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HYPERTROPHIC CARDIOMYOPATHY, an inherited cardiac disorder, is
characterized by interventricular septum and left ventricular
wall hypertrophy, myofibrillar disarray, and sudden cardiac
death (43). Familial hypertrophic cardiomyopathy (FHC) can
be caused by mutations in at least 10 different cardiac sarcomeric genes, including those encoding sarcomeric proteins on
both thick and thin filaments (34, 37, 42). A salient finding in
genetic analyses of an inherited condition is that a single
clinical entity could be the result of mutations in multiple
genes. Similarly, different mutations within a single gene can
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give rise to surprisingly diverse clinical conditions. Although
the clinical phenotypes of the cardiomyopathies vary, two
common features are present in most cardiomyopathy patients:
altered Ca2⫹ sensitivity of force development and impaired
energy metabolism (2, 3, 20). Several groups have postulated
that myofilament Ca2⫹ sensitivity is the underlying mechanism
of these cardiomyopathies. In fact, it has been hypothesized
that all FHC-associated tropomyosin and troponin mutations
increase myofilament sensitivity, and, conversely, dilated cardiomyopathy-associated mutations are associated with decreased Ca2⫹ sensitivity (8, 19, 20), however, these relationships remain controversial. In addition, mutations in other
sarcomeric proteins, such as the regulatory myosin light chain
(E22K), which are associated with FHC, have frequently been
shown to increase the Ca2⫹ sensitivity of force generation (39).
However, the mechanistic link between changes in myofilament Ca2⫹ sensitivity and the etiology of FHC is unknown.
Myofilament Ca2⫹ sensitivity plays an important role in the
determination of striated muscle contractility. There are myriad
factors contributing to this parameter, including, for example,
TnI phosphorylation (and therefore any ␤-adrenergic agonist), expression of different TnT isoforms (5, 7), temperature,
pH, and sarcomere length (SL) (21, 29). Despite being of both
clinical and scientific importance, the molecular mechanisms
that regulate myofilament Ca2⫹ sensitivity are not well understood. Theoretically, the possible mechanisms modifying myofilament Ca2⫹ sensitivity may include altered Ca2⫹ binding to
the N-domain of troponin C (TnC) and modified kinetics of
cross-bridge cycling (21, 35). Ca2⫹ binding to cardiac TnC
(cTnC) changes its structure, and the signal is further transmitted to other subunits of the contractile apparatus via TnC/TnI
interaction, which initiates cardiac muscle contraction. Therefore, enhanced Ca2⫹ sensitivity could be achieved by stabilizing the Ca2⫹-dependent interaction between the N-domain of
cTnC (cNTnC) and the regulatory region of cTnI or by increasing the Ca2⫹-binding affinity of cNTnC.
Our previous studies have shown that the Ca2⫹ sensitivity of
force generation in salmonid cardiac myofibrils is ⬎10-fold
greater than in those isolated from mammalian hearts when
measured at the same temperature (9, 18). We demonstrated
that one reason for the high Ca2⫹ sensitivity of trout cardiac
myofibrils is the cTnC homolog that they express. ScTnC has
13 sequence differences from that of mammalian cTnC (McTnC)
and has a Ca2⫹ affinity more than twofold greater than McTnC
(17). By making a series of mutations, we have identified that
the residues responsible for the high Ca2⫹ affinity of ScTnC
are within the NH2 terminus: Asn2, Ile28, Gln29, and Asp30.
When the corresponding residues, Asp2, Val28, Leu29, and
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troponin C mutation L29Q affects Ca2⫹ binding and myofilament contractility. Physiol Genomics 33: 257–266, 2008. First published February
19, 2008; doi:10.1152/physiolgenomics.00154.2007.—The cardiac troponin C (cTnC) mutation, L29Q, has been found in a patient with
familial hypertrophic cardiomyopathy. We previously showed that
L29, together with neighboring residues, Asp2, Val28, and Gly30,
plays an important role in determining the Ca2⫹ affinity of site II, the
regulatory site of mammalian cardiac troponin C (McTnC). Here we
report on the Ca2⫹ binding characteristics of L29Q McTnC and
D2N/V28I/L29Q/G30D McTnC (NIQD) utilizing the Phe27 3 Trp
(F27W) substitution, allowing one to monitor Ca2⫹ binding and
release. We also studied the effect of these mutants on Ca2⫹ activation
of force generation in single mouse cardiac myocytes using cTnC
replacement, together with sarcomere length (SL) dependence. The
Ca2⫹-binding affinity of site II of L29Q McTnCF27W and NIQD
McTnCF27W was ⬃1.3- and ⬃1.9-fold higher, respectively, than that
of McTnCF27W. The Ca2⫹ disassociation rate from site II of L29Q
McTnCF27W and NIQD McTnCF27W was not significantly different
than that of control (McTnCF27W). However, the rate of Ca2⫹ binding
to site II was higher in L29Q McTnCF27W and NIQD McTnCF27W
relative to control (⬃1.5-fold and ⬃2.0-fold respectively). The Ca2⫹
sensitivity of force generation was significantly higher in myocytes
reconstituted with L29Q McTnC (⬃1.4-fold) and NIQD McTnC
(⬃2-fold) compared with those reconstituted with McTnC. Interestingly, the change in Ca2⫹ sensitivity of force generation in response
to an SL change (1.9, 2.1, and 2.3 m) was significantly reduced in
myocytes containing L29Q McTnC or NIQD McTnC. These results
demonstrate that the L29Q mutation enhances the Ca2⫹-binding
characteristics of cTnC and that when incorporated into cardiac
myocytes, this mutant alters myocyte contractility.
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METHODS

