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ABSTRACT: In experiments reported here, we compared tension and thin filament Ca2+ signaling in
preparations containing either wild-type cardiac troponin I (cTnI) or a mutant cTnI with an R146G mutation
[cTnI(146G)] linked to familial hypertrophic cardiomyopathy. Myofilament function is altered in association
with cTnI phosphorylation by protein kinase C (PKC), which is activated in hypertrophy. Whether there
are differential effects of PKC phosphorylation on cTnI compared to cTnI(146G) remains unknown. We
therefore also studied cTnI and cTnI(146G) with PKC sites mutated to Glu, which mimics phosphorylation.
Compared to cTnI controls, binary complexes with either cTnI(146G) or cTnI(43E/45E/144E) had a small
effect on Ca2+-dependent structural opening of the N-terminal regulatory domain of cTnC as measured
using Förster resonance energy transfer. However, this structural change was significantly reduced in the
cTnC-cTnI(43E/45E/144E/146G) complex. Exchange of cTnI in skinned fiber bundles with cTnI(146G)
induced enhanced Ca2+ sensitivity and an elevated resting tension. Exchange of cTnI with cTnI(43E/
45E/144E) induced a depression in Ca2+ sensitivity and maximum tension. However, compared to
cTnI(146G), cTnI(43E/45E/144E/146G) had little additional effects on myofilament response to Ca2+.
By comparing activation of tension to the open state of the N-domain of cTnC with variations in the state
of cTnI, we were able to provide data supporting the hypothesis that activation of cardiac myofilaments
is tightly coupled to the open state of the N-domain of cTnC. Our data also support the hypothesis that
pathological effects of phosphorylation are influenced by mutations in cTnI.

Ca2+ regulation of striated muscle contraction involves
interactions among proteins of the troponin (Tn)1 complex
(TnC, TnI, and TnT) and tropomyosin (Tm) (1-7). Ca2+

binding to TnC triggers a release of the thin filament from
inhibition by an inhibitory region of TnI and a movement
of TnT and Tm that promotes the reaction of cross-bridges
with actin. In heart muscle, phosphorylation and mutations
of cardiac TnI (cTnI) that modify the activation process
appear to be of significance in hypertrophy and failure.
Depression of myofilament tension and shortening velocity
occurs with phosphorylation of cTnI by protein kinase C
(PKC) (8-10), which is activated in the cascade that signals
compensatory myocyte growth and leads to decompensation

(11). Moreover, there are mutations found in cTnI that have
been linked to familial hypertrophic cardiomyopathy (FHC)
and that culminate in sudden death (12-14). An important
unanswered question is whether effects of PKC-dependent
phosphorylation of wild-type cTnI are the same or different
in the FHC-related cTnI mutant. In experiments reported
here, we have probed effects of FHC-linked mutation
(R146G of cTnI; R145G in human cTnI sequence) and PKC-
dependent phosphorylation of cTnI, alone and together, on
molecular signaling at the interface of cTnI and cTnC and
on tension developed by myofilaments.

A primary event in signaling at the interface of TnI and
TnC is a Ca2+-dependent structural opening of the N-domain
of TnC, which initiates activation of the thin filament. The
crystal structures of vertebrate fast skeletal TnC (fsTnC)
show two globular domains, each of which contains a pair
of Ca2+-binding sites (15-17). The sites in the N-terminal
domain are the regulatory sites and are specific for Ca2+,
whereas those in the C-terminal domain bind both Ca2+ and
Mg2+. One of the regulatory Ca2+-binding sites in cTnC
cannot bind Ca2+ under the physiological conditions due to
the amino acid replacement of the coordinating residue (18).
Ca2+ binding to the regulatory sites of fsTnC results in the
opening of the hydrophobic pocket in the N-terminal domain
(17, 19). For cTnC to expose its hydrophobic pocket, a
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complex formation with the C-terminal part of the inhibitory
region of cTnI is required (20, 21). The Ca2+-induced
interaction between the hydrophobic pocket of the N-domain
of TnC and the C-terminal part of the inhibitory region of
TnI triggers the series of conformational transitions among
myofilament proteins (e.g., refs22-27), which results in
activation of thin filament.

In experiments reported here, we conducted Fo¨rster
resonance energy transfer (FRET) experiments in order to
assess the effects of PKC-dependent phosphorylation and/
or FHC-related mutation of cTnI on the structural opening
of the N-terminal domain of cTnC. We used Glu substitution
at major PKC-dependent phosphorylation sites on cTnI (Ser-
43, Ser-45, and Thr-144) to mimic fully phosphorylated states
as we demonstrated recently (10). We also measured the
effects of these mutations on steady-state tension of detergent-
treated mouse cardiac fiber bundles. Our data demonstrate
significant differences between effects of PKC pseudophos-
phorylation of cTnI and cTnI (R146G) on myofilament Ca2+

sensitivity and maximum tension as well as the open state
of the N-domain of cTnC.

