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ABSTRACT: Calcium binding to the regulatory domain of
cardiac troponin C (cNTnC) causes a conformational change
that exposes a hydrophobic surface to which troponin I (cTnI)
binds, prompting a series of protein−protein interactions that
culminate in muscle contraction. A number of cTnC variants
that alter the Ca2+ sensitivity of the thin filament have been
linked to disease. Tikunova and Davis engineered a series of
cNTnC mutations that altered Ca2+ binding properties and
studied the effects on the Ca2+ sensitivity of the thin filament
and contraction [Tikunova, S. B., and Davis, J. P. (2004) J.
Biol. Chem. 279, 35341−35352]. One of the mutations they
engineered, the L48Q variant, resulted in a pronounced
increase in the cNTnC Ca2+ binding affinity and Ca2+ sensitivity of cardiac muscle force development. In this work, we sought
structural and mechanistic explanations for the increased Ca2+ sensitivity of contraction for the L48Q cNTnC variant, using an
array of biophysical techniques. We found that the L48Q mutation enhanced binding of both Ca2+ and cTnI to cTnC. Nuclear
magnetic resonance chemical shift and relaxation data provided evidence that the cNTnC hydrophobic core is more exposed with
the L48Q variant. Molecular dynamics simulations suggest that the mutation disrupts a network of crucial hydrophobic
interactions so that the closed form of cNTnC is destabilized. The findings emphasize the importance of cNTnC’s conformation
in the regulation of contraction and suggest that mutations in cNTnC that alter myofilament Ca2+ sensitivity can do so by
modulating Ca2+ and cTnI binding.

Striated muscle contraction is triggered by a transient
increase in the intracellular concentration of Ca2+, which

binds to troponin C (TnC), the Ca2+-binding subunit of the
cardiac troponin (cTn) complex on thin filaments. TnC is a
dumbbell-shaped protein that consists of N-terminal and C-
terminal EF-hand motifs connected by a long flexible linker.1

There are two isoforms of TnC in striated muscle: skeletal
(sTnC) and cardiac (cTnC). The regulatory lobe of sTnC
(sNTnC) undergoes a large structural “opening” when it binds
two Ca2+ ions.2 The structural change is much smaller in
cNTnC upon binding Ca2+, and it remains essentially “closed”.3

This difference may be the result of cNTnC having only one
functional Ca2+ binding site (site II).4 The C-terminus of cTnC
(cCTnC) contains high-affinity Ca2+ binding sites, III and IV.
Although these sites are thought to play primarily a structural
role by anchoring the Tn complex to the thin filament, they
may also be involved in the Ca2+ signaling pathway, because
disease-related mutations in this region of cTnC affect cardiac
muscle function.5−7 cTnC interacts with the other two
components of cTn: cardiac troponin I (cTnI) and cardiac
troponin T (cTnT). Following the binding of Ca2+ to site II of
cNTnC, the “switch” region of cTnI (residues 147−163,

cTnI147−163) binds to cNTnC and consequently the “inhibitory”
region of cTnI (residues 112−146) dissociates from actin. The
detachment of cTnI112−146 from actin permits the increased
mobility of tropomyosin over the surface of the thin filament,
providing exposure of the myosin binding sites on actin and
subsequently actomyosin cross-bridge formation that results in
contractile force generation and cell shortening.8,9

A growing number of genetically identified variants
(mutations) in cTn subunits associated with cardiomyopathies
have been shown to alter protein−protein interactions involved
in thin filament activation.10 Thus far, at least 84 mutations in
cTn proteins have been identified in patients with hypertrophic,
restrictive, and dilated cardiomyopathy (HCM, RCM, and
DCM, respectively).11,12 Functional studies of HCM-associated
mutations, in most cases, result in an increased Ca2+ sensitivity
of contraction of skinned myocardium, and at least three
variants are located in cTnC (A8V, C84Y, and D145E). While
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the increase in Ca2+ sensitivity may not cause HCM, it is
possible the augmented contractility is associated with the
progression and severity of HCM over time.13 Thus, under-
standing how altered Ca2+ binding influences cTn subunit
interactions and signaling of thin filament activation could have
considerable clinical relevance.
In this study, we have focused on a cTnC variant,

cTnC(L48Q), which was engineered by site-directed muta-
genesis to enhance the Ca2+ sensitivity of cTnC. This cTnC
variant has not been identified in HCM patients to date; thus, it
may have value in determining whether all mutations that
increase the Ca2+ sensitivity of contraction contribute to the
development of HCM. Additionally, the influence of the
cTnC(L48Q) variant on the contraction and relaxation of
cardiac muscle has been studied in detail. Davis and Tikunova
showed that human cTnC(L48Q) increased the Ca2+ affinity of
the Tn complex and thin filaments.14,15 Parvatiyar et al.16

