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Abstract
Troponin (Tn) is a protein that consists of three subunits, troponin C (TnC), tro-
ponin I (TnI), and troponin T (TnT), and Tn controls cardiac muscle contraction by 
calcium ion binding and phosphorylation. The  Ca2+-binding site is the E–F hand 
motif (C helix–loop–D helix) in the N-terminal domain of TnC, and the structural 
transition induced by  Ca2+ is the opening of these helices and the interaction with 
TnI, probably at the A and B helices. In this paper, we studied structural changes in 
the TnC–TnI binary complex on  Ca2+ binding by double quantum coherence (DQC) 
distance measurements. We used a binary complex of the cardiac troponin C and I 
(cTnC and cTnI) complexes, chose four positions of nitroxide spin label at helices 
A, B, C, and D in the N-terminal domain and chose the E helix in the C-terminal 
domain as the reference position to study the structural changes on  Ca2+ addition. 
The label positions were (A22C/S98C), (M47C/S98C), (Q58C/S98C), and (C84/
S98C) for the A, B, C, and D helices, respectively. The effects of phosphorylation 
of the cardiac-specific N-terminal region of cTnI were studied using a phosphomi-
metic cTnI mutant. Analysis of the modulation of the DQC echo signals provided 
the distribution of the spin–spin distance. The distances averaged over the distri-
bution showed that the labels on the A, B, and C helices decreased, i.e., moved to 
the E helix, on  Ca2+ binding, while the distance of the label on the D helix showed 
almost no change. Shoulders and/or small separate peaks were observed in the shape 
of the distribution and were analyzed as the sum of a few Gaussian functions. The 
Gaussian functions were grouped into two components, components 1 and 2, at the 
longer and shorter distances, respectively, separated by 0.7–1.5 nm. The fractions 
of component 2 were ca. 0.1–0.2 in the  Ca2+-free state and increased by 0.2–0.3 on 
 Ca2+ addition, suggesting that the increase in component 2 is related to physiologi-
cal control of cardiac muscle contraction. The phosphomimetic-modification effects 
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on the  Ca2+-induced changes of the fraction of components and the distances of the 
C- and D-helix labels are small. On the other hand, in the A and B helices, there are 
significant effects on the  Ca2+-induced changes in the distances of the components. 
The different behaviors of A/B and C/D helices support the current model of the 
phosphorylation effects in which both N-terminal region and regulatory domain of 
cTnI interact with the A and B helices of cTnC.

1 Introduction

In cardiac muscle, contraction is initiated by the binding of calcium cation (Ca2+) 
to troponin (Tn), which is finely regulated by phosphorylation. Tn is a hetero-
trimer comprising the  Ca2+-binding subunit troponin C (TnC), the inhibitory subu-
nit troponin I (TnI), and the tropomyosin-binding subunit troponin T (TnT), which 
anchors Tn to the surface of actin filaments. TnC is composed of two globular 
domains (lobes) connected by the D/E helices, both of which contain two EF-hand 
helix–loop–helix motifs. The C lobe contains two high-affinity  Ca2+ or  Mg2+ sites 
(sites III and IV) that are constitutively occupied in vivo, maintaining the binding 
sites for the IT arm to bind the C lobe. The N lobe also contains two EF-hand motifs 
to form  Ca2+-binding sites I and II; these sites are specific to  Ca2+, which triggers 
force development [1]. The current model of muscle activation is accepted widely 
based on the crystal structure of the  Ca2+-bound human cardiac troponin (cTn) core 
domain [2] and suggests that  Ca2+ binding to the N lobe shifts this domain to an 
‘open’ conformation to reveal a hydrophobic pocket that can interact with the switch 
peptide of the TnI regulatory domain [4–6]. This  Ca2+-triggered binding of the TnI 
switch peptide to the N lobe of TnC then leads to the release of both the TnI inhibi-
tory region and the C-terminal mobile domain from the actin filament. These con-
formational events modify the interaction between tropomyosin and actin, allowing 
myosin binding to the actin filament and muscle contraction. Although this model 
is proposed for both skeletal and cardiac muscles [2, 3], there are some differences 
in Tn structures between these muscles. In cTn, site I of cTnC is incapable of bind-
ing divalent cations. Compared with skeletal TnI (sTnI), cTnI has additional 30–40 
amino acids at the N-terminus. This N-terminal extension segment is phosphoryl-
ated during β-adrenergic stimulation of the heart.

It is well known that two adjacent serine residues at positions 23 and 24 are phos-
phorylated by protein kinase A. This phosphorylation decreases the binding constant 
of cTnC for regulatory  Ca2+ [8, 9] to increase the dissociation rate of  Ca2+ from 
cTnC and finally enhance the relaxation rate of the heart [10]. Since the same effect 
on the  Ca2+-binding constant is achieved by a phosphomimetic mutation of serine 
23 and 24 to aspartic acid [11], it is believed that the negative charge of phosphate is 
responsible for the binding between the N-terminal extension and cTnC [6–9]. The 
phosphorylation of cTnI is an important mechanism for the fine regulation of cardiac 
physiological output, which is thought to involve alterations in  Ca2+-induced struc-
tural transitions in the currently proposed model of muscle activation [12]. Under-
standing the detailed mechanism of how phosphorylation alters the  Ca2+-induced 
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structural transitions in the cTn complex is important for both cardiac physiology 
and pathophysiology.

