeled proteins, cCTnC and G159D, as
determined by MALDI mass spectrometry were equal to the
expected values. The amino acid composition was confirmed
independently by amino acid analysis.

cTnI34-71 Titration of cCTnC and G159D Monitored by
Two-Dimensional (2D) 1H-15N HSQC NMR Spectroscopy.
The peptide cTnI34-71 (acetyl-AKKKSKISASRKLQLK-
TLLLQIAKQELEREAEERRGEK-amide) was synthesized
using a standard methodology for a typical TnI peptide (23).
The sequence was confirmed by amino acid analysis, and
the mass was verified by electrospray mass spectrometry.
During titration, the peptide was added in the form of powder
to the 500 µL solution of 0.57 mM cCTnC and 0.56 mM
G159D. The buffer consisted of 100 mM KCl, 10 mM
imidazole, 2 mM CaCl2, 5 mM NaN3, and 0.2 mM DSS in
a 90% H2O/10% D2O mixture. The pH was adjusted to 6.7
( 0.05 at every titration point. Concentrations of proteins
and peptides were determined by weight and confirmed by
amino acid analysis. Since the reaction proceeds within the
slow exchange limits for both cCTnC and G159D, the
chemical shifts for two species (cCTnC or G159D alone and
in complex with cTnI34-71) were observed during titrations.
The decreasing intensities of individual amide resonances
of uncomplexed cCTnC or G159D were used to calculate
KD. The cTnI34-71-induced decrease in amide intensities was
averaged for all monitored amides and plotted as a function
of [cTnI34-71]total/[cCTnC]total or [cTnI34-71]total/[G159D]total.
The normalized curve for all monitored amides was fit for
both titrations to the equation

troponin C+ troponin IT troponin C-troponin I

The dissociation constants measured were in the micromolar
range, and since the concentrations of G159D and cCTnC
were in the millimolar range, precise comparison of the data
was difficult. Therefore, the titration of cTnI34-71 was
repeated at a much lower G159D concentration. Samples of
42 µM unlabeled G159D and 2 mM unlabeled cTnI34-71 were
prepared under the buffer conditions summarized above. The
titration was performed until a cTnI34-71:G159D ratio of ∼3:1
was reached. One-dimensional (1D) 1H NMR spectra of
G159D were acquired at each titration point. Isolated peaks
in the 1D 1H spectrum were monitored throughout the
titration, and changes in peak intensities as a function of
cTnI34-71 were used to calculate the KD. The data were
averaged, normalized, and fit using the curve fitting program
xcrvfit, version 4.0.12 (http://www.bionmr.ualberta.ca/bds/
software/xcrvfit).
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15N Backbone Amide NMR Relaxation Data. Relaxation
data were acquired at 30 °C on a Varian Inova 500 MHz
spectrometer during 15N T1, 15N T2, and 1H-15N NOE
experiments (Biopack, Varian Associates) for 500 µL
samples containing 0.57 mM cCTnC or 0.56 mM G159D
and 1.2 mM cTnI34-71. T1 values were acquired using
relaxation delays of 10, 50, 100, 200, 300, and 400 ms, and
T2 values were acquired using relaxation delays of 10, 30,
50, 70, 90, and 110 ms. Delays between transients in 15N T2

and 15N T1 experiments were set to 3 s. 1H-15N NOE
experiments were performed using delays of 5 s for spectra
recorded without proton saturation and delays of 2 s for
spectra recorded with proton saturation. Proton saturation
was set to 3 s, so that the total time between transients was
equal to 5 s. Relaxation parameters, T1, T2, and NOE, were
extracted using the rate analysis module built in NMRView
(24) and analyzed using Mathematica scripts provided by
L. Spyracopuolos (www.bionmr.ualberta.ca/∼lspy/) (25). The
overall rotational tumbling time, τm, was averaged from the
per residue fitting of relaxation data to the Lipari-Szabo
S2-τm-τf model (26). Relaxation data for residues with
significant internal motions, as judged by a NOE of <0.65,
and data for residues with possible slow motions, as judged
by a significantly decreased T2, were excluded in this method
of τm calculation.