EXPERIMENTAL PROCEDURES

Preparation of Proteins.Recombinant human cardiac
troponin C (cTnC) and a mutant cTnC(20W/51C) were
expressed in BL21(DE3) cells using the pET3d vector and
purified according to the method described previously (21,
28, 29). The Trp-less mutant (dW) of mouse cTnI(wt)
inserted into the pET3d vector (30) was created by replacing
Trp-192 with Phe using the QuickChange site-directed
mutagenesis kit (Stratagene). PKC pseudophosphorylation
(S43E/S45E/T144E) and/or FHC-related mutation (R146G)
were further introduced into either cTnI(wt) or dW-cTnI(wt).
Recombinant cTnIs were expressed and purified as previ-
ously described (25). Recombinant mouse cardiac troponin
T (cTnT) inserted into the pSBET vector was expressed and
purified as described (31, 32). The single cysteine in the
cTnC mutant [cTnC(20W/51C)] was labeled with IAEDANS
in the presence of 6 M urea (33), and the degree of labeling
was found to be>0.97 mol of probe/mol of protein.
Reconstitution of the binary complex with unlabeled or
labeled cTnC and cTnI mutants was carried out by following
the procedure described in the previous work (34). The final
step of dialysis was against a working buffer containing 0.15
M KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM dithiothreitol,
and 50 mM MOPS at pH 7.0.

Fluorescence Measurements.Steady-state measurements
were carried out in a solution containing 0.15 M KCl, 5 mM
MgCl2, 1 mM EGTA, 1 mM dithiothreitol, and 50 mM
MOPS, pH 7.0 at 20( 0.1 °C, on an ISS PC1 photon-
counting spectrofluorometer, using a band-pass of 3 nm on
both the excitation and emission monochromators (33).
Emission spectra were corrected for variation of the detector
system with wavelength. For each emission spectrum, the
background signal was corrected using solutions in which
proteins were omitted. Protein concentration was 5µM for
all spectral measurements. When Ca2+ was present, the total
concentration was 2 mM.

FRET Ca2+ titration was carried out on the ISS PC1
equipped with a Micro 4 autotitrator (World Precision) with
the excitation wavelength set at 295 nm and the emission

wavelength at 333 nm for donor Trp. The titration was
sequentially performed on the donor-only labeled protein
sample (P-D), followed by measurements on the donor-
acceptor labeled protein sample (P-DA) at the same con-
centration as the P-D sample (35). Background tracings were
recorded with buffer containing no proteins. Fluorescence
intensity was collected by monitoring changes in fluorescence
intensity of the tryptophan donor for both P-D (ID) and P-DA
(IDA) samples at 333 nm, and the background was subtracted.
The Ca2+-dependent average FRET efficiency,E, was
determined from the ratio of the two averaged fluorescence
intensity signals from the P-DA and P-D titrations using the
equation:

The Ca2+-dependent distance (R) change was then deter-
mined using the equation:

With eqs 1 and 2, one can generate an experimental measure
of FRET efficiency or distance as a function of [Ca2+] for
each donor and acceptor pair.

Fluorescence intensity decay was measured at 20( 0.1
°C in the time domain with an IBH 5000 photon-counting
lifetime system equipped with a very stable flash lamp
operated at 40 kHz in 0.5 atm of hydrogen. For determination
of FRET, the donor intensity from donor-alone and donor-
acceptor samples was collected into 1024 channels of a
multichannel analyzer under identical experimental condi-
tions. These decay data were analyzed as a sum of expo-
nential terms to calculate the distribution of the intersite
distances using the program CFS_LS/GAUDIS (http://
cfs.umbi.umd.edu/index.html) as in previous studies (33, 34).
The reduced chi square ratio (øR

2) was used to judge
goodness of fit for the distribution. For all FRET experi-
ments, the donor was Trp-20 of cTnC and the acceptor was
the extrinsic fluorophore AEDANS covalently linked to the
single Cys residue at position 51 of cTnC. The excitation
and emission wavelengths for Trp were 295 and 333 nm,
respectively. For AEDANS the corresponding wavelengths
were 330 and 480 nm, respectively. The overlap integral was
determined for each experimental condition, using experi-
mental values of the quantum yield and the Fo¨rster distance
(R0).

Steady-State Tension Measurements.We measured tension
generated by detergent-treated fiber bundles dissected from
the left ventricular papillary muscles of mouse hearts as
previously described (10). Male CD-1 mice (age 3 months)
were anesthetized by injection with pentobarbital sodium (50
mg/kg body weight) into the peritoneal cavity. The hearts
were quickly excised, and left ventricular papillary muscle
fiber bundles were isolated and dissected into strips ap-
proximately 150-200 µm in width and 3-4 mm in length
at 4 °C. The fiber bundle was then placed in HR solution
(53.5 mM KCl, 10 mM EGTA, 25µM CaCl2, 6.81 mM
MgCl2, 5 mM ATP, 12 mM creatine phosphate, 10 units/
mL bovine heart creatine kinase, 1 mM dithiothreitol, 1%
Triton X-100, and 20 mM MOPS, pH 7.0). The detergent-
skinned fiber bundle was mounted between a force transducer
and a micromanipulator, and the sarcomere length was

E ) 1 - IDA/ID (1)

R ) R0[(1 - E)/E]1/6 (2)
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adjusted to 2.3µm. Initial maximum isometric force was
measured in activating solution (pCa 4.5) containing 33.8
mM KCl, 10 mM EGTA, 9.96 mM CaCl2, 5.39 mM ATP,
6.47 mM MgCl2, 12 mM creatine phosphate, 10 units/mL
creatine kinase, 1 mM dithiothreitol, and 20 mM MOPS,
pH 7.0. Force was measured while the fibers were bathed in
sequentially increasing Ca2+ concentrations ranging from pCa
8.0 to pCa 4.5. Endogenous Tn was then exchanged as
described in Burkart et al. (10). The skinned fiber bundles
were incubated with an excess of cTnT-cTnI, followed by
reconstitution with cTnC. After reconstitution with cTnC,
maximum Ca2+-activated force was measured in pCa 4.5
solution, followed by force measurements ranging from pCa
8.0 to pCa 4.5.