Only a 52  kDa Tn core complex of a complete 78  kDa Tn was crystallized. The 
N-terminal extension of cTnI (1–30), which can be phosphorylated, was removed to aid 
crystallization because of its high flexibility [2]. Therefore, questions remained about the 
structure of this extension, its interaction with cTnC, and the resulting structural changes 
in cTnC. In addition, as the whole structure of this complex with the extension cannot 
readily be analyzed with the nuclear magnetic resonance (NMR) analysis due to its large 
size and mobility, other techniques are required. On the other hand, Förster resonance 
energy transfer (FRET) [13], double quantum coherence (DQC) electron paramagnetic 
resonance (EPR) [14–16], and double resonance EPR (DEER) [17, 18] provide the dis-
tance between site-specific labels. DEER is a simple determination method, but many 
earlier works used FRET, which has some complexity due to the large label size and 
the orientation factor problem. In the present study, we used site-directed spin-labeling 
methods to investigate the spatial relationship of four helices of the N lobe relative to the 
C lobe of cTnC in the full-length cTnC–cTnI complex with a phosphomimetic mutation 
at the N-extension of cTnI. The DQC EPR method was used to measure the distances of 
two inter-domain double cysteine mutants labeled with nitroxide spin labels.

2  Materials and Methods

Spin-labeled cTnC–cTnI complexes were prepared according to the method 
described in Ref. [19]. The cTnC and cTnI genes from native human cTn were 
obtained from Y. Maeda (RIKEN HARIMA, Hyogo, Japan), and site-directed 
mutagenesis was performed as previously described [20]. For the phosphorylated 
TnI model, the serine residues at positions 23 and 34 of cTnI are replaced by aspara-
gine. The cysteine residues of native cTn (at positions 35 of cTnC and 80 and 97 
of cTnI) are replaced by serine by mutagenesis. For double labeling of cTnC, four 
types of mutants are prepared in which the first position is position 98 (the E helix in 
the C lobe, S98C) and the second is at A22C, M47C, Q58C, or C84 (Fig. 1). Substi-
tution of the desired residues was confirmed by DNA sequence analyses.

2.1  Expression and Purification

cTnC and cTnI mutants were expressed and purified as previously described [20]. 
Protein purity was confirmed by SDS-PAGE. Protein concentrations were deter-
mined by the Bradford method (Bio-Rad, Hercules, CA) using BSA as the stand-
ard. Dithiothreitol (DTT, 2 mM) was added to the protein solution, which was then 
stored at − 60 °C.

2.2  Spin Labeling of TnC Mutants

DTT was removed from the stock solution by application to a Sephadex G-25 desalt-
ing column (Amersham) equilibrated with a buffer containing 20 mM MOPS, 0.2 M 
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KCl, and 1 mM EDTA (pH 7.1). cTnC mutants were incubated with a 10-fold molar 
excess of the spin label [(1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl)methyl meth-
anethiosulfonate spin-label, MTSL, purchased from Toronto Research Chemicals, 
North York, ON]. The reaction was allowed to proceed at room temperature for 1 h, 
and the mixture was then held overnight at − 4 °C. Unattached MTSL was removed 
by a desalting column.

2.3  Preparation of the cTnC–cTnI Binary Complex

A human cardiac cTnC–cTnI binary complex was prepared as described by Dong 
et  al. [21]. Spin-labeled mutant cTnC and cTnI were mixed (1:3) in a buffer 
containing 20  mM MOPS, 6  M urea, 1  M KCl, and 50  mM  Ca2+ (o,o′-bis(2-
aminoethylethyenglycole-N,N,N′,N′-tetraacetic acid, pH 7.1), and then, stepwise dialy-
ses were carried out to reduce the urea concentration. The final buffer solution con-
tained 20 mM MOPS, 0.2 M KCl, 3 mM  MgCl2, and 1 mM EGTA (pH 7.0). Free cTnI 

Fig. 1  Structure of cTnC–cTnI 
complex; this structure is 
obtained from the X-ray struc-
ture [2] (PDB: 1J1D) with spin 
labels and the addition of the 
N-terminal region of cTnI in the 
range from residues 1–35 based 
on the N-terminal structure of 
cTnI [36] (PDB: 2JPW)

Ca2+

N

C
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was removed by centrifugation. The formation of a binary complex was confirmed 
by urea-PAGE [22]. The protein activities of spin-labeled mutant cTnC were assayed 
using the ATPase activities of cTnC-substituted myofibrils, as described in [20].