Protein mutagenesis and purification. The related cDNA constructs
were synthesized by PCR according to methods similar to those
previously described (17). We used bovine cTnC as being representative of McTnC. McTnCF27W, L29Q McTnCF27W, D2N/V28I/L29Q/
G30D McTnCF27W (NIQD McTnCF27W), L29Q McTnC, D2N/V28I/
L29Q/G30D McTnC (NIQD McTnC), and wild-type McTnC (WT
McTnC) were constructed from bovine cTnC plasmid and ScTnCF27W
from salmonid cTnC plasmid by using QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The plasmids for McTnCF27W,
McTnC, and their mutants were transformed into Escherichia coli
BL21 (DE3) pLysS cells (Novagen, San Diego, CA). Expression and
purification of the proteins were carried out as described previously
(15, 17). The identities of all cTnC mutants were confirmed by
NH2-terminal microsequencing and amino acid analysis. The purities
of the isolated proteins as well as their atomic masses were determined by
matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry.
Determination of Ca2⫹-binding affinities. All of the steady-state
fluorescence measurements were carried out as previously described
(16, 17) by using a PerkinElmer (Wellesley, MA) LS50B spectrofluorometer with the cuvette maintained at 21.0 ⫾ 0.1°C. Briefly, the
fluorescence emissions of cTnCF27W and its mutants were measured
during Ca2⫹ titration by using an excitation wavelength of 276 nm
and an emission wavelength of 330 nm. The Ca2⫹-dependent component of the fluorescence change was determined by subtracting the
fluorescence at basal [Ca2⫹] from all other measurements and then
expressing the resultant values as percentages of the maximum fluorescence. The Ca2⫹-binding affinities were reported as Kf1/2 ([Ca2⫹]
at half-maximal fluorescence). The solutions used in these studies
were identical to those previously described (17). The concentration
of MOPS free acid and its sodium salt required to equal 50 mM and
achieve a pH 7.0 at 21°C was calculated, and then actual pH was
measured and adjusted to 7.0 at 21°C.
Physiol Genomics • VOL
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Determination of Ca2⫹ dissociation rate constants. Ca2⫹ dissociation rate constants (koff) were measured at 15°C and 5°C as previously described (44) by using a stopped-flow apparatus with a dead
time of 1.5 ms (model SX. 18 MV, Applied Photophysics, Leatherhead, UK). The samples were excited at 285 nm using a 150W xenon
arc source, and the tryptophan emission was monitored through a
UV-transmission black glass filter (UG1) from Oriel (Stratford, CT).
The data were fit using a computer program that utilizes the nonlinear
Levenberg-Marquardt algorithm written by P. J. King (Applied Photophysics). Each koff value represents an average of at least three
separate experiments with each averaging at least five traces fit with
a single exponential equation (variance ⬍8⫻10⫺4). The buffer used
for all fluorescence stopped-flow measurements was: (in mM) 10
MOPS, 90 KCl, 3 Mg2⫹, 1 DTT, pH 7.0, at 15 and 5°C separately.
Estimation of Ca2⫹ association rate constants. The cTnCF27W and
its mutants were exposed to artificial Ca2⫹ transients (ACTs) to
estimate the rate of Ca2⫹ association to the regulatory Ca2⫹-binding
site (kon) (10, 44). ACTs of various amplitudes and durations were
generated in a stopped-flow apparatus by rapidly mixing one solution
of known Ca2⫹ concentration with another solution with a known
concentration of the Ca2⫹ chelator, EGTA. For each cTnCF27W
protein, its ACTs were generated by rapidly mixing the buffer containing 2 M protein with 1 mM EGTA to allow for the free Ca2⫹
concentration to be varied from 10 to 5,000 M. Before mixing, the
NH2 terminus of cTnC was in its apo state. After mixing and prior to
Ca2⫹ removal from the protein and chelating free Ca2⫹ with EGTA,
the NH2 terminus of the cTnCF27W was transiently occupied by Ca2⫹.
For each ACT, the percentage of transient occupancy trace of each
cTnCF27W protein was determined at selected time points, typically
ⱖ2 ms after mixing is completed. Each transient occupancy trace is an
average of three separate experiments, with each averaging at least 10
separate traces.
kon were then estimated using a computer program KSIM version
1.1 (N. C. Millar, UCLA School of Medicine, Los Angeles, CA) as
previously described (44). Equilibrium dissociation constants (Kd)
were then calculated from koff and kon.
Skinned cardiomyocyte preparation. Ventricular myocytes were
obtained by enzymatic digestion of hearts from C57BL/6 female mice
(3– 4 mo old). The cell isolation method used was modified slightly
from that described by Huang et al. (27). In brief, mice weighing
30 –35 g were heparinized (intravenous 1,000 IU/kg), then euthanized
by intravenous injection of Thiopental (60 – 80 mg/kg body wt). The
hearts were excised and immersed in an ice-cold, nominally Ca2⫹-free
solution (in mM: 100 NaCl, 10 KCl, 1.2 KH2PO4, 5 MgSO4, 50
taurine, 20 glucose, 10 HEPES, pH 7.2). The heart was then cannulated via the aorta and perfused in a retrograde fashion at a constant
perfusion speed of 3 ml/min for 4 –5 min. After all the blood had been
washed out, the heart was perfused at 37°C for an additional 30 min
with a nominally Ca2⫹-free solution containing 0.12– 0.16 mg/ml
collagenase (Yakult, Tokyo, Japan), then for all additional 10 min
with storage solution (in mM: 120 C3H5KNO4, 5 MgCl2, 20 taurine,
1 EGTA, 10 glucose, 10 HEPES, pH 7.4) containing 0.1 mg/ml type
XIV protease (Sigma, Oakville, ON, Canada). The ventricle was
minced in storage solution containing 1% BSA, and then the cell
suspension was filtered through a 100 m nylon mesh. The pellet was
washed twice using storage buffer, and the cardiac myocytes were
subsequently skinned by suspending the cell pellet in relaxing solution
(in mM: 5.70 MgCl2, 6.31 Na2ATP, 2 EGTA, 156 potassium propionate, 10 BES, 1 DTT, 0.1 leupeptin, 0.1 PMSF, pH 7.0) containing
0.3% Triton-X for 4 min. The pellet was washed twice with a cold
relaxing solution. Finally, the skinned myocytes were resuspended in
relaxing solution and kept on ice during the day of the experiment.
Determination of the Ca2⫹ sensitivity of force generation and
length dependence of myofilament Ca2⫹ sensitivity. The apparatus
used to measure SL and force from skinned cardiac myocytes and for
rapid solution changes has been described previously (15). Briefly, a
single cardiac myocyte was attached to a force transducer and a
www.physiolgenomics.org
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Gly30 in McTnC, were mutated to those of the trout-equivalent
amino acids, the Ca2⫹-binding affinities of these McTnC mutants [D2N/V28I/L29Q/G30D (NIQD) McTnC] increased significantly up to the level of that of ScTnC (15). Furthermore,
cTnC replacement studies using single rabbit cardiac myocytes
demonstrated that NIQD cTnC increases the Ca2⫹ sensitivity
of force generation by about twofold compared with myocytes
containing either native rabbit cTnC or recombinant McTnC
(15). However, how the replacement of these residues in
McTnC with the salmonid equivalents affects the kinetics of
Ca2⫹ binding to the cTnC regulatory site (site II) is not known.
The finding of one of these mutations, L29Q, in a patient with
FHC (24) made the further study of L29Q and its nearby
NH2-terminal mutations of McTnC compelling.
In the present paper we investigated the effects of the L29Q
and NIQD McTnC mutations of McTnC on the Ca2⫹ binding
and exchange at the regulatory site II of McTnC in vitro. For
this purpose we utilized the F27W reporter, allowing us to
monitor the fluorescence changes during the Ca2⫹ titration of
McTnC (McTnCF27W) and its mutants. In addition to our in
vitro experiments, we studied cardiac myocyte contractile
properties by using single skinned cardiac myocytes, in which
the endogenous TnC was successfully replaced with the L29Q
and NIQD McTnC mutants. The results shed more light on the
structure-function relationship of cTnC and provide greater
insight into the mechanisms of cardiac diseases caused by
sarcomeric protein mutations.
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F
关Ca2⫹兴nH
⫽ nH
,
F max K ⫹ 关Ca2⫹兴nH
where nH is the Hill coefficient and K represents the Ca2⫹ sensitivity
of force generation, which corresponds to the [Ca2⫹] required for
generating half-maximal force. The data were analyzed statistically
using Student’s t-test and one-way repeated-measures analysis of