Assignment and Structure Calculation for cCTnC ·
cTnI34-71 and G159D · cTnI34-71 Complexes. Samples used
for NMR data acquisition contained ∼0.5 mM G159D or
cCTnC and ∼1.2 mM cTnI34-71 in a buffer that consisted of
100 mM KCl, 10 mM imidazole, 2 mM CaCl2, 5 mM NaN3,
and 0.2 mM DSS in a 90% H2O/10% D2O mixture. The
buffer used for data acquisition in D2O contained 100 mM
KCl, 0.5 mM imidazole, 9.5 mM deuterated imidazole, 2
mM CaCl2, 5 mM NaN3, and 0.2 mM DSS. NMR spectra
were acquired at 30 °C on a Varian INOVA 500, Unity 600,
or INOVA 800 spectrometer equipped with 5 mm triple
resonance probes and z axis pulsed field gradients (Table
3). NMR data were processed using NMRPipe (27) and
analyzed with NMRView (24). The backbone resonances for
cCTnC and G159D in the [13C,15N]cCTnC · cTnI34-71 and
[13C,15N]G159D · cTnI34-71 complexes were assigned using
SmartNotebook version 5.1.3 (28). Side chain assignment
was carried out using HCCH-TOCSY, HCCONH, CCONH,
HNHA, HNHB, and 15N TOCSY HSQC. The majority of
side chain resonances were unambiguously assigned. Reso-
nances for aromatic residues were assigned using 2D
homonuclear DQF-COSY and NOESY experiments in D2O.
Resonances for the cTnI34-71 peptide were not sufficiently
dispersed in 2D 13C/15N-filtered TOCSY and NOESY experi-
ments to allow for the assignment of many residues except
for amide protons, HN, for residues 41-64, HR protons for
residues 41-59, H� protons for residues 41-43, 50, 53, and
56, and Hδ/γ protons for residues 46-53, 55, and 58-60.

Structure calculations were performed with CYANA (29)
using the “noeassign” automatic assignment procedure (30)
and distance restraints from 13C NOESY HSQC and 15N
NOESY HSQC experiments. Unambiguous restraints were
assigned manually and were forced to keep their assignments
during the first four runs of CYANA calculations, after which
they were open for automatic assignment by CYANA.
Distance restraints were calibrated with the CYANA standard
procedure using upper limits of 6 Å. TALOS dihedral
restraints for helical regions for G159D and cCTnC (31) and
Ca2+ restraints for Ca2+ binding loops were obtained from
X-ray crystallographic data and added into the calculation
(Table 2). TALOS restraints did not affect the overall fold
of the structures (data not shown). In the final structure
calculations of G159D, however, the TALOS restraints were
truncated up to residue 151. This was done to avoid
artifactual secondary structure fabrication from TALOS, since
it uses only chemical shift homology from other proteins to
predict backbone angles. CYANA was used to calculate 50
structures, of which the 20 conformers with the lowest target
functionwererefinedinexplicitsolventbyXPLOR-NIH(32,33)
with a water box edge length of 18.8 Å. The final ensembles
were averaged and refined using the same water refinement
protocol used previously and are the structures discussed here
and deposited in the Protein Data Bank. Structures were
validated using PROCHECK (34) and WHATCHECK (35).

Table 1: NMR Relaxation Parameters T1, T2, and τm Determined for G159D and cCTnC Alone and in Complexes with cTnI34-71

average of per
residue T1 (ms)

average of per
residue T2 (ms)

overall correlation time,
τm (ns)

theoretical estimate for correlation time,
τm

a (ns)

G159D 356 ( 47 193 ( 31 3.3 4.2
G159D · cTnI34-71 436 ( 46 112 ( 9 6.6 6.4
cCTnC 348 ( 42 185 ( 25 3.4 4.2
cCTnC · cTnI34-71 438 ( 53 109 ( 13 6.5 6.4

a The theoretical estimate for correlation time τm is equal to half of the molecular mass in kilodaltons.

Table 2: Statistics for 20 NMR Structures of G159D and cCTnC in
Complex with cTnI34-71

a

G159D cCTnC

no. of NOE restraints 1075 957
short-range (|i - j| ) 1) 624 561
medium-range (1 < |i - j| < 5) 231 215
long-range (|i - j| g 5) 220 181

no. of Ca2+ binding restraints 16 16
no. of dihedral restraints (φ/ψ)b 84 86
NOE violations
>0.5 Å 0.15 ( 0.37 0.0 ( 0.0
>0.3 Å 0.25 ( 0.55 1.8 ( 1.20
>0.1 Å 6.3 ( 1.95 10.45 ( 2.28

dihedral violations (deg) 0.0 ( 0.0 0.0 ( 0.0
Ramachadran plot statisticsc

φ/ψ in most favorable regions (%) 93 ( 4 92 ( 4
φ/ψ in additionally allowed regions (%) 7 ( 3 7 ( 3
φ/ψ in generously allowed regions (%) 0 ( 1 1 ( 1
φ/ψ in disallowed regions (%) 0 ( 1 1 ( 1

pairwise rmsd (Å)d

before water refinement 0.71 ( 0.13 0.59 ( 0.12
after water refinement 1.29 ( 0.28 1.31 ( 0.24