2.4  Pulsed EPR Measurements and Analysis of Dipolar Modulation

For the pulsed EPR measurements, a buffer containing 10 mM MOPS, 1 mM EGTA, 
0.2 M KCl, and 1 mM  MgCl2 (pH 7.0) was used for the condition without  Ca2+, and 
2.5 mM  CaCl2 was added to the buffer solution for the condition with  Ca2+. This sam-
ple condition guaranteed almost 100%  Ca2+ binding to the protein in a frozen solu-
tion sample, because  Ca2+ concentration is 150 times larger than the concentration of 
the titration midpoint, ca. 10 μM [23] and because the temperature dependence of the 
 Ca2+-binding equilibrium constant is small [24]. The sample solution also contained 
30–40% (W/V) sucrose to make a clear glass on freezing. The protein concentrations in 
sample solutions were determined using a Bradford Kit (Bio-Rad, Hercules, CA) to be 
50–70 μM. The EPR spectrum of a singly labeled TnC mutant at C84 was used as the 
noninteracting standard. Prepared solution was loaded in a  suprasil® tube of 2.6 mm 
outer diameter and sealed under nitrogen gas after 3 cycles of freeze-pump-N2 gas 
introduction-thawing. Nitrogen gas was used to prevent bubble formation in the thaw-
ing process of solution.

Pulsed EPR was measured on a Ku-band (17.5 GHz) spectrometer constructed in 
our laboratory with technical support from JEOL Co. Japan [25]. The six-pulse DQC 
sequence of 64-step phase cycling (Fig. 2) with 2 and 4 ns pulsewidths for π/2 and π 
pulses, respectively, was used. To observe dipolar modulation, the time intervals t2 and 
T in Fig. 2 were fixed to 36 ns and 3172–4057 ns, respectively, and t1 was varied in 
4 ns steps. To cancel out the electron spin echo envelope modulation (ESEEM) from 
matrix protons, four measurements with T values differing by 1/(the proton Zeeman 
frequency) were averaged. All DQC measurements were performed at 50 K using a 
SUPERTRAN-VP Cryostat System (JANIS Research Co. USA).

The distribution of distance between two spin labels was obtained from the observed 
dipolar modulation signal using the Tikhonov regularization (TIKR) method of the 
DEER Analysis2006 software [27]. The dipolar modulation f(t) is considered the sum 
of the modulation signals arising from complexes of different the inter-radical distance 
R [17]:

(1)f (t) = ∫
R

P(R)M(t,R)R2dR.

t

/2 /2 /2 echo

t1 T t1t1 T t1t2 t2

Fig. 2  Six pulse DQC sequence
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Here, P(R) is the distance distribution function, and M (t, R) is the dipolar modu-
lation function for a fixed distance R and random orientation of two labels. Equa-
tion (1) is an integral equation. Solving Eq. (1) for P(R) is a process that is in general 
very sensitive to noise in the observed signal f(t) and that needs some stabilization in 
its calculation process. The TIKR method [26, 28] is a widely used method to stabi-
lize such ill-posed problems; the solution is sought under a constraint that is minimi-
zation of the function ϕ(λ), Eq. (2), which is the sum of the mean square error and a 
term that introduces additional information:

In the present analysis, L is a second-order differential operator. A small first term 
means a better fitting of the observed data by P(R). On the other hand, the second 
term imposes the condition that P(R) should be smoother function. λ is the param-
eter that balances the first and second terms: in other words, λ compromises between 
the two constraints. The optimum value of λ is obtained by the L-curve (a plot of the 
first term against the second term for various λ) method.

Before the distribution analysis, a decay correction is performed on the observed 
modulations; a direct current (dc) component, the extra peak at frequency zero in the 
FFT spectrum of modulation, is removed by subtraction of a monotonously decay-
ing polynomial function of order three to five and multiplication with the inverse 
of the decay function (see Fig. S5 of the supplementary material). This correction 
is very small compared with that used for DEER data, which suffer from a large 
decaying zero frequency component, because the large baseline is removed as single 
quantum contributions in DQC. This feature is one of the advantages of the DQC 
method over DEER.

3  Results

3.1  Analysis of Distance Distributions

The label at position S98C (the C lobe of cTnC) was common to all complexes, and 
the second labeling position was A22C (the A helix), M47C (the B helix), Q58C 
(the C helix), or C84 (the D helix), Fig. 1. The observed dipolar modulations of the 
cTnC–cTnI normal complex labeled at the A, B, and  C helices with and  without 
 Ca2+ are shown in Fig. 3. The dotted line is the function used for decay correction. 
The results of decay correction are shown in Fig. 4. 

The dotted lines in Fig.  4 are the modulation functions that are calculated by 
Eq. (1) using the distribution function, as shown in Fig. 5. The coincidence between 
the calculated and observed modulation is satisfactory, as shown in the inset of 
Fig. 4; the residual errors are on the order of  10−2. The increase in the error in the 
late part (t > 0.5 μs) is due to the decay correction. All of the observed modulation 

(2)�(�) =

�������
fobs(t) − ∫

R

P(R)M(t,R)R2dR

�������

2

+ �2‖LP(R)‖2.
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functions, decay functions and distribution functions are shown in the supplemen-
tary material.