showed it increased both the Ca2+ sensitivity of skinned porcine
papillary contraction and the ATPase sensitivity. Recently,
Kreutziger et al.17 reported that the rat L48Q variant of cTnC
had similar effects in solution and increased the Ca2+ sensitivity
of contraction in rat trabeculae and myofibrils. It also prolonged
the initial, slow phase of relaxation. Despite this wealth of
functional data, the molecular mechanism for the effect of this
mutation on the activation and relaxation of cardiac muscle is
unknown. Additionally, little is known regarding how muations
of cTnC that affect Ca2+ binding alter interactions with cTnI
and influence thin filament activation signaling.
Leu48 makes a number of crucial hydrophobic contacts that

contribute to the stabilization of a closed form of cNTnC,1 in
both the apo and Ca2+-saturated states.3 We have employed an
integrative approach to understand how cTnC(L48Q) results
in increased myofilament Ca2+ sensitivity. We used fluorescence
spectroscopy, isothermal titration calorimetry (ITC), and
nuclear magnetic resonance (NMR) spectroscopy to confirm
that an increase in both Ca2+ and cTnI affinity occurs upon
mutation of L48 to glutamine. The isolated cNTnC L48Q
variant, cNTnC(L48Q), dimerized in a concentration-depend-
ent manner, consistent with a more open conformation of the
hydrophobic domain. The majority of cNTnC(L48Q) amide
chemical shifts were located between cNTnC (predominantly
closed conformation) and the cNTnC−cTnI147−163 complex
(open), suggesting that cNTnC(L48Q) is more open than
cNTnC. Molecular dynamics (MD) simulations of the same
partial protein constructs were employed to probe the detailed
relationship among structure, dynamics, and function. In
particular, multiple 70 ns simulations of cNTnC in the apo,
Ca2+-saturated, and cTnI147−163-bound states were performed.
The MD results suggest that the L48Q mutation increases the
binding affinity of cTnI147−163 for cNTnC by stabilizing its open
conformation. Overall, the various results described here are
consistent with the L48Q mutation stabilizing a more open
conformation of cNTnC, which in turn enhances the binding of
Ca2+ and cTnI to cNTnC.

■ METHODS
Protein Mutagenesis and Purification. Construction and

expression of wild-type rat cTnC, cTnI, and cTnT in the
pET24a vector have been described in a previous publication.18

cTnCC35S and cTnC(L48Q)C35S were constructed from the rat
wild-type cTnC plasmid with a primer based site-directed
mutagenesis kit and confirmed by DNA sequence analysis. The
plasmids for cTnC variants were then transformed into

Escherichia coli BL21 cells, expressed, and purified. The DNA
encoding cNTnC (residues 1−89) was inserted into the pET3a
expression vector as previously described.19 The L48Q
mutation was engineered using a Quikchange site-directed
mutagenesis kit from Stratagene (using paired 30-mer
oligonucleotides, 5′-AAG GTG ATG AGA ATG CAA GGC
CAG AAC CCC-3′ and 5′-GGG GTT CTG GCC TTG CAT
TCT CAT CAC CTT-3′). The construct of cNTnC(L48Q)
was transformed into E. coli BL21 cells, expressed, and purified.
15N-labeled cNTnC(L48Q) protein was expressed in minimal
medium enriched with (15NH4)2SO4.

20

Fluorescent Labeling of Protein. The labeling procedure
was previously described.21,22 The C35S mutation was
introduced to allow site-specific attachment of a fluorescent
probe at C84. Briefly, cTnCC35S and cTnC(L48Q)C35S were
first dialyzed against 1 mM DTT in a buffer containing 6 M
urea, 25 mM Tris, and 1 mM ethylenediamine-N,N,N9,N9-
tetraacetic acid (EDTA) (pH 8.0); 5 mM DTT was added, and
the proteins were then dialyzed against the same buffer without
DTT for at least 12 h with three buffer changes. Then 100 mM
IANBD ({N-[2-(iodoacetoxy)ethyl]-N-methyl}amino-7-nitro-
benz-2-oxa-1,3-diazole (Mw = 406.14)) (in dimethylforma-
mide) was added in a 3-fold molar excess over TnCC35S or
cTnC(L48Q)C35S, and the protein solutions were gently shaken
in the dark for >4 h at 4 °C. The labeling reaction was
terminated by addition of 10 mM DTT, and the labeled protein
solution was dialyzed against buffer containing 20 mM MOPS,
150 mM KCl, 3 mM MgCl2, 2 mM EGTA, and 1 mM DTT
(pH 7.0) to remove unreacted IANBD (three times for at least
12 h). Finally, cTnCC35S and cTnC(L48Q)C35S were labeled at
C84 of cTnC with IANBD. We have demonstrated that the
fluorescence probe at this position monitors cTnC N-terminal
Ca2+ binding.21 Labeling efficiency was calculated by determin-
ing the IANBD fluorophore to protein molar concentration
ratio. The IANBD concentration in the labeled protein was
determined by dividing the absorbance of the labeled protein at
the maximal absorbance for the fuorophore by the extinction
coefficient of IANBD (21000 M−1 cm−1) at a wavelength of
481 nm. All protein concentrations were determined using the
Bio-Rad protein assay. The final labeling efficiency was then
determined to be 90%.