WHATCHECK structure Z score
after water refinement
second-generation packing quality -0.9 ( 0.4 -0.9 ( 0.3
Ramachandran plot appearance 0.9 ( 0.7 1.8 ( 0.8
a Structures were calculated using CYANA (29), refined using

XPLOR-NIH (32, 33), and analyzed using PROCHECK (34) and
WHATCHECK (35). b Predicted from chemical shifts using TALOS.
c PROCHECK was used over all the residues (90-161). d Main chain
nuclei over residues 95-155.
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RESULTS

cTnI34-71 Titrations of cCTnC and G159D. In a 2D
1H-15N HSQC NMR spectrum, cross-peaks correlate the 15N
and 1H chemical shifts of backbone amide NH groups.
Chemical shifts are exceptionally sensitive to changes in the
structure and dynamics of a protein. 2D 1H-15N HSQC
spectra obtained for G159D (Figure 1a) and cCTnC (Figure
1b), with and without their binding partner, cTnI34-71,
demonstrate the difference in the positions of several 1H-15N
HSQC cross-peaks, corresponding to the residues adjacent
to the site of mutation. The rest of the amide chemical shifts,
and the changes they undergo during the titration with
cTnI34-71, are similar, suggesting a resemblance in the overall
structural folds for G159D and cCTnC, in agreement with
the structure determined here (see below). The kinetics of
the binding of cTnI34-71 to G159D (Figure 1a) and cCTnC
(Figure 1b) are on the NMR slow exchange time scale, in
which the intensities of cross-peaks for complexed and
uncomplexed species vary depending on the degree of
binding. Binding curves were obtained by measuring the
intensity decrease for several representative cross-peaks
corresponding to the unliganded protein, which were aver-

aged and fit to a single-binding site model (Figure 1d). KD

values were found to be 6 ( 3 µM in the case of G159D
and <1 µM in the case of cCTnC. The later is in agreement
with literature data (36).

To more accurately determine the dissociation constant
of cTnI34-71 with G159D, the titration was repeated at a
concentration of G159D equal to 42 µM, which was too low
for an adequate acquisition of 2D 1H-15N HSQC NMR
spectra at each titration point (in a realistic time frame).
However, there were several peaks isolated in the 1D 1H
NMR spectrum of G159D, which could be monitored
throughout the titration (Figure 1c). Intensities at each
titration point were measured for the isolated peaks, averaged,
normalized, and plotted against the ratio of total cTnI34-71

to total G159D (Figure 1d). The dissociation constant was
determined to be 3.0 ( 0.6 µM, which is within experimental
error of that determined at the higher concentration.

15N Backbone Relaxation Data. 15N backbone NMR
relaxation parameters, T1, T2, and NOE, are the complex
functions of the protein motions, including the tumbling of
a protein as a whole, the motions of its independent parts,
and the chemical exchange processes. Per residue T1, T2, and