The distance distributions of the C-helix-labeled complex with and without 
 Ca2+ are shown in Fig.  5. The observed distance distributions consist of a large 
peak, which is sometimes asymmetric, and, in some cases, small peaks. The data 
in Table 1 are the statistical parameters calculated for the distributions, the average 
distance ⟨R⟩ , the width W, and the peak position (mode) Rm. We neglected small 
peaks below 2 nm that were clearly separated from other peaks in the calculation 
because of the limitation of the excitation bandwidths of microwave pulses [14]. The 
distances between the α-carbon atoms  (Cα–Cα distance) of the labeled residues from 
the X-ray structures of cTn [2] and sTn [3] are given in Table 2 for comparison. The 

Fig. 3  Dipolar modulation of 
DQC echo signals without  Ca2+ 
(solid line) or with  Ca2+ (dotted 
line). The labeled positions are 
the A, B, and C helix for a–c, 
respectively
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 Cα–Cα distances of cTn are 0.3–1  nm shorter than the average distance observed 
for the label-to-label distances (the NO–NO distance). This discrepancy between 
EPR and X-ray data is accounted for by considering the rotational freedom of the 
side chain of the cysteine residue that connects the nitroxide radical and α-carbon 
atom based on the results of molecular dynamics calculation (J. Abe, T. Yamazaki, 
Y. Ohba, unpubl.). 

The following are shown in Table  1 for the changes in the statistical parameters 
on  Ca2+ addition. The average distances ⟨R⟩ of the A-, B-, and C-helix labels become 
short, and the largest decrease in ⟨R⟩ is observed in the B-helix label (0.51 and 0.41 nm 
in the normal and the phosphomimetic complexes, respectively). On the other hand, the 
average distances of the D-helix label do not change on  Ca2+ addition. This finding is 
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Fig. 4  Dipolar modulation after decay correction (solid line) and the calculated modulation based on 
TIKR analyses (dotted line) for the C-helix-labeled complex without  Ca2+ (a) or with  Ca2+ (b). The 
residual error, difference between the experimental data and the calculation value, is shown in inset of a 
and b
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consistent with the results of cw-EPR distance measurements [19] and with the solu-
tion structures from NMR studies [29, 30] showing that the linker part between the 
N and C lobes of cTnC, which includes the D helix, is not sensitive to  Ca2+ binding. 
The widths in the normal complexes increase, and the largest change is observed in 
the C-helix labels (0.39 and 0.57 nm in the normal and phosphomimetic complexes, 
respectively). The effects of  Ca2+ addition on W for the phosphomimetic complexes are 
small, except for the D-helix label. The peak position Rm of the C (without  Ca2+) and 

Fig. 5  Distance distribution of 
the C-helix-labeled complex 
without  Ca2+ (solid line) and 
with  Ca2+(dotted line)

Distance (nm)
P
( R

)

Table 1  Statistical parameters 
for the distance distribution

a The average value of R: ⟨R⟩ = ∑
i
R
i
P(R

i
)∕

∑
i
P
�
R
i

�

b The width: W = 2σ. σ is the standard deviation of R: 
� =

∑
i
(R

i
− ⟨R⟩)2P(R

i
)∕

∑
i
P
�
R
i

�

c The peak of distribution

Normal Phosphomimetic

Without  Ca2+ With  Ca2+ without  Ca2+ With  Ca2+

⟨R⟩ (nm)a

 A helix 4.82 4.59 4.75 4.57
 B helix 4.98 4.47 4.97 4.56
 C helix 4.6 4.36 4.57 4.38
 D helix 3.36 3.3 3.37 3.3

W (nm)b

 A helix 1.05 1.16 1.27 1.14
 B helix 1.06 1.27 1.08 1.12
 C helix 0.99 1.38 0.73 1.3
 D helix 0.83 0.97 0.88 0.88

Rm
c

 A helix 4.97 4.66 5.05 4.88
 B helix 5.02 4.84 4.95 4.93
 C helix 4.58 4.55 4.68 4.61
 D helix 3.36 3.50 3.36 3.64



902 J. Abe et al.

1 3

D (phosphomimetic, without  Ca2+) labels are almost the same as the average distance 
⟨R⟩ ; therefore, the distributions are symmetric. In other complexes, Rm is longer than 
⟨R⟩ . This condition means that the distributions are asymmetric, and the population of 
R values shorter than the peak is larger than the other population.