TnC-TnI Binding Measurements.The effects of mutations
on the interactions of cTnI with cTnC were assessed by
surface plasmon resonance spectroscopy using a BIAcore
1000 instrument (BIAcore, Inc., Piscataway, NJ) at 25°C
(36, 37). To immobilize cTnI on a sensor chip, 2-(2-
pyridinyldithio)ethanamine was first cross-linked to carboxyl
groups of sensor chip C1 by EDC/NHS, and then cTnI was
introduced for immobilization through thiol coupling. To
analyze the kinetics of the interaction between cTnC and
immobilized cTnI, different concentrations of cTnC, ranging
from 5 to 250 nM, depending on the analysis, were injected.
The analysis was carried out with association times of either
90 or 120 s and a dissociation time of 300 s in 0.3 M NaCl,
5 mM MgCl2, 0.1 mM CaCl2, and 20 mM MOPS, pH 7.0,
at a flow rate of either 30 or 50µL/min. Regeneration of
the sensor chips was carried out by injecting 6 M urea, 1 M
NaCl, 10 mM EDTA, and 20 mM MOPS, pH 7.0. Control
experiments were carried out using a flow cell prepared with
the same procedure except that cTnI was omitted. We found
no nonspecific binding of cTnC to the sensor chip under
our experimental conditions. After the background was
subtracted, the data were fit to a two-step binding model
(two-state reaction model):

using the global data analysis with the BIAevaluation version
3.1 program. Thus association rate constantkon ) k+1,
dissociation rate constantkoff ) k-1k-2/(k+1 + k+2), and
association constantKa ) kon/koff.

RESULTS

Distance Distribution Analysis.To determine the influence
of PKC pseudophosphorylation and/or FHC-related mutations
on the ability of cTnI to induce a structural transition in the
N-domain of cTnC, we employed FRET measurements
between Trp-20 (donor) and AEDANS labeled at Cys-51
(acceptor) of cTnC (21, 35). Trp-20 is located in the A-helix,
and Cys-51 is located at the B-C linker. Upon Ca2+ binding
to the regulatory site(s) of TnC, helices B and C move away
from helices A and D. Thus Ca2+-dependent structural
opening of the N-terminal domain of cTnC in a binary
complex with cTnI can be monitored as a decrease of transfer
efficiency by FRET measurements between these two sites.

Figure 1 illustrates the distance distribution with the
assumption of Gaussian distribution, and Table 1 summarizes
the distance distribution parameters. Lifetime measurements

of the donor in the presence and absence of the acceptor
allowed us to recover the distance distribution between donor
and acceptor (38). In a binary complex with dW-cTnI(wt)
and cTnC(20W/51C), the mean distance between the donor
and acceptor was 15.5 Å, as calculated from distance
distribution analysis in the absence of Ca2+. Upon Ca2+

binding to the regulatory site and induction of the structural
change in the N-terminal domain of cTnC(20W/51C), the
mean distance increased to 22.9 Å. These distances and the
distance change are in good agreement with our previous
measurements (21, 35) and with the distances calculated
from NMR structures (20, 39, 40). As summarized in Table
1, introduction of PKC pseudophosphorylation into dW-
cTnI(wt) resulted in a small increase of the mean distance

A + B 798
k+1

k-1
(AB)* 798

k+2

k-2
AB

FIGURE 1: Area-normalized distance distribution profiles of the
cTnI-cTnC binary complex. The energy donor was Trp-20 of
cTnC, and the acceptor was AEDANS attached to Cys-51 of cTnC.
The binary complexes contained either dW-cTnI(wt) (black), dW-
cTnI(43E/45E/144E) (cyan), dW-cTnI(146G) (magenta), or dW-
cTnI(43E/45E/144E/146G) (green). Solid lines and dash lines are
Mg2+ states and Ca2+ states, respectively. Distribution parameters
are summarized in Table 1. The experiments were repeated to
confirm reproducibility.