FIGURE 1: Titration of (a) G159D and (b) cCTnC with cTnI34-71 using 2D 1H-15N HSQC NMR spectroscopy. The NMR samples contained
0.57 mM cCTnC and 0.56 mM G159D. Filled cross-peaks correspond to uncomplexed cCTnC or G159D, and empty cross-peaks correspond
to the complex of cCTnC or G159D with cTnI34-71. Annotated residues have the largest 15N chemical shift differences and are adjacent to
the mutation site. (c) 1D 1H NMR stacked spectra acquired during the titration of G159D with cTnI34-71. The concentration of G159D was
reduced to 42 µM to more accurately determine the dissociation constant of cTnI34-71 for G159D. 1H resonances are labeled for residues
that were isolated in the 1D spectra and used to determine the KD. The ratios of G159D to cTnI34-71 for a few key points in the titration
are given on the right side of the spectra. The titration was continued until a cTnI34-71:G159D ratio of ∼3:1 was reached; however, the
stacked 1D plots are shown up to a ratio of 1.75:1 since the peak intensities remained mostly unchanged at higher ratios. Binding curves
(d) corresponding to the titration of G159D (O) and cCTnC (9) with cTnI34-71 as monitored by 2D 1H-15N HSQC NMR spectroscopy are
provided in the smaller plots at the left. The large plot on the right reflects the changes in signal intensity during the titration of 42 µM
G159D with cTnI34-71 (0). The binding data were averaged and normalized and then fit using the program xcrvfit (see Experimental
Procedures for details).
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NOE values were determined for G159D and cCTnC alone,
and in complex with cTnI34-71 (Figure 2). T1, T2, and NOE
values for cCTnC · cTnI34-71 and G159D · cTnI34-71 com-
plexes were virtually identical within the errors of the
experiments (Figure 2), implying that the presence of the
mutation did not affect the dynamic properties, or the con-
formational flexibility, of the complex. Importantly, 15N
backbone T1, T2, and NOE values for cCTnC · cTnI34-71 and
G159D · cTnI34-71 complexes were also similar in the area
adjacent to the mutation site. Relaxation data for cCTnC were
inagreementwithqualitativedatapublishedpreviously(37,38).

T1, T2, and NOE are per residue parameters, whereas the
overall correlation time, τm, calculated from T1, T2, and NOE
(Table 1), is the function of the hydrated radius of the entire
protein, rh, and consequently its molecular mass. According
to the Stokes-Einstein-Debye theory (39)

τm ) 4
3

πηrh
3 ⁄ kBT

where η is the solvent viscosity, kB is the Boltzmann constant,
and T is the temperature. As a rule of thumb, τm (nanosec-
onds) is approximated as half of the molecular mass of a
protein (kilodaltons), provided that the protein tumbling is
mostly isotropic. This can serve as a good estimate of the
molecular mass of a protein or its complexes (18). An
increase in τm, as compared to the calculated molecular mass,
can result from issues such as dimerization (40), which is
the case for skeletal protein sCTnC (41). We have determined
τm values for G159D and cCTnC alone, and in complex with
cTnI34-71 (Table 1). For cCTnC and G159D, τm values are
comparable to each other and smaller than the rule of thumb
estimate, which could be explained by a lower level of bound
water, for example (42, 43). The values of τm determined
for G159D · cTnI34-71 and cCTnC · cTnI34-71 complexes were
comparable to each other and to the theoretical estimate,
which suggests the formation of 1:1 complexes in both cases,
and the absence of dimerization and significant conforma-
tional exchange.

Differences in the Chemical Shifts of cCTnC and G159D
in Complexes with cTnI34-71. Chemical shift changes are
uniquely indicative of changes in chemical environment of
nuclei and, hence, in protein structure and dynamics. We
have calculated the chemical shift changes of 15N, 13C, and
1H for G159D and cCTnC in complexes with cTnI34-71

(Figures 3 and 4). Backbone amide 15N chemical shifts
underwent the most significant perturbations at the end of
the H-helix near the mutation site (Figures 3a and 4a). 15N
chemical shifts in the region where the H-helix is contacting
the E-helix (residues 93-97) are also affected by the
presence of the mutation but to a much lesser extent. As
demonstrated by 15N chemical shift changes, the overall fold
of G159D and cCTnC remains similar, with the only
significant perturbation being near the mutation site. Changes
in 1H and 13C chemical shifts, especially those for the side
chains, are sensitive not only to the changes in the overall
fold but also to the changes in the configurational patterns,
e.g., the number, energetics, and geometry of connections
that stabilize the protein core or protein complex. As
demonstrated by 13C chemical shift changes (Figures 3b and
4b), the major perturbations occurred at several hydrophobic
residues (for example, Leu100, Met120, Leu121, and Ile128)
known to be responsible for the interaction with cTnI34-71

(17). 1H atoms, directly responsible for the majority of van
der Waals and hydrophobic contacts in proteins, are the most
sensitive indicators of changes in protein core and binding
interfaces. As demonstrated by 1H chemical shift differences
(Figures 3c and 4c), significant changes occurred with the
residues forming the interface between cCTnC and cTnI34-71

(for example, Leu100, Met103, Met120, Leu121, Ile128, and
Leu136), implying that the binding of cTnI34-71 to cCTnC is
perturbed in the presence of the mutation (17). Interestingly,
the chemical shifts of two interior residues, Ile148 and Ile112,
which form the hydrophobic core of cCTnC, have also
undergone perturbations.