The overall trends for the distance distribution are summarized as mentioned above, 
but the functional shape of distribution is more complicated. To analyze the detailed 
structure of the distribution, we decompose the distribution into the component distri-
butions Pi(R), which are each a sum of Gaussian functions:

Here, Pi(R) is a normalized distribution, Fi the fraction (population) of Pi(R), and fi,j 
is the fraction of the Gaussian function gi,j(R) that is normalized and characterized by 
the following parameters: the peak position (the average distance) ⟨R⟩i,j and the stand-
ard deviation σi,j (the width Wi,j is equal to 2σi,j). The parameters that characterize Pi(R) 
are the average distance ⟨R⟩i and the width Wi:

(3)P(R) =
∑

i

FiPi(R),

(4)Pi(R) =
∑

j

fi,jgi,j(R),

(5)
gi,j(R) =

1�
2��2

i,j

exp

�
−

�
R − ⟨R⟩i,j

�2

2�2
i,j

�
.

(6)⟨R⟩i = ∫ R
�

j

fi,jgi,j(R)dR,

(7)W2
i
= 4∫

�
R − ⟨R⟩i,j

�2 �

j

fi,jgi,j(R)dR.

Table 2  Cα–Cα distance (nm) 
from X-ray structure

a From Ref. [3]
b From Ref. [2]. There are two conformations

Without  Ca2+ With  Ca2+

sTna sTna cTnb

A helix 3.5 3.5 4.2, 4.3
B helix 2.9 3.3 4.2
C helix 3.0 3.4 3.8, 3.4
D helix 1.9 2.1 2.6, 2.8
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The observed distance distributions were fitted by up to four Gaussian functions. 
The square of the residual error is less than 5% of the square of the observed dis-
tance distribution, which guarantees the quality of fitting. In most of the cases, we 
took a single Gaussian function for the component distribution Pi(R). Two Gaussian 
functions were used for a single component distribution in following two cases. The 
first is when a single Gaussian function almost fit the dominant part of the observed 
distance distribution but the use of an additional Gaussian function improved the 
reproduction of the peak position and a small asymmetry. Figure  6a shows the 
Gaussian decomposition of the distance distribution obtained for the A-helix label 

b

a

Fig. 6  Component Gaussian functions for the distance distribution. a A-helix-labeled normal complex 
without  Ca2+ and b C-helix-labeled normal complex without  Ca2+. The thin solid lines are the observed 
distance distribution, the thick solid lines are the component Gaussian functions, and the dotted lines are 
the sum of the component Gaussian functions. Component 1 of a and b listed in Table 3 is calculated as 
the sum of two Gaussian functions at a 5.19 and 4.77 nm and b 4.48 and 4.71 nm, and component 2 of b 
is the sum of the Gaussian functions centered at 2.69 and 3.56 nm
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of the normal complex without  Ca2+. The dominant part is fitted by two Gaussian 
functions of almost the same intensity centered at 5.19 and 4.77 nm. The two Gauss-
ian functions are grouped into a one component-distribution because of the small 
separation. Figure 6b shows another example of this case taken from the data for 
the C-helix-labeled normal complex without  Ca2+, in which two Gaussian functions 
centered at 4.48 and 4.71 nm comprise a single distribution. The small component at 
4.48 nm improves the fit to a small tail in the shorter distance region. In the second 
case, Gaussian functions of small amplitudes and small separation are grouped into 
a single distribution. The two Gaussian functions centered at 2.69 and 3.56 nm in 
Fig. 6b are an example of this case.

There are small Gaussian functions that are not appropriate to group with oth-
ers, because these functions are located far from the other component distributions. 
The fractions of these Gaussian functions are 5–10% and are neglected in the pre-
sent study. Thus, we limited the number of component distributions to two, and the 
parameters of the two-component distributions are listed in Table 3 as components 
1 and 2. The results of the TIKR analysis and Gaussian decomposition data of the 
distance distributions are given in the supplementary material.

3.2  Effects of  Ca2+ Binding on the Unphosphorylated Complexes

We describe the data in Tables 1 and 3 for the normal complexes in this section and 
then the phosphomimetic complexes in the next section. From Table 1, we compared 
the effects of  Ca2+ addition on the average distance ⟨R⟩ , the peak position Rm, and 
the width W among labels on different helices. As mentioned in the previous section, 
the average distance ⟨R⟩ decreases in the A-, B-, and C-helix labels, and a maximum 
reduction of 0.51 nm is observed for the B-helix label. The peak position Rm also 
decreases, and the largest change of 0.31 nm is observed in the A-helix label. The 
width parameter W increases for the labels of all helices, and the C-helix label gives 
the maximum increase of 0.39 nm. The variations in the parameters are rather small, 
and the magnitudes depend on the label positions and kind of parameter.