variance (one-way ANOVA). The values of [Ca2⫹] at half-maximal
force (KF1/2) were reported as means ⫾ SD in M. Two means were
considered to be significantly different when the P value was ⬍0.05.
RESULTS

Steady-state Ca2⫹-binding affinity measurements. The Ca2⫹induced increase in Trp fluorescence occurring upon Ca2⫹
binding to the regulatory site of ScTnCF27W, McTnCF27W,
L29Q McTnCF27W, and NIQD McTnCF27W is shown in Fig. 2.
The Ca2⫹ titration curves of ScTnCF27W and NIQD McTnCF27W
were virtually superimposable indicating equivalent Ca2⫹binding affinity. The data validate that N2, I28, Q29, and D30
are responsible for the high Ca2⫹ affinity of ScTnC. The
titration curves of L29Q McTnCF27W and NIQD McTnCF27W
were shifted to the left of that for McTnCF27W. As seen from
Table 1, McTnCF27W exhibited a half-maximal Ca2⫹-dependent increase in its Trp fluorescence (Kf1/2) at 3.7 ⫾ 0.2 M,
whereas L29Q McTnCF27W and NIQD McTnCF27W had Kf1/2
values of 2.8 ⫾ 0.3 and 2.0 ⫾ 0.1 M, respectively. The
Ca2⫹-binding affinities of L29Q McTnCF27W and NIQD
McTnCF27W were ⬃1.3- and ⬃1.9-fold, respectively, higher
than that of McTnCF27W. The results demonstrate that L29Q
and NIQD McTnC mutations significantly increased the Ca2⫹binding affinity of McTnC (Table 1).
koff measurements. To study the effects of L29Q and NIQD
McTnC mutations on Ca2⫹ binding and exchange at the regulatory site II of cTnC, fluorescence stopped-flow technique
was used to determine the Ca2⫹ dissociation rate of cTnCF27W
and related mutants. Previous studies using this technique had
confirmed that the Trp fluorescence of cTnCF27W mutants can
accurately report the rate of Ca2⫹ dissociation from the regulatory site of cTnC (14). Figure 3 shows the time course of the
Trp fluorescence decrease upon Ca2⫹ removal from cTnC by
EGTA. koff of the cTnCF27W proteins ranged from 1,134 ⫾ 89
s⫺1 to 1,188 ⫾ 63 s⫺1 at 15°C (Fig. 3A) and 796 ⫾ 23 s⫺1 to
811 ⫾ 29 s⫺1 at 5°C (Fig. 3B). The results demonstrated that
the sequence differences between McTnC and ScTnC and the