Differences in the NOE ConnectiVities of cCTnC and
G159D in Complexes with cTnI34-71. NOE connectivites
obtained from 3D 13C NOESY HSQC and 15N NOESY
HSQC NMR spectra are typically used as distance restraints
during structure calculations. It is often informative therefore
to make pairwise comparisons of NOE patterns. The NOE,
however, is less sensitive to long-range perturbations than
the chemical shift since the intensity of NOE decreases
rapidly with the distance between two nuclei: NOE ∝ 1/r6

(44). We have compared strips from 3D 13C NOESY HSQC
and 15N NOESY HSQC NMR spectra for G159D and cCTnC
for residues with significant chemical shift changes. Spectra
were acquired using identical parameters, such as mixing
time, which is crucial for such a comparison. The vast
majority of contacts in the cCTnC spectra were accurately
reproduced in the G159D spectra; however, there were some
differences (Figure 5). For example, in the 13C NOESY
HSQC spectrum, the γ-proton of Met103 has more contacts
in cCTnC compared to G159D, with some of these contacts
being tentatively assigned to the peptide resonances (Figure
5a). The γ-proton of Ile112 contacted the R-proton of Asp149

in G159D, and the R-proton of Asp105 and the δ-proton of
Tyr150 in cCTnC (Figure 5b). The R-proton of Gly140

contacted the γ-proton of Glu152 in cCTnC but not in G159D
(Figure 5c). The γ-proton of Val160 contacted the ε-proton
of Phe156 in G159D but not in cCTnC (Figure 5d). In the

FIGURE 2: Per residue NMR relaxation parameters T2 (a), T1 (b),
and NOE (c) for G159D (b) and cCTnC (O) in complexes with
cTnI34-71.
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15N NOESY HSQC NMR spectrum, the differences in NOE
patterns were less significant, with the noticeable change
observed in the amide proton of Ala108, which had contacts
with the �-protons of Lys106 and Asn107 in G159D but not
in cCTnC. These results demonstrate that the residues with
the large chemical shift differences (Figure 5) also had
distinct NOE connectivities in 13C NOESY HSQC and 15N
NOESY HSQC spectra.

Structures of cCTnC and G159D in Complexes with
cTnI34-71. The ensemble containing the 20 best NMR
structures of 50 calculated structures was analyzed for
G159D and cCTnC. All structures had a good geometry after
water refinement with >92% in most favorable and >7% in
additionally allowed regions of the Ramachandran plot for
G159D and cCTnC (Table 2). Structures of both proteins
converged with a rmsd of <1.4 Å for all atoms for residues
95-155, including loops. The overall topology and the
secondary structure for G159D and cCTnC were similar to

the topology and structure of cCTnC determined by X-ray
crystallography [PDB entry 1J1D (17)] and previously by
NMR [PDB entry 1FI5 (38)]. The rmsd for backbone atoms
between cCTnC and 1J1D was 1.2 Å for all residues, and
between cCTnC and 1FI5, it was 1.4 Å (Figure 6a). A similar
rmsd of 1.7 Å was reported between 1FI5 and 1J1D. The
G159D structure, although similar overall, overlapped with
1J1D with a rmsd of 1.7 Å for backbone atoms of all residues
(Figure 6b). G159D overlapped with cCTnC with a rmsd of
1.4 Å and with 1FI5 with a rmsd of 1.3 Å (Figure 6b). The
resolution of X-ray diffraction data for 1J1D was 2.6 Å (17),
within which structures determined in this work and reported
previously have similar folds.

The packing of the cCTnC core occurs between the
hydrophobic residues of R-helical regions (Leu97, Phe101,
Leu117, Met120, Leu121, Ile133, Leu136, Phe153, and Met157) and
the two residues of the �-sheet region (Ile112 and Ile148). The
orientation of these key residues did not change in the cCTnC