Comparing the statistical parameters in Table 1 with the component distributions in 
Table 3, it can be seen that the peaks of component 1, ⟨R⟩1 , almost coincide with the 
peak distance Rm and are slightly different from the average distance ⟨R⟩ in the A-, B-, 
and C-helix-labeled normal complexes without  Ca2+. The relationships among ⟨R⟩1 , 
⟨R⟩ , and Rm are the result of the fact that component 1 dominates the distance distribu-
tion, and the fraction F1 is 0.8–0.9. On  Ca2+ addition, the differences ⟨R⟩1 − ⟨R⟩ became 
larger (in the negative direction) than those for the  Ca2+ free complexes. These changes 
are understood from the behavior of the parameters in Table 3. Qualitatively, the effects 
of  Ca2+ binding on ⟨R⟩1 , ⟨R⟩ , and Rm are explained by the reduction of the fraction of 
component 1 that causes an corresponding increase in the fraction of component 2, 
which is located at a shorter distance region than is component 1. The differences in the 
peak positions between components 1 and 2, ⟨R⟩1 − ⟨R⟩2 , are 0.8–1.5 nm in  Ca2+-free 
complexes. The B-helix label in complexes without  Ca2+ shows the maximum differ-
ence of 1.65 nm. The fractions F1 of component 1 decrease by 0.2–0.4 for the A-, B-, 
C-, and D-helix labels on addition of  Ca2+. The large changes of ⟨R⟩ observed for the 
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B-helix labels are the result of the increase in the fraction of component 2, which is 
located at ca. 1 nm shorter distance than component 1. The shift in ⟨R⟩ in the A-helix 
labels can be explained similarly. In the case of the C-helix label, the decreases in 
F1 are small, but the amount of ⟨R⟩ reduction is similar to that of the A-helix labels. 

Table 3  Results of fitting of 
the distance distribution by 
Gaussian functions

The component Gaussian functions are represented by the param-
eters for the ith component; ⟨R⟩

i
 (nm) is the peak position, Wi (nm) 

2 × (the standard deviation), and Fi the fraction of the ith component. 
The estimated standard deviation of Fi, ⟨R⟩i , and Wi are 0.08, 0.05,  
and 0.07 nm, respectively. The percentage of square root of variance, 
[
∑
{Pcalc(R

i
) − P

obs(R
i
)}2∕

∑
{Pcalc(R

i
) − P

obs(R
i
)}2

∑
P
obs(R

i
)2

×
∑

P
obs(R

i
)2]1∕2 , is less than 5%

a The component 1 is a sum of two Gaussian, see Fig. 6c
b Additional two components are omitted, because the fractions are 
small; see the caption of Fig. 6b for the details of the parameters

Normal Phosphomimetic

Without  Ca2+ With  Ca2+ Without  Ca2+ With  Ca2+

A helix
 F1 0.79d 0.54 0.76 0.59
 ⟨R⟩

1
4.99b 4.73 5.04 4.43

 W1 0.75b 0.72 0.62 0.85
 F2 0.21 0.35 0.18 0.36
 ⟨R⟩

2
4.19 4.20 4.14 5.02

 W2 1.13 0.99 0.99 0.59
B helix
 F1 0.90 0.57 0.91 0.53
 ⟨R⟩

1
5.08 4.92 4.98 4.20

 W1 0.46 0.55 0.63 1.18
 F2 0.10 0.43 0.09 0.47
 ⟨R⟩

2
3.43 3.95 3.36 4.97

 W2 0.61 0.99 0.53 0.51
C helix
 F1 0.83c 0.60 0.85 0.64
 ⟨R⟩

1
4.57 4.71 4.68 4.73

 W1 0.74 0.93 0.52 0.71
 F2 0.06 0.38 0.15 0.36
 ⟨R⟩

2
3.70 3.90 3.99 3.75

 W2 0.42 1.25 0.65 1.18
D helix
 F1 0.87 0.66 0.86 0.66
 ⟨R⟩

1
3.28 3.09 3.29 3.09

 W1 0.76 0.90 0.81 0.82
 F2 0.13 0.34 0.14 0.34
 ⟨R⟩

2
3.95 3.74 3.95 3.72

 W2 0.30 0.54 0.33 0.43
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This result may be explained by the correlation between the fraction and the average 
distances in the analysis. The difference between ⟨R⟩1 and ⟨R⟩2 is ca. 0.8 nm for the 
C-helix labels both with and without  Ca2+ complexes; this difference is larger than that 
in the A-helix labels (ca. 0.5 nm). This correlation may introduce errors corresponding 
to the differences between F1 values of the helices. It is interesting that ⟨R⟩2 is increased 
in the B-helix label on  Ca2+ binding. This result is opposite to the trends observed in 
the average distance ⟨R⟩ . The D-helix-labeled complex has a component 2 with a ca. 
0.6 nm longer ⟨R⟩2 than ⟨R⟩1 . On  Ca2+ addition, the fractions of component 1 decrease 
by approximately 0.2–0.3, so the fractions of component 2 increase as in the cases of 
the A-, B-, and C-helix labels. If the peak positions of these components do not change 
on  Ca2+ addition, there must be an increase in the average distance, but there are almost 
no changes, as shown in Table 1. This contradiction is explained by the ca. 0.2 nm 
decreases of ⟨R⟩1 and ⟨R⟩2 that canceled the effect of the fraction changes. The D-helix 
labels are exceptions in which Rm and ⟨R⟩ are almost the same. Furthermore, the peak 
of component 2 ⟨R⟩2 is longer than that of ⟨R⟩1 , but the effects of  Ca2+ binding on the 
fractions are the same as for the complexes with the other label positions.