Fig. 1. Representative force traces of a single skinned cardiac myocyte activation using the cardiac troponin C (cTnC) extraction-reconstitution protocol.
A: mouse myocyte glued to a force transducer on one end and a servo motor (used to control the sarcomere length) on the other end. The image of the myocyte
was captured by a charge-coupled device camera and digitized by a frame grabber. The sarcomere length was measured online using a computer program written
in LabView (National Instruments) as explained in detail in METHODS. B, top: force traces of a representative myocyte with endogenous TnC (control).
Bottom: force traces of a representative myocyte with wild-type mammalian cardiac troponin C (WT McTnC) replaced. R, exposed to relaxing solution;
E, exposed to extraction solution; R⫹P, incubated in relaxing solution containing WT McTnC, D2N/V28I/L29Q/G30D McTnC (NIQD) McTnC, or L29Q
McTnC. The numbers represent [Ca2⫹] of activation solution in pCa units.
Physiol Genomics • VOL
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servomotor, both of which were controlled by micromanipulators. The
myocyte was gravity-superfused using a special three-barrel pipette
attached to a fast-step switcher (Warner Instruments, Hamden, CT)
for quick solution change. The experimental temperature-controlled
chamber was mounted on a stage of a Nikon (Mississauga, ON,
Canada) Diaphot inverted microscope. Myocytes were imaged using
a Pulnix (Sunnyvale, CA) charge-coupled device camera, and the SLs
were measured by fast Fourier transform analysis of the digitized
striated images of the attached cell. Figure 1A shows a mouse myocyte
attached to a force transducer and a servo motor in preparation for
cTnC extraction-reconstitution and force-pCa relationship determination. Endogenous cTnC was extracted from the cell by exposing the
myocytes to an extracting solution (in mM: 5 K2EDTA, 1 DTT, 0.1
leupeptin, 0.1 PMSF, 20 Tris, pH 7.2) for 5 min at 15°C. The skinned
myocyte was then reconstituted by 30 min incubation in relaxing
solution containing 10 M of the recombinant McTnC; representative
force traces are shown in Fig. 1B. Maximal Ca2⫹-activated force
(Fmax) at pCa 4.5 prior to extraction was used in subsequent calculations for determining the force loss and recovery due to cTnC
extraction and reconstitution. Fmax was measured at the beginning,
middle, and end of the experiment to assess the rundown of the
preparation, and the data from the myocytes were not included in the
final data analysis if the force declined by ⬎10% in a successive test
contraction at maximum activation. Data from myocytes that showed
altered sarcomere pattern after TnC extraction and reconstitution were
also discarded. The steady-state force-pCa relationship was determined by measuring the Ca2⫹-activated force (F) with SL set to 2.1
m, as the reconstituted myocyte was exposed to a series of solutions
with varied Ca2⫹ concentration (pCa 8.0 – 4.5). The length-dependent
Ca2⫹ sensitivity was determined in a separate experiment by carrying
out two force-pCa measurements for each myocyte: one with the SL
of the myocytes set to 1.9 m, and another with the SL set to 2.3 m.
Data analysis. Each force-pCa curve was fitted to the Hill equation
using Origin 6.0:
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residue substitutions in McTnC did not significantly affect the
rate of Ca2⫹ release from the regulatory Ca2⫹-binding site of
cTnC at a given temperature.
Ca2⫹ association rate constant estimation. Because the koff
was too fast to experimentally determine the Ca2⫹ association
rate (kon) by standard pseudo-first order methods in our
stopped-flow apparatus (28), we estimated kon by exposing the
cTnCF27W proteins to various ACTs of increasing amplitude
and duration at 15°C. The experiments were carried out in
the presence of 3 mM Mg2⫹ to ensure complete occupation of
the COOH terminus binding site of cTnCF27W by Mg2⫹.
Because of the difference in binding affinity for Mg2⫹ and
Ca2⫹ to the NH2-terminal binding site of cTnC, the simulations
of the experimental data can represent true Ca2⫹ association
rates (44). A solution containing 2 M ScTnCF27W,
McTnCF27W, L29Q McTnCF27W, or NIQD McTnCF27W and 1
mM EGTA was separately mixed with equal volumes of
solutions containing 10, 50, 200, or 5,000 M Ca2⫹. The
results were reported as the time course of Ca2⫹ binding and
subsequent dissociation over the time subjected to different
ACTs (Fig. 4). The Ca2⫹ kon values could then be estimated
since they are directly related to the relative transient Ca2⫹
occupancy of the cTnC. Each individual ACT trace was fitted
using the KSIM program, as described previously (44). Figure 5
compares the time course of the decrease in Trp fluorescence of

Fig. 3. Rates of Ca2⫹ dissociation from cTnCF27W and its mutants. Cardiac
troponin C (2 M), containing one of McTnCF27W, L29Q McTnCF27W, NIQD
McTnCF27W, or ScTnCF27W, in the presence of 500 M Ca2⫹, was mixed
rapidly with 10 mM EGTA. The fluorescence was monitored through a
UV-transmission black glass filter (UG1). All of the kinetic traces were
triggered at time 0, and the first ⬃1.6 ms of premixing is shown. The Ca2⫹
dissociation rate constant (koff) values from data fitting are presented as
means ⫾ SD. The traces have been displaced vertically to allow for comparison. A: measured at 15°C. B: measured at 5°C.

McTnCF27W and its mutants in the presence of 1 mM EGTA
upon mixing with 50 M Ca2⫹. The kon of ScTnCF27W,
McTnCF27W, L29Q McTnCF27W, and NIQD McTnCF27W were
2.1 ⫾ 0.2, 1.0 ⫾ 0.1, 1.5 ⫾ 0.2, and 2.0 ⫾ 0.2 ⫻ 108 M⫺1s⫺1,
respectively, indicating that the L29Q and NIQD had kon
significantly greater than McTnC (Table 1).
Kd were calculated from the koff and kon values. The calculated Kd values for L29Q and NIQD McTnCF27W were 8.0 ⫾
1.2 M and 5.7 ⫾ 0.6 M, respectively (Table 1). The