Reconstitution of Tn Complexes. Tn subunits cTnI and
cTnT were first dialyzed separately against 6 M urea, 25 mM
Tris, and 1 mM EDTA (pH 8). After dialysis, IANBD-
cTnCC35S, cTnI, and cTnT were mixed in a 1:1:1 molar ratio.
After being incubated at room temperature for 30 min, the
protein solution was dialyzed through a series of steps against
(1) 2 M urea, 0.75 M KCl, 20 mM MOPS, 3 mM MgCl2, and 1
mM CaCl2 (pH 7.0), (2) 1 M urea, 0.75 M KCl, 20 mM
MOPS, 3 mM MgCl2, and 2 mM EGTA (pH 7.0), (3) 0.75 M
KCl, 20 mM MOPS, 3 mM MgCl2, and 2 mM EGTA (pH 7.0),
(4) 0.5 M KCl, 20 mM MOPS, 3 mM MgCl2, and 2 mM
EGTA (pH 7.0), (5) 0.25 M KCl, 20 mM MOPS, 3 mM
MgCl2, and 2 mM EGTA (pH 7.0), and (6) 150 mM KCl, 20
mM MOPS, 3 mM MgCl2, 2 mM EGTA, and 1 mM DTT (pH
7.0). All dialysis was done in the dark (without stirring) at 4 °C.
Proteins that precipitated during the dialysis with decreasing
KCl concentrations were removed by centrifugation.23

Steady-State Fluorescence Measurements. All steady-
state fluorescence measurements were taken using a Perkin-
Elmer LS50B luminescence spectrometer at 15 °C. IANBD
fluorescence was excited at 490 nm and monitored at ∼530 nm
(both bandwidths set at ∼8 nm). Protein buffer solutions
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contained 20 mM MOPS, 150 mM KCl, 3 mM MgCl2, 2 mM
EGTA, and 1 mM DTT (pH 7.0). The fluorescence signal of 2
mL of IANBD-cTnCC35S or IANBD-cTnC35S (0.6 μM) was
monitored with titration of microliter amounts of Ca2+ or cTnI
in the presence (100 μM) or absence of Ca2+. The free Ca2+

concentration was calculated using Maxchelator (http://
maxchelator.stanford.edu).24 The Ca2+ dependencies of con-
formational changes (pCa value at the half-maximal fluo-
rescence signal change) were obtained by fitting the binding
curve with the sigmoid Hill equation as previously described.25

The reported values are the means of three to five successive
titrations. Data are presented as means ± the standard error of
the mean (SEM). Statistical significance was determined by a
Student’s t test using SigmaPlot (Systat Software Inc.). A p
value of <0.05 was considered statistically significant.
Isothermal Titration Microcalorimetry. All experiments

were performed using a Microcal, Inc., isothermal titration
microcalorimeter (ITC-200) in the Analytical Biopharmacy
Core at the University of Washington. Experimental conditions
were as follows: 30 °C, 20 mM MOPS, pH 7.0, 150 mM KCl, 3
mM MgCl2, 2 mM EGTA, and 1 mM CaCl2. The sample cell
was filled with 200 μL of 3 μM cTnI (with 1 mM Ca2+) and
titrated with 2 μL per injection of 50−70 μM cTnC (WT or
L48Q, Ca2+-saturated). A control titration of cTnC (WT or
L48Q) to buffer was performed for each independent
experiment. Binding parameters were calculated by the
Origin-ITC data analysis software package using the single set
of sites mode. All data are means ± SEM.
Sample Preparation and Data Analysis for NMR

Spectroscopy. All NMR samples had starting volumes of
500 μL. The protein samples were dissolved in 100 mM KCl,
10 mM imidazole, and 0.2−0.25 mM 2,2-dimethyl-2-
silapentane-5-sulfonate sodium salt (DSS) (Chenomx) with
0.01% NaN3 in a 95% H2O/5% D2O mixture with 2−8 mM
CaCl2 (Fluka). Concentrations of cNTnC(L48Q) varied from
0.5 mM for assignment experiments to 0.1 mM for cTnI147−163
titrations. The pH was kept between 6.7 and 7.0. All
experiments were conducted on either a Varian Inova 500
MHz spectrometer or a Unity 600 MHz spectrometer. All data
were collected at 30 °C. All NMR data were processed with
NMRPipe26 and visualized with NMRViewJ.27 15N T1,