Table 1: Distance Distribution Parameters from Fluorescence
Lifetime Measurementsa

dW-cTnI
mutation conditions

mean
distance
(R/Å)

half-width
(HW/Å) øR

2

distance
changes

(Å)

wt Mg2+ 15.5 4.42 1.05
(17.5) (2.97)

Ca2+ 22.9 5.37 1.07 7.4
(20.9) (3.10)

43E/45E/ Mg2+ 16.9 5.84 1.10
144E (19.0) (5.23)

Ca2+ 21.9 6.85 1.05 5.0
(19.0) (4.81)

146G Mg2+ 15.9 5.42 1.06
(18.0) (14.1)

Ca2+ 21.9 5.35 1.07 6.0
(19.0) (12.7)

43E/45E/ Mg2+ 17.2 6.25 1.09
144E/146G (18.0) (3.21)

Ca2+ 20.3 7.42 1.08 3.1
(19.0) (2.78)

a Intersite distances between Trp-20 of cTnC and AEDANS at Cys-
51 of cTnC were measured in a binary complex with one of the cTnI
mutants. Experimental conditions were described in Experimental
Procedures. Each set of data was refitted by holding the mean distance
at the value in parentheses, and the resultantøR

2 value is also shown
in parentheses.
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(1.4 Å) in the absence of Ca2+ and a smaller increase of the
distance (5.5 Å) induced by Ca2+ compared to the binary
complex with dW-cTnI(wt). In both the absence and the
presence of Ca2+, half-widths (HW) of the distance distribu-
tions increased as compared to dW-cTnI(wt). dW-cTnI(146G)
had an effect on distance change similar to dW-cTnI(43E/
45E/144E). Introduction of the PKC pseudophosphorylation
to dW-cTnI(146G) increased the mean distance to 17.2 Å
and the HW to 6.25 Å in the absence of Ca2+, but the effect
of Ca2+ on the distance was an increase of only 3.1 Å,
although the distribution was broadened by 1.17 Å. The
difference in the mean distance between the absence and
presence of Ca2+ for this mutation was only∼40% of that
observed for dW-cTnI(wt) and∼50% of that for dW-
cTnI(146G). The Ca2+-induced increase in HW was∼40%
of that observed for dW-cTnI(wt). Thus the combined effects
of PKC pseudophosphorylation and FHC-related mutation
appeared to be essentially additive.

To examine the extent to which the observed difference
between two distributions of distances determined in the
absence and presence of Ca2+ can be considered distinct,
we refitted the data by holding the mean distance at the value
shown in parentheses in Table 1. For dW-cTnI(wt), a change
of 2 Å resulted in a 3-fold increase in the values oføR

2.
Larger elevations (5-14-fold) in øR

2 were obtained for two
of the other three mutants of dW-cTnI. For the third mutant,
a change of 1 Å in the mean distance resulted in a 3-fold
elevation of theøR

2 value. This analysis indicates that the
uncertainty of the best fitted values for the mean distances
was not likely more than 2 Å and, in each case, the two
distributions are distinct.

In general, deviation of the distances in the Mg2+ state or
Ca2+ state from dW-cTnI(wt) was accompanied by an
increase of HW, indicating alteration of the equilibrium
between the open and closed forms of cTnC, as discussed
below. When PKC pseudophosphorylation and/or the FHC-
related mutation were introduced into dW-cTnI, the apparent
structure of the N-domain of cTnC became more flexible in
both the presence and the absence of Ca2+.

In our FRET data analysis to recover the distribution of
distances between Trp-20 and Cys-51 of cTnC, several
criteria clearly showed distinct distributions of donor-
acceptor distances for the complexes reconstituted with
different cTnI mutants. The recovered distributions are
apparent distributions in that they are influenced by the
Förster critical distance (R0) of the donor-acceptor pair, the
orientations of donor and acceptor, and their motions,
conformation fluctuation, and site-site diffusion of the
protein. In particular, a distribution of the orientation factor
(κ2) can contribute to the overall observed apparent distance
distributions. In our calculation of the mean distances from
the distribution of the distances, a value of2/3 was used for
the orientation factorκ2, based on the assumption of isotropic
and rapid tumbling of the fluorophores. If this value was
inappropriate or different for the different biochemical states,
the calculated distances would be subjected to an uncertainty
that cannot be quantitatively assessed. There is no theoretical
model to predict the exact value ofκ2. However, the potential
contribution of the orientation factors can be estimated from
the axial depolarization factors of the donor and acceptor
(41). We measured the anisotropy decays of both the donor
and acceptor in each complex reconstituted with different

cTnI mutants (data not shown). The limiting anisotropy
values derived from the decays were used to calculate their
respective axial depolarization factors and the range ofκ2

(κ2
min - κ2

max). These results are listed in Table 2. The range
of κ2 was 0.28-2.1 for all distances. The expected error
resulting from the use of a value of2/3 for the orientation
factor to calculate the mean distance is less than 20%. The
variations of the axial depolarization factors listed in the
Table 2 for either donor or acceptor in different complexes
with or without the presence of Ca2+ are less than 11%. These
results suggest that both fluorophores do not experience
significant changes in their orientations upon reconstitution
with different cTnI mutants and Ca2+ binding. Therefore,
much of the observed changes in the mean distance and
apparent half-width of the distribution between the donor
and acceptor sites could be due to structural dynamic changes
of the proteins.