Table 1. Summary of Ca2⫹ binding properties and Ca2⫹ sensitivity

WT McTnC
L29Q McTnC
NIQD McTnC
ScTnC

kon, 108 M⫺1 䡠 s⫺1

koff, s⫺1

Kd, M

Kf1/2, M

KF1/2, M

1.0⫾0.1
1.5*⫾ 0.2
2.0*⫾ 0.2
2.1*⫾ 0.2

1,127⫾53
1,134⫾89
1,141⫾39
1,188⫾63

11.3⫾1.3
8.0*⫾ 1.2
5.7*⫾ 0.6
5.7*⫾ 0.6

3.7⫾0.2
2.8*⫾ 0.3
2.0*⫾ 0.1
2.0*⫾ 0.4

4.1⫾0.5
3.0*⫾ 0.5
2.1*⫾ 0.3
N/A

Values are presented as means ⫾ SD. Kd, Kf1/2 represent the Ca2⫹ binding affinity calculated from the kon and koff values and determined by steady-state Trp
fluorescence titration, respectively. KF1/2 represents the Ca2⫹ sensitivity of force in skinned cardiomyocytes reconstituted with wild-type mammalian cardiac
troponin C (WT McTnC), L29Q McTnC, or D2N/V28I/L29Q/G30D McTnC (NIQD) McTnC. *Compared with WT McTnC, P ⬍ 0.01. NA, not available.
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Fig. 2. Comparison of the steady-state Ca2⫹ binding curves of ScTnCF27W
(n ⫽ 8), NIQD McTnCF27W (n ⫽ 8), L29Q McTnCF27W (n ⫽ 8), and
McTnCF27W (n ⫽ 8). Shown are the changes in the reporter Trp fluorescence
as a function of [Ca2⫹] in: ScTnCF27W, McTnCF27W, L29Q McTnCF27W, and
NIQD McTnCF27W as determined in a spectrofluorometer at 21°C, pH 7.0.
Data are normalized with respect to the maximal fluorescence (fMax) of each
Ca2⫹ titration. See Table 1 for the Kf1/2 values.
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affinities determined from the Kd values of L29Q and NIQD
McTnCF27W were 1.4- and 1.9-fold, respectively, higher than
that of McTnCF27W (Kd 11.3 ⫾ 1.3 M), and in agreement
with the affinities determined by steady-state fluorescence
measurements (⬃1.3- and 1.9-fold, respectively, higher than
that of McTnCF27W).

Fig. 5. Comparison of transient occupancy of the regulatory site of cTnCF27W
and its mutants. The time course of the decreases in Trp fluorescence is shown
when cTnCF27W and its mutants (in the presence of 1 mM EGTA) were rapidly
mixed with 50 M Ca2⫹. The results from computer simulations for
McTnCF27W (■), L29Q McTnCF27W (, blue), NIQD McTnCF27W (F, red) and
ScTnCF27W (Œ, green) (as described in METHODS) are shown overlaying the
experimental data.
Physiol Genomics • VOL

33 •

The steady-state Ca2⫹-binding affinity measurements and
Ca2⫹-binding kinetics measurements were carried out at our
laboratories at SFU and OSU, respectively, using the same
batch of proteins. Despite the fact that differences in experimental methods and conditions between the labs resulted in
predictable differences in the absolute values, the relative
differences between the various constructs observed from two
labs are strikingly similar. Both experimental approaches
clearly demonstrate that L29Q McTnC and NIQD McTnC
mutants significantly increased Ca2⫹-binding affinity of
McTnC.
Ca2⫹ sensitivity of force generation measurements. The
Ca2⫹ sensitivity of force generation was measured by determining the force-pCa relationship of skinned cardiac myocytes
before and after the endogenous cTnC was replaced with L29Q
McTnC, NIQD McTnC or WT McTnC. Because all of the
in vitro experiments described previously used the F27W
reporter, we did control experiments in which the reporter was
included in all constructs used in the single fiber reconstitution
experiments. Since there were no significant differences between proteins containing the F27W reporter and those that did
not (data not shown), cTnCs without the reporter were used in
these experiments. Figure 1B illustrates the mechanical behavior of a representative skinned myocyte in which the endogenous cTnC was extracted (E), and then the fiber was reconstituted (R) with WT McTnC. After the endogenous cTnC was
extracted, the maximal force generated was ⬍15% of the
control isometric force (maximal force before cTnC extraction), indicating an effective extraction. When reconstituted
with L29Q McTnC, NIQD McTnC, or WT McTnC, the maximal force of the skinned myocyte recovered to ⬃80% of the
control level. There were no significant differences in the
www.physiolgenomics.org
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Fig. 4. Percentage of Ca2⫹ occupancy of the
regulatory site of cTnCF27W and its mutants
during ACTs of different amplitude and duration. Shown are the time courses of the decrease in Trp fluorescence when cTnCF27W or
its mutants (2 M, in the presence of 1 mM
EGTA in 10 mM MOPS, 90 mM KCl, 3 mM
MgCl2, 1 mM DTT, pH 7.0, at 15°C) was
rapidly mixed with increasing free Ca2⫹ ranging from 10 to 5,000 M in the same buffer.
Each trace represents an average of 3 separate
experiments, each averaging at least 10 separate traces. The specific value of [Ca2⫹] before
mixing for each ACT is shown under the trace.
The cTnCF27W transient occupancy was simulated using the program KSIM and is shown
(䊐) overlaying the experimental data. The initial [EGTA] was set to 500 M, and the initial
[Ca2⫹] was set to values ranging from 5 to
2,500 M to mimic the experimental data after
mixing. The simulated Ca2⫹ association rate
constant (kon) and the equilibrium dissociation
constant (Kd), calculated from kon and koff, are
presented as means ⫾ SD.
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Length dependence of myofilament Ca2⫹ sensitivity measurements. To study further the effects of L29Q and NIQD
McTnC on the contractile properties of cardiac muscle, we
measured the changes in length-dependent Ca2⫹ sensitivity of
single skinned cardiac myocytes reconstituted with WT
McTnC, L29Q, or NIQD McTnC. In control myocytes (with
endogenous cTnC), the force-pCa relationship was shifted to
the left when SL was increased from 1.9 to 2.3 m. The KF1/2
decreased from 4.6 ⫾ 05 to 2.7 ⫾ 0.2 M (⌬KF1/2 ⫽ 1.9 ⫾ 0.3
M), indicating a significant length-dependent Ca2⫹ sensitivity increase (Ca2⫹ sensitivity increased 1.7-fold as SL increased from 1.9 to 2.3 m). When endogenous cTnC was
replaced with WT McTnC, the force-pCa curve shift was very
similar to that of the nonreconstituted myocytes (Fig. 7), and
the KF1/2 decreased from 4.8 ⫾ 0.3 to 2.9 ⫾ 0.3 M, as the SL
was increased from 1.9 to 2.3 m. There was no significant
difference in KF1/2 between endogenous cTnC and McTnC
(Table 2), indicating again that the cTnC replacement procedure had minimal effect. For L29Q or NIQD McTnC substitution, the leftward shift of the force-pCa curve at longer SLs
was significantly less than that for WT McTnC substitution
(Fig. 7). The ⌬KF1/2 values of L29Q and NIQD McTnC
constructs were 1.2 ⫾ 0.3 and 0.7 ⫾ 0.3 M, respectively,
notably different from that of WT McTnC (2.0 ⫾ 0.1 M,
Table 2). These results demonstrate that both L29Q and NIQD
McTnC significantly reduce the length-dependent Ca2⫹ sensitivity of skinned cardiac myocytes.
At SL 1.9 and 2.3 m, the KF1/2 values for L29Q McTnC
and NIQD McTnC were significantly lower than that of WT
McTnC (Table 2), indicating the Ca2⫹ sensitivities for L29Q
McTnC and NIQD McTnC are higher than that of WT McTnC
at both of the SLs. (⬃1.3- and ⬃1.7-fold at SL 1.9 m, ⬃1.2and ⬃1.5-fold at SL 2.3 m, higher than that of WT McTnC,
for L29Q McTnC and NIQD McTnC, respectively).
These data and the data collected at 2.1 m SL (Table 1)
demonstrate that replacing endogenous cTnC with NIQD
McTnC or L29Q McTnC increased Ca2⫹ sensitivity of force
generation at all three SLs tested, but significantly reduced
length-dependent myofilament Ca2⫹ sensitivity in mouse
skinned cardiac myocytes. In Fig. 8 the Ca2⫹ sensitivity of
force generation is plotted against SL for the myocytes reconstituted with WT McTnC or the two mutant McTnCs. It should
be noted that while the correlation coefficients of the linear
regressions are excellent (0.84 – 0.99), it does not necessarily
imply that this relationship is linear given the number of data
points. This figure demonstrates that an increase in SL caused
a greater increase in Ca2⫹ sensitivity in myocytes containing
McTnC than in those containing either L29Q McTnC or NIQD
McTnC. This difference is reflected in the slope of the lines for
each data set. Additionally, it appears that the myocytes containing NIQD McTnC were less affected by a change in SL
than those containing L29Q McTnC.
DISCUSSION