15N T2,
and NOE values were analyzed with the Rate Analysis and
HetNOE modules in NMRViewJ. The analysis of titration data
and dimerization data was conducted with xcrvfit (http://www.
bionmr.ualberta.ca/bds/software/xcrvfit). Model-free analysis
of the data was conducted using Mathematica notebooks.28

Models were chosen using Akaike’s Information Criteria
(AIC),29 and the chosen model was subjected to Monte
Carlo analysis to assess errors.30

NMR Titrations. The titration of Ca2+ and cTnI147−163 into
[15N]cNTnC(L48Q) was monitored by the 1H−15N HSQC
NMR experiment. At each titration point, spectra were
recorded, and the concentration-dependent chemical shift
perturbations were used to determine dissociation constants.
For the Ca2+ titration, initially Ca2+-free buffer was prepared
with Chelex 100 (Bio-Rad), which was used to chelate any free
metal ions. The protein was run down a desalting column in the
presence of EDTA. A 50 mM CaCl2 stock solution was
prepared and titrated into the apo-cNTnC(L48Q) NMR
sample to final concentrations of 0.10, 0.15, 0.20, 0.25, 0.30,
0.35, 0.40, 0.45, 0.50, 0.60, 0.80, 1.41, and 2.63 mM. A 3.8 mM
stock of cTnI147−163 was prepared in DMSO-d6 (Cambridge
Isotopes Inc.), and the concentration of cNTnC(L48Q) was

determined to be 84 μM. cTnI147−163 was titrated into
cNTnC(L48Q) to final concentrations of 7, 14, 22, 29, 36,
43, 57, 71, 85, 99, 120, 140, 173, 205, and 269 μM. The pH was
kept between 6.9 and 7.0 throughout the titration via addition
of 1 M HCl or 1 M NaOH.

NMR Experiments for Assignment. The 1H−15N HSQC
NMR spectra of 15N-labeled cNTnC(L48Q) were assigned for
all three states of L48Q: apo, Ca2+-bound, and cTnI147−163-
bound. The 1H−15N HSQC spectra for the different states of
L48Q were assigned with the aid of the three-dimensional 15N
NOESY HSQC and 15N TOCSY HSQC NMR experiments.
The TOCSY HSQC experiment correlates intraresidue back-
bone amides with side chain protons, and the NOESY HSQC
experiment correlates backbone amide nuclei with nearby
nuclei, either intraresidue or interresidue. Through the
combination of these two NMR experiments, and previously
published assignments for cNTnC,3,31 we were able to
completely assign the backbone amides of cNTnC(L48Q)
(Figure 4).

15N Backbone Relaxation Experiments. To assess the
concentration-dependent aggregation of cNTnC(L48Q)·Ca2+,
T2 experiments were conducted at four protein concentrations
(0.15, 0.33, 0.7, and 1.2 mM). The T1 and NOE values were
recorded with a cNTnC(L48Q)·Ca2+ concentration of 0.33
mM on the 500 and 600 MHz spectrometers and with a
concentration of 0.15 mM on the 500 MHz spectrometer. All
experiments were conducted with the same experimental
parameters. T1 values were determined using relaxation delays
of 10, 50, 100, 200, 300, and 400 ms; T2 values were acquired
using relaxation delays of 10, 30, 50, 70, 90, and 110 ms. Delays
between transients for T1 and T2 experiments was set to 3 s.
The 1H−15N NOE experiments had a delay of 3 s without the
proton saturation, and when proton saturation was on, it was
set to 3 s.

Molecular Dynamics Simulations. The starting structure
of the N-terminus of cTnC (cNTnC, from residue 1 to 89) and
cTnI147−163 complex was taken from model 18 of the NMR
structure (PDB entry 1mxl).31 The starting structure of cNTnC
in the Ca2+-saturated form was from model 14 of the NMR
structure (PDB entry 1ap4).3 Model 13 of the NMR structure
(PDB entry 1spy)3 was used for the apo-state cNTnC starting
structure. The L48Q mutation was created in silico using UCSF
Chimera32 in all three structures. All-atom, explicit solvent MD
simulations were performed at 15 °C (to match solution
measurements in this study and previous mechanical measure-
ments in cardiac muscle and myofibrils17) in the micro-
canonical (NVE, constant number of particles, volume, and
total energy) ensemble using in lucem molecular mechanics
(ilmm)33 and the Levitt et al. force field.34 Starting structures,
minimized for 1000 steps of steepest descent minimization,
were solvated in a rectangular box of flexible three-center
(F3C) water35 with walls located at least 10 Å from any protein
atom. The solvent density of the box was adjusted to 0.999129
g/mL, the experimental density for the simulation temperature
of 15 °C.36 A 2 fs time step was used, and structures were saved
every 1 ps for analysis. Multiple (n ≥ 3) simulations for the
structures of cNTnC·Ca2+·cTnI147−163, cNTnC·Ca2+, and
cNTnC (both WT and L48Q) were performed for up to 70
ns each. Analysis of MD trajectories was performed with
ilmm.33 Contacts between residues were defined as having a
distance between two carbon atoms of ≤5.4 Å or any other
non-carbon atoms of ≤4.6 Å. Distances were measured
between specific atom pairs or between the centers of mass
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of groups of atoms (e.g., two helices). Protein images were
generated using UCSF Chimera.32 Interhelical angles were
calculated using interhlx (K. Yap, University of Toronto,
Toronto, ON). The solvent accessible surface area (SASA) was
calculated using the algorithm of Lee and Richards.37 For all
WT and L48Q measurements, and the cNTnC·Ca2+·
cTnI147−163 simulations, cTnI147−163 was removed from the
MD trajectories so that the SASA of the hydrophobic patch
residues in cNTnC could be then calculated. All error bars for
results from the WT and L48Q MD simulation are based on
the standard deviation in the average values of the multiple runs
of simulations.