Steady-State Fluorescence.To assess the effects of PKC
pseudophosphorylation and/or FHC-related mutation of cTnI
on Ca2+ sensitivity of the structural opening of the N-domain
of cTnC, we employed Ca2+ titration in the absence and
presence of acceptor (AEDANS at Cys-51 of cTnC) and
calculated FRET efficiency. Figure 2 shows the pCa-
distance relations in a binary complex with each of the
recombinant cTnIs. The distance between the donor and
acceptor was calculated from FRET efficiency according to
eqs 1 and 2. The maximum and minimum distances obtained
from these experiments are in good agreement with those
obtained from the distance distribution analysis described
above. The pCa50 values, which correspond to-log [Ca2+]
at which 50% of the distance change occurred, obtained by
titrating the distances with Ca2+ were 5.41 for dW-cTnI(wt),
5.30 for dW-cTnI(43E/45E/144E), 5.30 for dW-cTnI(146G),
and 5.09 for dW-cTnI(43E/45E/144E/146G). Both 146G and
43E/45E/144E mutations reduced the pCa50 value by 0.11
pCa unit compared to the dW-cTnI(wt). The 43E/45E/144E
/146G mutation reduced the pCa50 value by 0.32 pCa unit
compared to the dW-cTnI(wt).

Figure 5A shows the relationship between pCa50 values
obtained from steady-state fluorescence experiments and the
mean distances and distance changes obtained from FRET
measurements. The data show a clear correlation between

Table 2: Anisotropy Parameters of Tryptophan (Donor) and
IAEDANS (Acceptor) in cTnC(20W/51C)-cTnI Complexesa

anisotropyb
depolarization

factorc
orientation

factorddW-cTnI
mutation conditions r0,D r0,A 〈dX

D〉 〈dX
A〉 κ2

min κ2
max

wt Mg2+ 0.158 0.141 0.718 0.381 0.200 1.94
Ca2+ 0.165 0.157 0.750 0.424 0.275 2.08

43E/45E/ Mg2+ 0.151 0.144 0.686 0.389 0.308 1.92
144E Ca2+ 0.162 0.158 0.736 0.427 0.279 2.07

146G Mg2+ 0.165 0.157 0.75 0.424 0.275 2.07
Ca2+ 0.157 0.149 0.714 0.403 0.294 1.99

43E/45E/ Mg2+ 0.160 0.147 0.727 0.397 0.292 1.99
144E/146G Ca2+ 0.155 0.139 0.775 0.376 0.283 2.02
a Experimental conditions were the same as those used in Table 1.

b r0,D and r0,A are limited anisotropy of the donor and acceptor,
respectively, and are determined from the respective anisotropy decay
curves.c 〈dX

D〉 and〈dX
A〉 are axial depolarization factors for the donor

and acceptor in the protein, respectively, and are calculated as previously
described (41). d κ2

min and κ2
max are the lower and upper limits,

respectively, of the orientation factors calculated fromr0,D andr0,A (41).
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the Ca2+ sensitivity and distance changes. This indicates
significant energy coupling between Ca2+ binding and the
structural transition in the cTnC-cTnI binary complex.

Tension Measurements.To assess functional effects
of recombinant cTnIs [cTnI(wt), cTnI(43E/45E/144E),
cTnI(146G), and cTnI(43E/45E/144E/146G)] and their dW-
cTnI counterparts, as well as the cTnC mutant [cTnC(20W/
51C)], we measured the isometric tension of detergent-treated
(skinned) fiber bundles, in which the endogenous cTn
complex was exchanged with each of the recombinant cTn
complexes. The results are summarized in Figure 3 and Table
3.We first replaced the endogenous cTn ternary complex with
the cTnT-cTnI binary complex, and the whole cTn complex
was then reconstituted by adding cTnC (10, 31). Alkali-
urea polyacrylamide gel electrophoresis verified the absence
of cTnC following extraction (data not shown). The slower
mobility of recombinant cTnT, which contained a myc tag
at its N-terminus, permitted determination of cTnT exchange.
Using an anti-TnT antibody, we determined the extent of
Tn replacement by Western blot analysis (Figure 3A). When
we exchanged the endogenous Tn complex with the recom-
binant Tn complex containing cTnI(wt) or cTnI(S43E/S45E/
T144E), we were able to replace nearly 100% of the Tn
complex with the exogenous Tn complex, whereas 80-90%
of the native Tn complex was exchanged with Tn complexes
with the R146G mutation.

Panels B and C of Figure 3 show the pCa-tension
relations, and Figure 3D shows maximum and minimum
tensions for fiber bundles where endogenous cTn was
replaced by one of the recombinant cTn complexes. Com-
pared to fiber bundles with dW-cTnI(wt), fiber bundles that
contained dW-cTnI(43E/45E/144E) were desensitized to
Ca2+, whereas fiber bundles that contained dW-cTnI(146G)
were sensitized to Ca2+ (Figure 3B). Furthermore, com-
pared to fiber bundles with dW-cTnI(wt), those with dW-
cTnI(43E/45E/144E) showed a reduction of maximum ten-
sion. However, introduction of the R146G mutation resulted
in an increased maximum tension and a significantly
increased minimum tension (Figure 3D). Qualitatively, these

FIGURE 2: FRET-sensed Ca2+ titration of the cTnI-cTnC binary
complex. The complexes contained either dW-cTnI(wt) (closed
circle), dW-cTnI(43E/45E/144E) (open circle), dW-cTnI(146G)
(closed square), or dW-cTnI(43E/45E/144E/146G) (open square).
Trp at position 20 (donor) of cTnC was excited at 295 nm, and
emission was recorded at 333 nm. AEDANS attached to Cys-51
of cTnC was the acceptor. FRET efficiency was converted to
distance as described in Experimental Procedures. The data were
fitted with a simple Hill equation. pCa50 (Hill coefficient) values
obtained from these experiments were 5.41 (2.19) for dW-cTnI(wt),
5.30 (2.58) for dW-cTnI(43E/45E/144E), 5.30 (2.05) for dW-
cTnI(146G), and 5.09 (1.77) for dW-cTnI(43E/45E/144E/146G).
The experiments were repeated to confirm reproducibility.