Table 3: NMR Experiments Conducted for Structure Calculations and Chemical Shift Assignments

nuclei 1H x-pts y-pts z-pts x-sw y-sw z-sw mix (ms)
15N HSQC 1H, 15N 500 1074 192 8384.9 2026.3 -
HCCH-TOCSY 1H, 13C, 1H 500 1024 128 104 8384.9 5998.5 10057.8 -
CBCA(CO)NNH 1H, 13C, 15N 500 1024 118 64 8384.9 10057.2 2026.3 -
HNCACB 1H, 13C, 15N 500 1024 118 64 8384.9 10057.2 2026.3 -
HCCONH 1H, 13C, 15N 600 1024 160 64 8398.1 5998.5 2431.6 -
CCONH 1H, 13C, 15N 600 1024 184 64 8398.1 12067.2 2431.6 -
13C NOESY HSQC 1H, 1H, 13C 600 1024 160 80 8398.1 5998.7 6033.7 100
15N NOESY HSQC 1H, 1H, 15N 600 1024 160 80 8398.1 5998.7 2431.6 150
15N TOCSY HSQC 1H, 1H, 15N 600 1024 160 64 8398.1 5998.7 2431.6 50
HNHA 1H, 1H, 15N 600 1024 160 64 8398.1 5998.7 2431.6 -
HNHB 1H, 1H, 15N 500 1024 160 64 8384.9 4998.8 2026.3 -
DQF-COSY (D2O) 1H, 1H 800
NOESY (D2O) 1H, 1H 800
13C- and 15N-filtered TOCSY 1H, 1H 600 4096 512 - 8384.9 8385.7 - 60
13C- and 15N-filtered NOESY 1H, 1H 600 4096 512 - 8384.9 8385.7 - 250
13C-edited, filtered NOESY 1H, 1H, 13C 600 1024 240 64 3595.9 3595.9 3014.0 150

FIGURE 3: Chemical shift differences between G159D and cCTnC in complexes with cTnI34-71 for backbone amide 15N (a), side chain 13C
(b), and side chain 1H (c) atoms. Side chain chemical shift changes for 13C and 1H are added together for every residue, with those of CR
and HR colored black, those of C� and H� white, those of Cδ and Hδ red, those of Cε and H dark blue, and those of Cδ and Hδ green.
Horizontal lines correspond to the average value plus one standard deviation.
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and G159D structures calculated in this work as compared
to 1J1D and 1FI5. Several residues such as Phe104 and Phe156

in cCTnC and G159D lack the restraints with the peptide,
and thus, their positions are more flexible but are in the good
agreement with the NMR structure, 1FI5. The packing
interactions between helices and the protein cores of cCTnC
have not been affected by the presence of G159D as
demonstrated by the resultant structures. In spite of some
differences in NOE contacts for Ile112 and Ile148, the
calculated structures were similar within the limits of the
method. This demonstrates that among the restraints used

(Table 2), many were identical, which determined the
similarity between the structures.

Differences in the NOE ConnectiVities between cCTnC
(and G159D) and cTnI34-71 in 13C-Edited, Filtered NOESY
Spectra. The NOE connectivities between 15N- and 13C-
labeled cCTnC and the unlabeled peptide cTnI34-71 were
obtained using the 13C-edited, filtered NOESY pulse se-
quence (45) optimized in our laboratory for this particular
complex (46). In this experiment, each cross-peak corre-
sponds to a 1H protein resonance on the vertical axis and to
a 1H peptide resonance on the horizontal axis. The 13C
resonance in the third dimension connects to the correspond-
ing 1H resonances on the protein, which allows for the
assignment. Peptide 1H assignments can be typically obtained
with 2D 15N- and 13C-filtered TOCSY and 2D 15N- and 13C-
filtered NOESY (47-49); however, in our case, few reso-
nances can be unambiguously assigned due to the poor
dispersion of peptide chemical shifts, which precluded the
structure calculation for the entire complex. Like previous
NMR studies (38, 41, 50), determination of the structure of
the entire complex was difficult to achieve without the
additional restraints between a protein and a peptide, which
might be found in crystal structures but are not always
desirable due to the possibility of the introduction of artifacts.
The peptide in complex is predominantly R-helical, which
is supported by the values of peptide chemical shifts in 2D
15N- and 13C-filtered TOCSY and 2D 15N- and 13C-filtered
NOESY and their poor dispersion. The superposition of 13C-
edited, filtered NOESY spectra for G159D and cCTnC in
complexes with cTnI34-71 shows a similarity between con-
tacts formed (Figure 7). Some contacts are virtually identical,
for example, the contacts between Ala57 of cTnI34-71 and
Leu100 and Met120 of cCTnC and G159D (Figure 7a) or the
contact between Leu62 of cTnI34-71 and Met103 of cCTnC
and G159D (Figure 7c). Some contacts were slightly
changed, for example, the contacts between Ile56 of cTnI34-71

and Thr124 of cCTnC and G159D (Figure 7c). One contact,
between Leu54 of cTnI34-71 and Val160 of cCTnC, was clearly
missing in G159D (Figure 7b). No contacts were observed
in the spectrum of G159D that were missing in the case of
cCTnC. Also, the intensities of existing connectivities were
not stronger in the case of G159D. This demonstrates that
G159D interacts with cTnI34-71 in a manner similar to that
of cCTnC, without making new connections between the
protein and the peptide and with the existing connections
not being qualitatively stronger.