Fig. 6. Comparison of the force-pCa relationships of skinned mouse cardiac
myocytes containing endogenous cTnC or McTnC WT and its mutants at
sarcomere length 2.1 m. The data are expressed as normalized force, which
was calculated as a fraction of the force generated at pCa 4.5. Data points are
means ⫾ SD of 6 – 8 myocytes at 15°C, pH 7.0, and were fit by the Hill
equation. The derived [Ca2⫹] at half-maximal fluorescence (KF1/2) values
were: 3.8 ⫾ 0.4 M for endogenous cTnC, 4.1 ⫾ 0.5 M for WT McTnC,
3.0 ⫾ 0.5 M for L29Q McTnC, and 2.1 ⫾ 0.3 M for NIQD McTnC.
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Mutations in cardiac thin filament proteins are responsible
for ⬃25% of total FHC cases (33, 43). Most of the FHC-related
thin filament mutations are found in TnT, TnI, and tropomyosin. L29Q is the first mutation in cTnC found in a patient with
FHC. It should be noted that the role of this mutation in the
etiology of FHC remains unclear because this is the only
www.physiolgenomics.org
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recovery of the maximal force amplitude (data not shown).
These results suggest that there were no significant differences
in how L29Q McTnC, NIQD McTnC, and WT McTnC recombinant proteins were incorporated into the skinned myocytes.
The loss of force due to cTnC extraction and the level of force
recovery following reconstitution of the myocytes with recombinant cTnC are similar to the values previously reported by us
(15) and others using comparable protocols (22, 36).
Force-pCa relationships obtained with L29Q McTnC, NIQD
McTnC, or WT McTnC at an SL of 2.1 m are summarized in
Fig. 6. In a series of control experiments, force-pCa relationships were also determined with F27W L29Q McTnC, F27W
NIQD McTnC, and F27W “WT” McTnC. There were no
significant differences in the KF1/2 values between each of the
constructs used in these experiments and its F27W counterpart
(data not shown). In addition, the force-pCa curves of the
myocytes containing either endogenous cTnC or recombinant
WT McTnC were very similar, and there were no significant
differences in the KF1/2 (P ⬎ 0.05). These results demonstrate
that the cTnC replacement procedure had minimal affect on the
Ca2⫹ sensitivity of force generation. There were no significant
differences in the Hill coefficients between the various cTnC
constructs (nH was 2.13–2.32, data not shown). The force-pCa
curves generated by the myocytes reconstituted with L29Q or
NIQD McTnC were shifted to the left of those of myocytes
reconstituted with WT McTnC, indicating an increase in Ca2⫹
sensitivity. The KF1/2 values for L29Q McTnC and NIQD
McTnC were 3.0 ⫾ 0.5 and 2.1 ⫾ 0.3 M, respectively.
Compared with a KF1/2 value of 4.1 ⫾ 0.5 M for WT McTnC,
the Ca2⫹ sensitivities for L29Q McTnC and NIQD McTnC
were increased 1.4- and 2.0-fold, respectively. These results
demonstrate that the L29Q McTnC and NIQD McTnC mutants
significantly increased Ca2⫹ sensitivity of force generation in
skinned cardiac myocytes at an SL of 2.1 m (Table 1).
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reported case of this mutation to date and more experimentation is required to link this mutation to FHC. However, the data
in this study clearly show that the L29Q mutation is not benign
and is likely to have a significant impact on contractility. The
present data demonstrate that both L29Q and NIQD mutations
in McTnC significantly increased Ca2⫹-binding affinity of
McTnC by increasing the rate of Ca2⫹ association to the
regulatory site II of McTnC, and correspondingly, increased
the Ca2⫹ sensitivity of force generation in single skinned
cardiac myocytes. Moreover, the length-dependent difference
in Ca2⫹ sensitivity was reduced significantly in the myocytes
reconstituted with L29Q McTnC or NIQD McTnC. These
results provide the first in situ evidence that the FHC-related
L29Q mutation and its nearby NH2-terminal mutations, NIQD,
affect Ca2⫹-binding kinetics and cardiac myofilament contractility. These observations are consistent with the notion that the
etiology of FHC caused by the mutations in thin filament
regulatory proteins involves increasing myofilament Ca2⫹ sensitivity.
TnC has eight ␣-helices (designated as A through H) associated with four Ca2⫹-binding sites and an extra ␣-helix at the
NH2 terminus (N-helix). Ca2⫹ binding to the regulatory sites of