■ RESULTS
Titrations of Ca2+ and cTnI into cTnC(L48Q)IANBD

C35S and
cTnCIANBD

C35S Monitored by Fluorescence Spectroscopy. To
assess the Ca2+ binding affinity of the L48Q variant, we
attached the fluoroprobe IANBD at C84 of cTnCIANBD

C35S . IANBD
is an environment-sensitive and sulfhydryl-reactive extrinsic
fluorophore that has been widely used to label biological
molecules for studies of intramolecular interactions.22,38,39

Fluorescence labeling at C84 reports on conformational
changes in cNTnC caused by both Ca2+ and cross-bridge
binding.40 We found that Ca2+ caused a dose-dependent
increase in fluorescence from the IANBD-labeled cTnC,
suggesting Ca2+ promotes a conformational change in the
cTnC that leads to a decrease in the polarity of the
environment around IANBD-labeled cysteine.
We compared the Ca2+-dependent conformational changes

of cTnC(L48Q)IANBD
C35S and cTnCIANBD

C35S . As shown in the inset of
Figure 1, cTnC(L48Q)IANBD

C35S underwent an ∼1.33-fold maximal

increase in IANBD fluorescence when saturated with Ca2+

versus an ∼1.25-fold increase for cTnCIANBD
C35S . The enhanced

magnitude of the total fluorescence change for cTnC-
(L48Q)IANBD

C35S implies a larger structural change in the regulatory
domain of cTnC(L48Q)IANBD

C35S upon Ca2+ binding. We next
added cTnC(L48Q)IANBD

C35S or cTnCIANBD
C35S to wild-type cTnI and

cTnT to form whole cTn complexes. Consistent with a
previous report using recombinant human cTnC variants, the
L48Q variant had an enhanced Ca2+ binding affinity.15 The

Ca2+ sensitivity of the fluorescence signal (reported as pCa at
half-fluorescence increase) was shifted +0.32 pCa unit, from
6.99 ± 0.03 (cTnIANBD

C35S ) to 7.31 ± 0.03 [cTn(L48Q)IANBD
C35S ]

(curves in Figure 1). This matches well the 0.38 pCa unit
increase in Ca2+ sensitivity of contraction we recently reported
upon exchanging cTn(L48Q)C35S into skinned rat trabeculae.17

It is also consistent with the work of Tikunova and Liu,14 who
found a 0.39 pCa unit leftward shift of pCa at half-maximal
decrease in IAANS fluorescence for L48Q cTn (from pCa
∼6.20 for the control protein to pCa ∼6.59 for L48Q). The
decreased pCa value in their results compared with ours likely
results from differences in the fluoroprobe (IAANS vs IANBD),
labeling strategy (at T53C of TnC C35S, T53C, C84S vs at
C84 of TnC C35S), and species (human cTnC vs rat cTnC)
exchanged into rat cardiac muscle.
Interactions between cTnC and cTnI play a critical role in

transferring the Ca2+ signal to other myofilament proteins to
initiate cardiac muscle contraction. Thus, in addition to
examining Ca2+ affinity, we tested whether the L48Q variant
also altered cTnI binding affinity. Binding of cTnI to cTnC was
measured by titrating labeled cTnCIANBD

C35S with cTnI in the
presence or absence of Ca2+. Figure 2 shows the magnitude of
the IANBD fluorescence change as the cTnI concentration is
increased to 0.8 μM in solutions containing 0.6 μM

Figure 1. Effects of L48Q on the Ca2+-dependent changes in the
fluorescence of cTnIANBD

C35S complexes: (○) Ca2+ binding to L48Q
cTnIANBD

C35S and (●) Ca2+ binding to cTnIANBD
C35S . The inset shows the

effects of the L48Q variant on the total magnitude of the IANBD
fluorescence increase. Excitation was at 490 nm, and emission was
monitored at 530 nm. The error bars represent the standard error of
three to five experiments. p < 0.05.