DISCUSSION

The task of defining the impact of mutations on the
structure and function of the sarcomeric proteins and the
resultant physiological behavior of the sacromere represents
a substantial challenge, especially for nonlethal human
mutations where the effect on the protein has to be mild to
allow an individual to survive even in disease. Structural
approaches, including the determination of structure using
NMR or crystallography, might not provide conclusive
answers when the differences in structures of mutant and
wild-type proteins are not sufficiently significant to be
resolved within the resolution of the chosen technique. Often,
the affinities of mutated and wild-type proteins for their
targets and/or ligands are unchanged. It remains unknown,

FIGURE 4: Residues with chemical shift changes visualized on the
structure of cCTnC determined by X-ray crystallography (PDB entry
1J1D). Residues with significant 15N chemical shift changes are
colored black (a). Residues with significant side chain 13C chemical
shift changes are colored green (b). Residues with significant side
chain 1H chemical shift changes are colored red (c). Gly159 is colored
yellow in all three panels.
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therefore, whether the mutant phenotype has been caused
by the changes that cannot be detected within the limits of
methods. However, the necessity to study individual human
mutations is evident in the growing interest in genetically
tailored nutrition and medicine and, in general, will be
beneficial to our understanding of current biochemical
models, in our example, cardiac muscle contraction.

We have attempted to dissect the effect of the G159D
mutation on the structure, dynamics, and interactions of
troponin C using solution state NMR. This technique not
only allows the determination of the structure but also
provides a wealth of information pertaining to the chemical
environment and dynamics of individual residues. Since the

effects are expected to be subtle, all NMR experiments were
conducted as direct side-by-side comparisons of the wild-
type and G159D mutant proteins. We have found that the
secondary structure, tertiary structure, and packing of the
protein core have not changed for G159D in complex with
cTnI34-71 in comparison to those of the cCTnC · cTnI34-71

complex. The dynamic behavior of G159D is also un-
changed, even in the vicinity of the mutation. However, the
affinity of G159D for cTnI34-71 is reduced, and the NMR
chemical shifts of protein residues in the complex are
perturbed. The KD of G159D toward cTnI34-71 has been
increased to 3 µM. The KD of cTnI34-71 for wild-type cCTnC
is <1 µM (36, 51). Furthermore, the analogous region of
skeletal TnI (sTnI1-40) has been shown to bind the C-domain
of skeletal TnC with a KD of ∼50 nM (52). Both results are
significantly tighter than that established here for G159D.
The differences in NMR chemical shifts were well beyond
the resolution in the 1H dimension (0.03 ppm), 13C dimension
(0.3 ppm), and 15N dimension (0.2 ppm) in our experiments,
with the most significant changes observed for residues
directly involved in binding to cTnI34-71. We have also
observed the changes in NOE connectivities between the
protein and the peptide, with some connectivities changed
or missing. All of this evidence indicates the weakened
binding and perturbed interaction between G159D and the
anchoring region of cTnI (cTnI34-71). The structure and
dynamics of the protein core remain the same, however, in
agreement with the G159D mutation being located at the
very end of the H-helix, away from the protein core.

The binding of cCTnC to cTnI34-71 is a key function of
the C-domain. In skeletal TnC, the binding of the inhibitory
region of sTnI is dependent upon the presence of the
anchoring region of sTnI, with the anchoring region modu-
lating the binding of the inhibitory region (52-54) which
directly influences contractility. In insect flight muscle, the
regulation of contraction is achieved entirely through the
C-domain of TnC without the involvement of the N-domain
and binding of the region analogous to the switch region of
cTnI (55). The C-domain of cTnC has also been proposed

FIGURE 5: NOE strips for G159D (left) and cCTnC (right) in complexes with cTnI34-71 obtained from 3D 13C NOESY HSQC NMR spectra
(a-d) and 15N NOESY HSQC NMR spectra (e), where single asterisks denote the resonances tentatively assigned to the peptide and double
asterisks denote resonances tentatively assigned to the protein. Assignments are indicated below each pair of plots.