3.3  Comparison with the Phosphomimetic Complexes

The effects of phosphomimetic modification on the statistical parameters in Table 1 are 
mostly small and scattered by ca. ± 0.1 nm in the average distance ⟨R⟩ , the width W, and 
the peak distance Rm. Moderate differences are observed in W of the A- and C-helix 
labels without  Ca2+ and Rm of the A-helix label with  Ca2+; the values change by 0.22, 
− 0.26, and 0.22 nm from those of the corresponding normal complexes, respectively.

The fractions of the component distributions show no significant effects of the 
phosphomimetic modification for the changes on  Ca2+ addition; the reduction in F1 is 
0.2–0.3. In contrast, the peak positions of the A- and B-helix labels with  Ca2+ are very 
different from those in the normal complexes. That is, the peak positions of component 
1 ⟨R⟩1 are shorter than those of component 2 ⟨R⟩2 . This inversion of the magnitude of 
⟨R⟩1 and ⟨R⟩2 also causes much larger changes in the peak positions on  Ca2+ addition 
in these helix labels in the phosphomimetic complexes. In the next section, we will 
discuss this point.

In the case of the C-helix label of the phosphomimetic complex, component 1 
behaves almost the same as the normal complex on  Ca2+ addition. For ⟨R⟩2 , a negative 
shift of − 0.24 nm is observed in the phosphomimetic complex, in contrast to the posi-
tive shift of 0.20 nm in the normal complex. Therefore, the effect of phosphomimetic-
modification amounts to − 0.44 nm. For the D-helix label, almost no phosphomimetic-
modification effect is observed for the parameters of the components.

4  Discussion

The distances averaged over the distribution showed that the labels on the A, B, and 
C helices moved to the E helix, on  Ca2+ binding, while the distance of the label on 
the D helix showed almost no changes. These shifts are considered to correspond 
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to movements of the helices associated with opening of the  Ca2+-binding site, the 
exposure of the hydrophobic patch, and then the binding of the cTnI regulatory 
domain, as considered for sTn and cTn [2–7, 29, 30, 33, 37]. Although these struc-
tural changes are further modulated by the phosphorylation of the cTnI extension, 
only slight changes are detected in the averaged distances, and detailed analyses are 
required to clarify the structural changes induced by phosphorylation, as described 
below.

The details of the observed distance distribution, such as the shoulders and 
small additional peaks, can be reconstructed by several Gaussian functions and are 
grouped into two-component distributions, as shown in the previous section. This 
fact suggests heterogeneity in the cTnC–cTnI complex structure. First, as for the ori-
gin of this heterogeneity, incomplete  Ca2+ binding can be excluded under our exper-
imental condition, as described in the “Materials and Methods”. Second, the present 
data for the sample without  Ca2+ also show heterogeneity. We also observed inho-
mogeneity in the DQC measurements of the distance between the D- and C-helix 
labels, in which the increase in the distance with the opening of site II occurs in 
only 20% of the complex (Y. Ohba, S. Ueki, T. Arata, unpubl.). There are reports 
that suggest structural heterogeneity by other experimental methods. In the X-ray 
structure of cTnC [2], two structures of different C and N lobe configurations are 
reported. Very recently, three kinds of structures of tropomyosin in the cardiac thin 
filament were reported by cryoelectron microscopy experiments [38]. The studies 
reported that heterogeneity exists irrespective of the existence of  Ca2+ and that a 
small shift between tropomyosin structures occurs on  Ca2+ addition.

In Table 3, there is some divergence of the fractions among the different label 
positions, and in some cases, the sum of F1 and F2 is not 1. These are errors due 
to that the observation and analyses for different label positions are independent 
and that there are small (less than 10%) additional components that are neglected 
in Table  3. Here, we assumed a two-state model for simplicity and calculated an 
average of the 1 − F1 and F2 values over the label positions to calculate the average 
value of F2, i.e., ⟨F2⟩ . The obtained ⟨F2⟩ values are 0.14 and 0.39 for the normal 
complex without and with  Ca2+, respectively, and 0.15 and 0.39 for the phospho-
mimetic complex without and with  Ca2+, respectively. The standard deviation of the 
average fraction is 0.05 and the results are satisfactorily consistent. Based on these 
results, we assume the following model for structural changes on  Ca2+ addition for 
the normal complexes. On  Ca2+ binding, the fraction F2 increases by ca. 24%, and 
simultaneously, the fraction F1 decreases by the same amount, while the structures 
of components 1 and 2 indicated by ⟨R⟩1 and ⟨R⟩2 , respectively, remain almost the 
same as that of the  Ca2+-free state. This model works well for the normal com-
plexes. The fraction changes are nicely consistent with the two-state model but the 
corresponding changes of ⟨R⟩1 and ⟨R⟩2 of the A- and B-helix labels are so large that 
cause a question about the validity of the model. As shown in Table 3, both ⟨R⟩1 and 
⟨R⟩2 change on  Ca2+ binding by − 0.61 and 0.88 nm, respectively, for the A-helix 
label and − 0.78 and 1.61 nm, respectively, for the B-helix label. By changing the 
assignment of components 1 and 2, we have no changes in ⟨R⟩1 and have changes 
in ⟨R⟩2 of 0.84 nm for the B-helix label. In this assignment, the peak shifts are simi-
lar to those for the model for the normal complex, but the average fraction ⟨F2⟩ of 
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the phosphomimetic complexes with  Ca2+ is 0.46 with a standard deviation of 0.12. 
This average value introduces rather a large deviation, but we cannot exclude this 
alternative considering the experimental error. We think that the consistency in the 
fractions over the different label positions is the  stronger  condition than the con-
sistency of the peak positions; therefore, the first model is more plausible. Despite 
the ambiguity in the assignment of components, we can observe the following in 
both models: (1) 24–30% of the complex causes a  Ca2+-induced structural change in 
which the A- and B-helix labels move away from the E helix in the phosphomimetic 
complex compared with the normal complex; (2) the shift in the B-helix label of the 
phosphomimetic complex is larger than that of the normal complex; and (3) the shift 
in the B-helix label is larger than that of the A-helix label in the phosphomimetic 
complex.