Figure 2. Effect of the L48Q variant on the binding of cTnI to
cTnCIANBD

C35S . The binding was assessed by measuring the changes in the
IANBD fluorescence emission intensity of cTnCIANBD

C35S being titrated
with cTnI (A) in the absence of Ca2+ (p < 0.05) and (B) in the
presence of Ca2+: (○) L48Q cTnCIANBD

C35S and (●) cTnCIANBD
C35S .

Excitation was at 490 nm, and emission was monitored at 530 nm.
The error bars represent the standard error of three to five
experiments.
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cTnC(L48Q)IANBD
C35S or cTnCIANBD

C35S (control). The data demon-
strate no further change in the fluorescence signal beyond 0.6
μM cTnI for either cTnC, suggesting 1:1 cTnC−cTnI binding
was achieved. For both cTnC(L48Q)IANBD

C35S and the control, the
magnitude of the maximal IANBD fluorescence change was
greater for the Ca2+-saturated states than for the apo state,
indicating a larger conformational change. The amplitude of the
fluorescence signal change is an indicator of the magnitude of
the conformational change. This magnitude increase was
compared for cTnC(L48Q)IANBD

C35S and the control in the apo
and Ca2+-saturated states. The maximal fluorescence increase
did not differ for the apo state but was significantly increased
for cTnC(L48Q)IANBD

C35S (3.73 ± 0.18-fold) compared with that
of the control (3.29 ± 0.11-fold), suggesting the regulatory
domain of cTnC(L48Q) is more open when bound to cTnI.
cTnI appeared to bind to cTnC(L48Q)IANBD

C35S ·3Ca2+ more
tightly than to cTnCIANBD

C35S ·3Ca2+, with dissociation constants of
174 ± 8 and 198 ± 5 nM (derived from fitting the curves of
normalized IANBD fluorescence change vs cTnI concentration
with the sigmoid Hill equation), respectively, but these values
did not differ statistically.
Binding of cTnI to cTnC Bound to Calcium by ITC.

Isothermal titration calorimetry (ITC) was used to obtain a
more comprehensive picture of binding of cTnI to cTnC. ITC
permits monitoring of protein−protein interactions without the
need for chemical modifications that may modify the
interaction surface. Representative ITC data from the titration
of cTnI with Ca2+-saturated cTnC(L48Q) are shown in Figure
3. For each titration point, the quantity of heat released (as
indicated by the negative deflection) is directly proportional to

the amount of binding between the two proteins. The complete
binding isotherm was obtained by plotting the integrated heat
against the molar ratio of cTnC added to cTnI in the reaction
cell. The stoichiometry (n), dissociation constant (KD), and
enthalpy (ΔH) of binding were obtained by fitting these data
using Origin-ITC. The results from a minimum of three
independent ITC binding experiments for binding of cTnC or
cTnC(L48Q) to cTnI, in the presence of Ca2+, suggested the
binding stoichiometry was approximately 1:1 for both WT and
cTnC(L48Q). Consistent with the fluorescence data, the
affinity of cTnC (L48Q) for cTnI was higher than that of
cTnC; KD = 132 ± 59 nM for cTnC(L48Q), and KD = 159 ±
91 nM for cTnC. Furthermore, the total heat released upon
binding to cTnI (ΔH) for cTnC(L48Q) was −22.1 ± 1.5 kJ
mol−1 and for cTnC −16.1 ± 3.9 kJ mol−1.

Titrations of Ca2+ and cTnI147−163 into cNTnC(L48Q)
Assessed by NMR Spectroscopy. To investigate the
structural significance of L48Q on the N-lobe regulatory
domain of cTnC, we used 15N-labeled cNTnC(L48Q) for
NMR experiments. The 1H−15N HSQC NMR spectrum of
15N-labeled cNTnC(L48Q) was assigned for apo, Ca2+-
saturated, and Ca2+- and cTnI147−163-bound states using the
three-dimensional 15N NOESY HSQC and 15N TOCSY HSQC
NMR experiments (Figure 4). NMR was used to measure the
affinity of cNTnC(L48Q) for Ca2+ and the affinity of Ca2+-
saturated cNTnC(L48Q) for cTnI147−163 (Figure 5A,B). Ca2+

was titrated into a sample containing apo cNTnC(L48Q), and
1H−15N HSQC spectra were acquired at each point. The
concentration-dependent chemical shift perturbations of five
well-resolved resonances were used to determine the
dissociation constant of Ca2+, based on the global fitting
method developed by Hoffman and Sykes.41 The protocol
determined a global dissociation constant that fit all the data
with a minimal sum of squared error (SSE). Ca2+ bound to
cNTnC(L48Q) with a dissociation constant of 0.6 μM (SSE =
0.055) (Figure 5C,D), ∼2-fold lower than the dissociation
constant of 2.6 ± 1 μM for WT cNTnC.42 This result is
consistent with our findings for intact troponin and with those
of Tikunova and Davis15 for cTnC(L48Q), and it supports the
use of the isolated domain to ascertain the effects of the L48Q
mutation.
We next measured the affinity of the cTnI147−163 switch

peptide for cNTnC(L48Q)·Ca2+, which is the sequence of cTnI
responsible for triggering contraction through specific binding
to cNTnC·Ca2+.43 The global fit yielded a cTnI147−163
dissociation constant of 61 μM (SSE = 0.2) (Figure 5E,F),
which is approximately 2 times tighter than the dissociation
constant of 150 ± 10 μM measured for cNTnC by NMR.31