FIGURE 6: Secondary structures of cCTnC (a) and G159D (b) in
complexes with the anchoring region of cTnI in comparison with
previously determined structures 1J1D (gray) and 1FI5 (green). The
structure of cCTnC determined in this work is colored red in both
panels, and the structure of G159D is colored yellow.
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to be the target of the regulatory molecule, EMD 57033,
which binds exclusively to the C-domain of cTnC (56-58)
and modulates the affinity of cCTnC for cTnI34-71 (59). Thus,
our data support the interpretation that the G159D mutation
leads to impaired contractility and disease through an
impaired anchoring of cTnC to the thin filament. The weaker
binding to cTnI34-71 might lead to a weaker anchoring of
troponin C to the thin filament, a lower kon for the switch
region of cTnI (approximately residues 147-163) due to the
decrease in the proximity effect, and a more pronounced
inhibition of the acto-myosin ATPase. This is in agreement
with slower activation kinetics in rabbit psoas fibers (15),
which might be a more important parameter than the steady
state force development (60, 61). Our conclusions are also
in agreement with the decrease in the actin-tropomyosin
activated ATPase rate and the decrease in sliding velocity
(16).

A second possibility is that impaired function is caused
by perturbations of other important long-range electrostatic
interactions within the troponin complex. Electrostatic
potential drops off as a function of 1/r, where r is the distance
from the charge, so that it can be active 10-20 Å from the
site of mutation. In the crystal structure (17), the N-domain
of cTnC is folded over the C-domain of cTnC (Figure 8), so
that Gly159 is in reasonable proximity to the binding site
for the switch region of cTnI (approximately residues
147-163) (62), to the binding site of the inhibitory region
of cTnI (approximately residues 128-147), and to the
possible binding site for the cardiac specific N-terminus of
cTnI (approximately residues 1-29) (63, 64). The binding
of the N-terminus and that of the inhibitory region of cTnI
are suspected to be electrostatically driven (18, 19), as well
as influenced by phosphorylation (65), and the change in
electrostatic potential of cCTnC might affect these interac-
tions. A perturbed interaction of G159D with the N-terminus
of cTnI has been reported (11, 14), which resulted in blunting
the effect of PKA phosphorylation. Interestingly, the L29Q
mutation has also blunted the effect of PKA phosphoryla-
tion (10, 11, 13) but led to hypertrophy instead (3). The
physical parameter crucial for the development of hyper-
versus hypocontractility may be the resultant affinity for the
switch region of cTnI (approximately residues 147-163) (13)
and the kinetics of this binding interaction (11). Another
possibility to consider is that the clustering of negatively
charged residues Asp3, Asp87, and Asp159 might produce a

cation binding site. The binding of a cation to this site could
modify the interaction of troponin C with troponin I, or
perhaps the flexibility of the D-E linker, either of which
could impair contraction efficiency. In this work, we have
determined that G159D binds to cTnI34-71 with a weaker
affinity, supported by structural data, such as changes in
chemical shifts and NOE connectivities. This weakened
interaction is likely to modulate the anchoring of troponin
C, with a resulting increase in the level of acto-myosin
inhibition. Other possibilities such as perturbed binding of
the N-terminus of cTnI (approximately residues 1-29) to
cNTnC through the long-range electrostatic interactions or
binding of the inhibitory region of cTnI cannot be excluded
(approximately residues 128-147).
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FIGURE 7: Overlap of the regions of 2D projections of the 3D 13C-filtered, edited NOESY spectra, showing direct contacts between G159D
(black contours) and cCTnC (red contours) with cTnI34-71. The resonances of proteins are denoted with the horizontal solid arrows, and the
resonances for the peptide are denoted with the vertical dashed arrows. The contact for G159D in panel b is missing.

FIGURE 8: X-ray structure of the troponin complex (1JID) overlaid
with G159D to demonstrate the proximity of Asp159 to cNTnC.
Ribbon diagram of cTnC (green), cTnI (red), cTnT (gray), and
G159D (yellow). The cNTnC binding site for cTnI147-163 and the
possible cNTnC binding site for cTnI1-29 are indicated. Electrostatic
residues of cNTnC in the proximity of Asp159 are shown as sticks
(Asp87 and Asp3).
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