In the currently accepted model, the N-terminal region of cTnI, which contains 
the phosphorylation sites, is bound to the N lobe of cTnC at the loop between the 
A helix and the B helix on  Ca2+ binding, and phosphorylation weakens this interac-
tion [31, 32, 34–36]. The A/B-helix label shift is much larger than the other helix 
labels. Comparing the  Ca2+-induced changes of ⟨R⟩2 in the A/B-helix labels between 
the phosphomimetic and normal complexes shows a large difference. The A/B-helix 
label shift is much larger in the phosphomimetic complex than in the normal com-
plex. The shifts in the A/B-helix label in the phosphomimetic complex are opposite 
to the direction of the overall movement of these helices, i.e, the changes in the aver-
age distance ⟨R⟩ . These differences may be due to a weakening of the interaction 
that reduces the structural constraints on the A and B helices. A recent molecular 
dynamics study [39] also showed that  Ca2+-induced movements of A and B helices 
are larger than the other helices and also much larger in the phosphomimetic com-
plex than in the normal complex.

Distance measurements of the cTnC–cTnI complex by cw-EPR [19] revealed 
the distances from the D-helix label (C84) to the B-helix label (G42C) and to the 
C-helix label (Q58C). The observed average distances are increased on  Ca2+ addi-
tion by 0.11 and 0.39 nm in the B-helix label and the C-helix label, respectively. 
These shifts are considered to correspond to movements of the helices associated 
with opening of the  Ca2+-binding site II that consists of the C and D helices. The 
movement of the C helix is understood to be a direct effect of opening of the site II. 
On the other hand, movement of the B helix is caused by movement of the C helix 
and an interaction between the N lobe and cTnI regulatory domain [2, 5–7, 33]. In 
the present study, the position of the label on the B/C helix is measured from the 
E helix along a direction that is almost perpendicular to the direction in which the 
position of the label on the B/C helix is measured from the D helix in the cw-EPR 
experiments. In this direction, we obtained the results that the shift in the average 
distance of the B-helix label on  Ca2+ binding is larger than that of the C helix. Based 
on this fact, we think that the interaction with cTnI is more important for the shift of 
the B helix than the effects of the C helix are.

Finally, it is worthwhile to comment on the results for the D-helix label. The D 
and E helices constitute the linker of the N and C lobes and are expected to be inert 
to structural change on  Ca2+ addition. The present study showed that the fraction of 
the D-helix label changes consistently with the fraction changes of the labels at other 
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helices. However, this fraction change does not cause significant structural changes, 
because the difference between the peak positions of the two components is small. 
Therefore, the D-helix label position is effectively unchanged by  Ca2+ addition and 
is a good standard position for observations of average distances.

In summary, our results show the inhomogeneity of the N-terminal domain struc-
ture of cTnC and identify at least two components, 1 and 2; component 2 is 20–30% 
more populated in the  Ca2+-binding state than in  Ca2+-free state. This result sug-
gests that the increase in component 2 is functionally related to physiological control 
of cardiac muscle contraction. Phosphorylation modulates these structural changes 
and markedly shifts components 1 and 2 of the A- or B-helix labels to the shorter 
and longer distances. The DQC method demonstrated here is well-suited to provid-
ing a complete description of the structural changes and dynamics of the cTn sys-
tem. The positioning of spin labels at additional optimal sites continues to provide 
a map of the transient tertiary and quaternary interactions in the Tn system from 
isolated soluble subunits and from thin filaments and whole muscle fibers. These 
studies will ultimately be fundamental for a full understanding of the  Ca2+- and 
phosphorylation-mediated regulation of cardiac muscle contraction.
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