FIGURE 3: Effects of cTnI mutations on force-pCa relation of
skinned fiber bundles. The endogenous cTn complex was replaced
by treatment with the cTnT-cTnI complex followed by addition
of cTnC to reconstitute the whole cTn complex as described
previously (21, 31). (A) Western blot analysis of cTnT using an
anti-TnT antibody to estimate the exchange efficiency. Since the
recombinant TnT has a c-myc tag at its N-terminus, it shows slower
mobility compared to endogenous cTnT. (B) Force-Ca2+ relations
for skinned fiber bundles containing dW-cTnI(wt) (filled circles),
dW-cTnI(43E/45E/144E) (open circles), dW-cTnI(146G) (filled
squares), or dW-cTnI(43E/45E/144E/146G) (open squares). The Tn
complex was reconstituted by adding cTnC(20W/51C). (C) Force-
Ca2+ relations for skinned fiber bundles containing cTnI(wt) (filled
circles), cTnI(43E/45E/144E) (open circles), cTnI(146G) (filled
squares), or cTnI(43E/45E/144E/146G) (open squares). The ternary
Tn complex was reconstituted by adding cTnC. (D) Maximum and
minimum tensions for skinned fiber bundles containing dW-cTnIs.
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observations are consistent with the data from fiber bundles
without the dW (Trp-192 to Phe) mutation of cTnI and the
20W/51C mutation of cTnC as shown in Figure 3C. Thus
the effects of PKC pseudophosphorylation on the activity
of myofilaments are dependent on whether residue 146 of
cTnI is Arg (wt) or Gly (FHC-related mutant).

In Figure 5B, we show the extent of muscle activation
defined as (maximum tension)- (minimum tension) as a
function of the relation between apparent Ca2+ affinity
derived from the tension measurement or from Ca2+ titration
using steady-state fluorescence measurements. There was a
weak correlation between muscle activation and apparent
Ca2+ affinity for tension development (closed circle), whereas
there was a strong correlation between muscle activation and
the apparent Ca2+ affinity for the structural transition in the
cTnC-cTnI binary complex (open squares).

Interaction between TnC and TnI.The interaction of cTnC
with immobilized cTnI was analyzed in real time using
surface plasmon resonance spectroscopy (BIAcore). In our
experiments, to avoid the artifacts (such as mass-transport
effect, steric hindrance, or nonspecific binding of the analyte
to the sensor chip), purified cTnI was immobilized on a C1
chip by thiol coupling, and experiments were conducted with
relatively low surface density of the ligand and high flow
rate (42). To maintain the solubility of cTnI, we used 0.3 M
NaCl for the running buffer. The interaction of cTnI with
cTnC was analyzed in the presence of 5 mM MgCl2 and 0.1
mM CaCl2, pH 7.0 at 25°C. Two examples of sensograms
are shown in Figure 4, and kinetic parameters obtained by
global fit to a two-step binding model are summarized in
Table 4. The R146G mutation of cTnI resulted in a decreased
association rate constant (kon), whereas PKC pseudophos-
phorylation resulted in an increase of the dissociation rate
constant (koff). PKC pseudophosphorylation of cTnI(wt)
increased the dissociation rate constant 17-fold, resulting in
a 20-fold lower affinity for cTnC. PKC pseudophosphoryl-
ation of cTnI(R146G) also induced a faster dissociation rate
constant (22-fold) and lower affinity (32-fold) for cTnC.

Only a two-step binding model could fit our data reason-
ably. This is not surprising considering the multiple interac-

tion sites between TnC and TnI (43, 44). Recently, Tripet et
al. reported the interaction between fsTnC and several
peptides derived from the inhibitory region and the regulatory
region of fsTnI using the SPR technique (45). The data thus
obtained should be simpler than those between whole
proteins. Interestingly, they also found that a two-step binding
model was required to fit their data. Although one might
speculate that each step (fast or slow) in the association and

Table 3: Summary of Results from Skinned Fiber Studiesa

cTnI pCa50 Hill coeff
max tension
(mN/mm2)

min tension
(mN/mm2)

wt 5.33( 0.01 3.25( 0.30 23.02( 0.49 1.37( 0.25
S43E/S45E/

T144E
5.17( 0.01 3.51( 0.35 13.77( 0.06 0.00( 0.02

R146G 5.63( 0.03 1.70( 0.12 30.11( 1.33 6.25( 0.82
S43E/S45E/

T144E/
R146G

5.79( 0.02 1.64( 0.11 26.90( 0.96 7.45( 0.77

dW/wt 5.37( 0.01 2.12( 0.12 21.10( 0.41 0.00( 0.18
dW/S43E/

S45E/T144E
5.25( 0.02 2.09( 0.14 17.57( 0.43 0.70( 0.16

dW/R146G 5.46( 0.02 1.46( 0.10 26.58( 0.65 9.48( 0.26
dW/S43E/

S45E/T144E/
R146G

5.54( 0.03 1.38( 0.11 24.06( 0.62 10.59( 0.27

a Endogenous cTnI in detergent-skinned fiber bundles was exchanged
with various mutant forms of recombinant cTnI, and the effects on
Ca2+ sensitivity (pCa50), cooperativity (Hill coefficient), and tension
development (maximum and minimum) were determined. The numbers
were expressed as mean( SEM from eight to twelve fibers (three to
four mice).