skeletal TnC causes helices B and C to move away from
helices N, A, and D, exposing a hydrophobic patch. The
regulatory N-domain switches from a “closed” to an “open”
conformation. Ca2⫹ binding to the single regulatory site of
cTnC does not cause similar hydrophobic exposure because of
the defunct site 1, and also because the N-domain remains in a
relatively “closed” conformation (41). In cardiac muscle, both
Ca2⫹ binding to the regulatory site of cTnC and cTnI are
required to stabilize the “open” conformation of cNTnC (12,
32, 41). A study by Tikunova and Davis (44) demonstrated that
the substitution of any of the hydrophobic amino acids at
positions 20, 44, 45, 48, and 81 by a single glutamine resulted
in an increase in Ca2⫹ affinity in the NH2 terminus of TnC.
These authors postulated that the glutamine substitution reduces the hydrophobic contact between helices B and C with
N, A, and D in the apo state, thereby destabilizing the protein
and facilitating the opening of the TnC molecule during Ca2⫹
activation and increasing the Ca2⫹ binding affinity (44). In
McTnC, Leu29 is located in the transition region of helix A
within the nonfunctional Ca2⫹-binding loop of McTnC. The
glutamine insertion at this location (L29Q) could therefore
decrease the stability of the helix, thereby making it easier for

Table 2. KF1/2 and Hill coefficients as a function of sarcomere length increase from 1.9 to 2.3 m
KF1/2, M

Endogenous cTnC (n ⫽ 6)
WT McTnC (n ⫽ 5)
NIQD McTnC (n ⫽ 6)
L29Q McTnC (n ⫽ 6)

Hill Coefficient

1.9 m

2.3 m

⌬%

1.9 m

2.3 m

⌬%

4.6⫾0.5
4.8⫾0.3
2.8⫾0.4*
3.7⫾0.4*

2.7⫾0.2
2.9⫾0.3
2.0⫾0.1*
2.5⫾0.3

170
166
144
148

2.4⫾0.1
2.4⫾0.1
2.5⫾0.1
2.4⫾0.2

2.5⫾0.1
2.5⫾0.1
2.7⫾0.1†
2.6⫾0.1

104
104
108
108

Unless indicated otherwise, values are presented as means ⫾ SD. The effect of change in sarcomere length (from 1.9 to 2.3 m) on myofilament Ca2⫹
sensitivity and the Hill coefficient is expressed as percentage change. Compared with WT McTnC, *P ⬍ 0.05; compared with 1.9 m sarcomere length,
†P ⬍ 0.05.
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Fig. 7. Changes of force-pCa relationship as
sarcomere length (SL) was increased from
1.9 to 2.3 m in skinned cardiac myocytes
reconstituted with WT McTnC, L29Q
McTnC, or NIQD McTnC. The data are
expressed as normalized force, which was
calculated as a fraction of the force generated at pCa 4.5 at each SL. Data points are
means ⫾ SD of 5– 6 myocytes at 15°C, pH
7.0, and the lines represent best fits using the
Hill equation. See Table 2 for the derived
KF1/2 values and Hill coefficients.
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helices B and C to move away from helices N, A, and D. This
would increase the size of the hydrophobic surface area exposed upon activation, as well as facilitate Ca2⫹ binding to
regulatory site II of cTnC. This proposal is supported by work
of Blumenschein et al. (6), who used nuclear magnetic resonance spectroscopy to study the backbone dynamics of the
regulatory domain of salmonid cardiac TnC (ScNTnC aa
1– 89). Their results demonstrate that site I of ScNTnC is more
flexible than site II, resulting in a slightly more open structure.
The N-domain of NIQD McTnC is only one amino acid
different from ScNTnC, suggesting that NIQD McTnC is
likely to be structurally very similar to ScTnC, especially since
both TnCs contain the glutamine at residue 29. The amino
acids substitutions responsible for the higher Ca2⫹ affinity in
ScTnC may increase the molecular flexibility and decrease the
compactness of either a selected area or the overall protein
structure. This would help decreasing the energy required for
Ca2⫹ activation and would result in higher Ca2⫹ affinity. In the
present study, the Ca2⫹ affinity of L29Q McTnC is intermediate between McTnC and NIQD McTnC. These results support our hypothesis that L29Q McTnC and NIQD McTnC
increased the Ca2⫹ binding affinities and affected the Ca2⫹
binding kinetics by causing similar structural changes as in
ScTnC.
The Ca2⫹ dissociation rate from TnC is an important factor
determining muscle relaxation rate. An increase in Ca2⫹binding affinity may result in impaired relaxation because
Ca2⫹ would dissociate at a comparatively slow rate. The
present study demonstrated that there was very little variation
in the koff values of the cTnCF27W proteins determined at both
5 and 15°C, suggesting that L29Q and NIQD mutations do not
affect Ca2⫹ dissociation from the regulatory binding site when
only cTnC is present in vitro. As a consequence, the changes in
Ca2⫹-binding affinities observed between the different constructs were, probably, solely due to changes in the rate of
Ca2⫹ binding to the TnC regulatory site (kon). Since the
changes in kon could potentially reflect a perturbation of the
TnC apo state, the increase in kon can be interpreted as a
decrease in the energy required for the conformational changes
Physiol Genomics • VOL
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Fig. 8. Ca2⫹ sensitivity of force generation as a function of SL for myocytes
containing WT McTnC and the 2 mutant McTnCs. The KF1/2 values from the
experiments shown in Fig. 6 (for SL 2.1 m) and Fig. 7 (for SLs 1.9 and 2.3
m) are plotted as a function of SL. The data were fit to a linear regression line
(r2 for McTnC, L29Q McTnC and NIQD McTnC are 0.96, 0.99, and 0.84,
respectively) and the resultant slopes for each construct are indicated on the
graph.