The significantly weaker interaction between the fragment of
cTnI (cTnI147−163) and the isolated N-terminal domain of
cTnC than what was measured by ITC and fluorescence for the
full-length constructs is expected because full-length cTnI binds
to both domains of cTnC with the interaction between
cTnI34−71 and cCTnC being in the nanomolar range.44

Comparison of Amide Chemical Shifts of cNTnC-
(L48Q)·Ca2+ with Those of Other Troponin States. The
apo state of cNTnC is in a closed conformation, with its
hydrophobic residues buried in the core of the protein. The
NMR structure of cNTnC·Ca2+ indicates that a minor opening
occurs when Ca2+ binds to site II.3 However, cTnI147−163
binding is required to achieve the open state of cNTnC
(Figure 6). The conformation of cNTnC is described by the
interhelical angles of helices A and B and helices C and D [90°

Figure 3. Microcalorimetric titration of cTnI with cTnC(L48Q) in the
presence of Ca2+. (A) Example trace of the titration of 3 μM cTnI with
50−70 μM cTnC(L48Q) at 30 °C. (B) Integrated heats for each
injection obtained from the raw data in panel A vs the molar ratio of
cTnC(L48Q) to cTnI. The data were fit to the data using a 1:1
binding model; the fit is shown with the solid line.

Biochemistry Article

dx.doi.org/10.1021/bi3003007 | Biochemistry 2012, 51, 4473−44874477



means the helices are orthogonal and thus the protein is open,
and an angle near 180° indicates a more closed conformation
(Figure 6)]. Although it is convenient to discuss the
conformation of cNTnC in terms of angles, it must be stressed
that an NMR structure is a static representation of cNTnC.
cNTnC·Ca2+ appears to be in a dynamic equilibrium, moving
between closed and open states.45−48

Chemical shift differences between nuclei are caused by a
change in the local magnetic environment, such as by local
structure or solvent exposure. Therefore, in addition to their
applicability in discerning the affinity and stoichiometry of Ca2+

or cTnI binding, chemical shifts may be able to provide insight
into the conformation of cNTnC. The Ca2+-sensitizing agent,
bepridil, stabilizes the open form of cNTnC in a manner similar
to that of cTnI147−163 (PDB entry 1DTL), with an interhelical
angle of helices A and B of ∼92°.49 Although they are
structurally distinct molecules (bepridil is a small hydrophobic
molecule and cTnI147−163 an amphipathic peptide), they induce
similar amide chemical shift perturbations in the 1H−15N
HSQC spectrum of cNTnC, most likely because they both
stabilize the open state of cNTnC·Ca2+. We overlaid the

1H−15N HSQC spectra of cNTnC·Ca2+, cNTnC·Ca2+·-
cTnI147−163, cNTnC·Ca2+·bepridil, and cNTnC(L48Q)·Ca2+

to estimate the conformation of the L48Q variant (Figure
7A). The chemical shifts of cNTnC(L48Q)·Ca2+ were
intermediate between those of cNTnC·Ca2+ and the complexes
of bepridil or cTnI147−163 with cNTnC·Ca2+. This result
suggests the L48Q mutation moves the conformational
equilibrium of cNTnC·Ca2+ toward the open state, however,
not as much as bepridil or cTnI147−163. We recently developed a
program, ORBplus, to analyze the relationship between the
interhelical angles of cNTnC and amide chemical shifts.50

ORBplus predicted that the interhelical angle of helices A and B
of cNTnC(L48Q)·Ca2+ is approximately 10° more open
(∼120°) than that of cNTnC·Ca2+ (∼130°).50