FIGURE 4: Interaction of cTnC with wild-type (A) and PKC
pseudophosphorylated (B) cTnI determined by surface plasmon
resonance. cTnI was immobilized on a sensor chip, and varied
concentrations of cTnC were injected over the surface as described
in Experimental Procedures. Injection was performed for 90 s (A)
or 120 s (B) followed by 300 s of dissociation phase at a flow rate
of 50 µL/min in these cases. Concentrations of cTnC injected were
(A) 114.3, 57.2, 28.6, and 14.3 nM (from top) and (B) 245, 123,
and 61 nM (from top).Rmax (density of immobilized cTnI on the
surface chip) values were (A) 21.5 RU and (B) 30.1 RU,
respectively. Solid lines indicate fitted curves according to the two-
step binding model.

Table 4: Summary of Affinities and Rate Constants for cTnC
Binding to Immobilized cTnIsa

cTnI kon (M-1 s-1) koff (s-1) Ka (M-1)

wt 1.59× 106 1.54× 10-2 1.03× 108

S43E/S45E/T144E 1.40× 106 2.64× 10-1 5.30× 106

R146G 2.80× 105 8.00× 10-3 3.50× 107

S43E/S45E/T144E/
R146G

1.90× 105 1.76× 10-1 1.08× 106

a The affinities between cTnC and immobilized cTnIs were measured
by BIAcore surface plasmon resonance. The solution conditions were
0.3 M NaCl, 5 mM MgCl2, 0.1 mM CaCl2, and 20 mM MOPS, pH 7.0
at 25 °C. In all cases, standard errors for the fitted parameters (k+1,
k-1, k+2, andk-2) were 5-15% of the fitted values. The valueskon,
koff, andKa were calculated as described in Experimental Procedures.
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dissociation phases corresponds to sequential binding of TnI
to the N- and C-domain of TnC, this interpretation requires
more investigation. In general, clearer determination of the
relationship between kinetic parameters and the structural
information awaits further experiments.

DISCUSSION

Our data provide novel and important evidence on the
mechanism of activation of cardiac myofilaments and how
this mechanism is modified by TnI charge modifications
associated with FHC and posttranslational modifications. By
comparing activation of tension to the open state of the
N-domain of cTnC with variations in the state of cTnI, we
were able to provide data supporting the hypothesis that
activation of cardiac myofilaments is tightly coupled to the
open state of the N-domain of cTnC. Both PKC pseudophos-
phorylation and a missense mutation of cTnI induced
alterations in the open state of cTnC. Moreover, the apparent
Ca2+ affinity of this structural transition in a binary complex,
not apparent Ca2+ affinity for fiber bundles, correlated well
with isometric tension activation of skinned fiber bundles.
Our data demonstrating that effects of PKC pseudophos-
phorylation of cTnI on tension and the open state of the
N-terminus of cTnC are significantly altered in an FHC-
related mutant of cTnI are also of importance to our
understanding of regulation of myocardial contraction in
physiological and pathological states.

Evidence on the crystal structure of the core domain of
the cTn complex provides a rationale for the effects of charge
modification of the PKC sites on cTnI (46). Two of the PKC
phosphorylation sites, Ser-43 and Ser-45, are located in the
N-terminal R-helical region of cTnI [H1(I)]. Although the
N-terminal half of H1(I) interacts with the C-lobe of cTnC
extensively, close examination of the crystal structure of the
core domain of the cTn complex revealed that there is no
interaction between Ser-43 or Ser-45 with the C-domain of
cTnC; rather Ser-45 of cTnI may interact with Glu-10 in
the N-domain of cTnC. Thus PKC phosphorylation of Ser-
45 may disrupt the interaction with Glu-10 of cTnC and have
direct impact on the Ca2+ binding to the regulatory site of
cTnC. This is intriguing considering the recent NMR
measurements that detected a structural disruption at the
N-cap position of the G-helix in the C-domain of cTnC,
rather than residue(s) in the N-domain, by replacement of
Ser-43 and Ser-45 of cTnI with Asp both in a cTnI-cTnC
binary complex and in a cTnT-cTnI-cTnC ternary complex
(47). Another PKC phosphorylation site, Thr-144, and FHC-
related mutation site we are investigating, Arg-146, are
located in the minimum inhibitory region of cTnI. The
minimum inhibitory region (residues 138-149 of cTnI) by
itself is able to interact with actin and inhibit actin-activated
myosin ATPase activity. In the crystal structure of the core
domain of the cTn complex (46), the minimum inhibitory
region was not visible, indicative of the flexible structure of
this region in the complex. This was also indicated by a spin-
labeling EPR experiment (48). Studies by Dong et al. (29)
detected the structural transition of the inhibitory region by
measuring of the distance between the N-terminus and the
C-terminus of this region, which increased upon Ca2+ binding
to the regulatory site of cTnC both in the cTnC-cTnI binary
complex and in the cTn ternary complex. We also measured
the various distances among cTnI and modeled the structural

change of the inhibitory region and the following regulatory
region of cTnI (49). Yet the precise structural mechanism
by which PKC pseudophosphorylation and/or the FHC-
related mutation introduced into cTnI affect(s) the structural
transition of the N-domain of cTnC and its transduction to
other thin filaments remained to be established.