of the protein (44). The data obtained are consistent with the
idea that NH2-terminal mutations of McTnC increase the Ca2⫹
affinity by destabilizing the apo structures of the NH2-terminal
domain and facilitating the helices movement induced by Ca2⫹
binding.
In the tightly coupled multicomponent cardiac regulatory
system structural changes in one part of it may often cause
allosteric structural and functional changes either in other
connected parts or in the whole system. Various FHC-related
mutations in thin filaments’ regulatory proteins, for example,
increase Ca2⫹ sensitivity of ATPase activity and force development by increasing the Ca2⫹ binding affinity to cTnC.
Another example of such allosteric effects is an effect of
phosphorylation of cTnI at two NH2-terminal serine residues
(Ser-22 and -23), which decreases Ca2⫹ sensitivity of the
muscle by causing a decrease in Ca2⫹ binding to the regulatory
site on cTnC (1, 31, 38, 47). These authors found that an
interaction between the NH2-terminal extension of cTnI and
the NH2-terminal regulatory domain of cTnC may affect the
conformation of the regulatory domain of cTnC by shifting the
equilibrium toward an “open” structure. That area of troponin
subunits interaction, therefore, seems to be especially interesting. In the present study, the NH2-terminal mutations of
McTnC, L29Q, and NIQD are located in the region of cTnC
that interacts with cTnI during Ca2⫹ activation (13, 40, 47).
Ca2⫹ sensitivity of force generation and ATPase activity can
be influenced by increased TnC Ca2⫹ binding affinity (23, 25,
26, 30, 45) The present data demonstrate that the changes in
Ca2⫹-binding affinity of L29Q McTnC and NIQD McTnC
mutants may influence the changes in Ca2⫹ sensitivity sensitivities of force generation and, therefore, cause a global affect
to the muscle contractile properties. Similarly, an increase in
Ca2⫹ binding affinities resulting from the affected conformational changes in the regulatory domain of McTnC should in
turn affect Ca2⫹ sensitivity of force generation. By replacing
endogenous cTnC with related McTnC mutants, we demonstrated that L29Q McTnC and NIQD McTnC significantly
increased the Ca2⫹ sensitivity of force generation in single
skinned mouse cardiac myocytes. The changes of Ca2⫹ sensitivities of force generation parallel the changes of affinities of
Ca2⫹ binding to related isolated cTnC mutants, suggesting that
L29Q McTnC and NIQD McTnC increase the Ca2⫹ sensitivity
of contractile apparatus mainly by the enhancement of the
Ca2⫹ binding affinity. Indeed, to fully understand the relationship between the Ca2⫹ sensitivity and Ca2⫹ binding found in
the present study, more information on Ca2⫹ binding directly
in skinned cardiac myocytes is required.
Schmidtmann et al. (40) measured the Ca2⫹-dependent actomyosin subfragment 1 (actoS1)-ATPase activity and the
sliding velocity of thin filaments reconstituted with L29Q
cTnC mutant and cTnI, dephosphorylated or phosphorylated at
serine 22/23 in an in vitro motility assay. These authors
reported a small (⬃0.1 pCa unit) but significant reduction in
Ca2⫹ sensitivity when they reconstituted thin filaments with
human L29Q cTnC and dephosphorylated cTnI, whereas a
significant increase was observed when thin filaments were
reconstituted with biphosphorylated cTnI. Two recent studies
lend credibility to the hypothesis that the L29Q mutation in
cTnC affects its ability to interact with TnI particularly in its
phosphorylated state (4, 11). The study by Baryshnikova et al.
(4), who used nuclear magnetic resonance (NMR) and the
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augmentation in Ca2⫹ sensitivity of myocytes containing
NIQD McTnC compared with those containing L29Q. Since
NIQD McTnC has a higher Ca2⫹ affinity than L29Q McTnC,
we suggest that there may be a limit to which the Ca2⫹ affinity
of cTnC can be increased as a result of an increase in SL.
Further work needs to be done to test this hypothesis.
In summary, we utilized the Phe27 3 Trp substitution to
study Ca2⫹ binding and exchange with the regulatory site II of
cardiac troponin C. We found that the FHC-related cardiac
troponin C mutations, L29Q McTnC and NIQD McTnC
(which mimics ScTnC), significantly increase the Ca2⫹-binding affinity of regulatory site II of cTnC. We demonstrated by
replacing endogenous cTnC with related McTnC mutants in
single skinned cardiac myocytes that L29Q McTnC and NIQD
McTnC significantly increased the Ca2⫹ sensitivity of force
generation and depressed the length dependence of myofilament Ca2⫹ sensitivity. This suggests that increased Ca2⫹
sensitivity of cTnC might be one of the key factors of the
cTnC-related FHC pathogenesis. The results also demonstrate
that the residues 2, 28, 29, and 30 of McTnC are important for
determining Ca2⫹ sensitivity of mammalian cardiomyocytes,
which makes them potential targets for pharmacological modification to enhance the Ca2⫹ sensitivity of cardiac tissue in
pathologies involving poor cardiac contractility.
It is necessary to stress again that Ca2⫹ sensitivity determined by using single skinned cardiac myocytes better represents the physiological conditions. Indeed, to fully understand
the relationship between the Ca2⫹ sensitivity, Ca2⫹ binding,
and SL that we attempted to describe in the present study, more
information on Ca2⫹ binding directly in skinned cardiac myocytes is required. Further studies of the effects of L29Q and
NIQD mutations in McTnC on cardiac muscle structure and
function using a transgenic animal model are necessary to
further understand the relationship between the increase in
myofilament sensitivity and the etiology of FHC.
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