There are previous reports describing mutations that induce
alteration in the Ca2+-binding property of TnC (e.g., refs50-
55). For example, the replacement of the Ca2+-coordinating
Glu residue at the-Z position of the E-F hand Ca2+-binding
site I of fsTnC to Ala resulted in the loss of Ca2+binding to
the site (40). da Silva et al. (56) were able to increase Ca2+-
binding affinity by mutating hydrophobic residues that are
exposed upon Ca2+ binding to less hydrophobic residues.
Another example reported recently involved the replacement
of hydrophobic residues that buried in the apo state to less
hydrophobic amino acids (57). In these latter two cases
changes in the stability of either the Ca2+-bound or apo state
of TnC induced altered Ca2+-binding affinity. Another way
to alter Ca2+-binding affinity is by manipulating the interac-
tion with a target protein (58). In this study, by introducing
PKC pseudophosphorylation and/or FHC-related mutation
into cTnI, we were able to change the apparent Ca2+-binding
property of cTnC. This effect appeared to be derived from
the alteration of binding affinity between cTnC and cTnI as
shown in Figure 4 and Table 4.

Despite the number of reports describing the alteration of
Ca2+-binding affinity of cTnC as mentioned above, the
structural consequence of changing the Ca2+-binding affinity
of cTnC remains unknown. Gagne´ et al. (59) reported that
the N-domain of fsTnC with replacement of the-Z position
of the Ca2+-binding site I to Ala remained as a closed form
even after binding Ca2+ to site II. However, to the best of
our knowledge, ours is the first report that describes the
partial structural opening of the N-domain of TnC by altering
the Ca2+-binding properties. It should be mentioned that what
we observed here are average distances derived from distance
distribution analysis under certain conditions. If there are
only two structural states (open and closed states) in the
N-domain of cTnC, an observed shift of a distribution along
the distance axis may be interpreted as the shift of the
equilibrium between closed and open states. Interestingly,
all of the mutations we investigated in this study caused a
shift of structural equilibrium in both the presence and the
absence of Ca2+ at the single regulatory site of cTnC in the
cTnC-cTnI complex. The only exception was the single
mutant R146G mutation in the presence of Ca2+ (Table 1).

It is apparent that PKC pseudophosphorylation and/or
FHC-related mutation affect the distribution among three
states of thin filaments by altering the equilibrium between
the open and closed state of the N-domain of cTnC. There
is evidence that thin filaments exist in a dynamic equilibrium
among three states (blocked, closed, and open states). In
diastole (low [Ca2+] conditions), the state of cardiac thin
filaments is believed to be 50% in a blocked state and 40%
in a closed state (60). Upon Ca2+ binding to the regulatory
site in cTnC, the equilibrium changes to one in which 75%
of thin filaments are in the closed state and 20% are in an
open state. As shown in Figure 3, the introduction of the
R146G mutation into cTnI(wt) or cTnI(43E/45E/144E)
resulted in the increase of minimum tension caused by
incomplete turning off of cross-bridge cycling. This indicates
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that the R146G mutation may shift the equilibrium from the
blocked state to the closed and open states in diastole. This
is intriguing because whereas the 43E/45E/144E/146G muta-
tion affected the mean distance between the donor and
acceptor the most and increased the distance between the
donor and acceptor in the Mg2+ state, the R146G mutation
caused minimum effect on the mean distance in the Mg2+

state. This effect, however, must be attributed to the alteration
of actin-cTnI interaction rather than alteration of the cTnC-
cTnI interaction, since, as mentioned above, the R146G
mutation is located in the inhibitory region of cTnI, which
interacts with actin in the absence of Ca2+ and inhibits actin-
activated myosin ATPase activity. It should also be men-
tioned that mutation at position 146 of cTnI affects co-
operative activation of the myofilaments (Figure 3 and Table
3).

The most interesting finding in the present study is that
the muscle activation, defined as (maximum tension)-
(minimum tension), correlates well with pCa50 values
obtained from FRET titration, not pCa50 values from tension
measurements, as shown in Figure 5B. As mentioned above,
pCa50 values obtained from FRET titration also correlate with
the structural opening of the regulatory N-terminal domain
of cTnC. Thus the extent of muscle activation was deter-
mined by the extent of structural opening of cTnC, which
was altered by mutations introduced into cTnI. This is

intriguing because whereas TnI has been known as an
inhibitor of actin-myosin interaction, modification of TnI
may also function to determine the degree of muscle
activation.
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