15N T2 and Amide Chemical Shift as a Function of
Concentration. The Ca2+-triggered conformational change in
cNTnC is less dramatic than that in sNTnC because only one
Ca2+ ion binds to cNTnC, whereas two Ca2+ ions bind to the
skeletal isoform. The biological role of the exposed hydro-
phobic surface, in either isoform, is to promote binding of the
switch region of troponin I. The exposed hydrophobic surface
also serves as an interface for in vitro dimerization (in the
absence of troponin I). The NMR relaxation rate R2 (1/T2) is
proportional to the rotational correlation time of a protein and,
hence, to its size. It has been shown that the apparent sizes of
cNTnC·Ca2+ or sNTnC·2Ca2+ increase as a function of
concentration.51 The dissociation constant for dimer formation
(Kdimer = [monomer]2/[dimer]) was previously determined to
be ∼7.3 mM for WT cNTnC·Ca2+ and ∼1.3 mM for
sNTnC·2Ca2+.51 To determine the dimerization constant of
cNTnC(L48Q)·Ca2+, we measured the T2 relaxation time of
L48Q at four different concentrations (1.2, 0.72, 0.33, and 0.14
mM) and plotted R2 as a function of protein concentration52

(Figure 7B). The dimerization constant of cNTnC-
(L48Q)·Ca2+ was ∼2 mM with an R2 (monomer) of 6.2 s−1

and an R2 (dimer) of 8.4 s−1 (Figure 7B). The decreased Kdimer
of cNTnC(L48Q)·Ca2+ when compared to that of
cNTnC·Ca2+ suggests that cNTnC(L48Q)·Ca2+ is more open
than cNTnC·Ca2+, but not as open as sNTnC·2Ca2+. The
concentration dependence is also shown in the amide chemical
shifts at the same four concentrations (Figure 7C).

Backbone 15N Relaxation Data. NMR relaxation data are
a valuable source of experimental evidence of protein dynamics.
The 15N backbone NMR relaxation parameters T1, T2, and
nuclear Overhauser effect (NOE) depend on the tumbling of
the protein as a whole, as well as on internal motions within the
protein. The measured relaxation data for cNTnC(L48Q)·Ca2+

at 0.33 mM are shown on a per residue basis in Figure S1 of the
Supporting Information. The results indicate that cNTnC-
(L48Q)·Ca2+ is a highly structured and rigid protein. The
dramatic increase in T1 and T2 as well as the decrease in NOE
at the C-terminus of cNTnC(L48Q)·Ca2+ is consistent with
disorder. The average T1

500 (the superscript indicates the
magnetic field at which the relaxation data were acquired,
expressed as the frequency of 1H in megahertz) for all residues
was 408 ± 87 ms with an average error of 15 ms, and the
average T1

600 was 466 ± 62 ms with an average error of 27 ms.
The average T2

500 for all residues was 151 ± 102 ms with an
average error of 8 ms, and the average T2

600 was 142 ± 69 ms
with an average error of 7 ms. The average NOE500 was 0.60 ±
0.52 (average error of 0.023), and the average NOE600 was 0.70
± 0.31 (average error of 0.011).

Figure 4. Assigned 1H−15N HSQC spectra of (A) apo cNTnC-
(L48Q), (B) cNTnC(L48Q)·Ca2+, and (C) cNTnC(L48Q)·Ca2+·-
cTnI147−163. All well-resolved backbone amide peaks are labeled (side
chain NH2 groups were not assigned).
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The relaxation parameters for 0.15 mM cNTnC·Ca2+ have
been previously published.53 The average T1

500 was 440 ± 106
ms with an average error of 12 ms; the average T2

500 was 166 ±
82 ms with an average error of 5 ms. The average NOE500 was
0.57 ± 0.27 with an average error of 0.04. To directly compare
cNTnC(L48Q)·Ca2+ with cNTnC·Ca2+, we prepared a 0.15
mM sample and recorded the relaxation data at 500 MHz. The
average T1

500 was 408 ± 97 ms with an average error of 20 ms;
the average T2

500 was 154 ± 80 ms with an average error of 9
ms, and the average NOE was 0.70 ± 0.44 ms with an average
error of 0.11 ms. We have superimposed the data from
cNTnC·Ca2+ with those of the L48Q variant in Figure S2 of the
Supporting Information.
While most of the relaxation data between cNTnC·Ca2+ and

cNTnC(L48Q)·Ca2+ do not differ, inspection of residues in site
I suggests that the L48Q mutation modulates the dynamics of
this loop (residues 29−40). We used a suite of Mathematica
notebooks to perform model-free analysis of the 15N relaxation
data to determine the order parameters for residues in site I.28

Models for each residue were chosen according to Akaike’s
information criteria (AIC).29 The average S2 values obtained for
loop 1 are 0.85 ± 0.11 for cNTnC(L48Q)·Ca2+ and 0.77 ±
0.08 for cNTnC·Ca2+, implying, if anything, that the NH bond
vectors in the loop are more rigid on the picosecond to
nanosecond time scale in cNTnC(L48Q)·Ca2+.

Effect of the L48Q Substitution on the cNTnC−
cTnI147−163 Interaction and the Position of Helix B of
cNTnC. We used MD simulations to further investigate
structural changes caused by the L48Q variant that may explain
the experimentally observed increase in the level of binding of
cTnI to cTnC. Simulations were performed for both WT
cNTnC·Ca2+ and cNTnC(L48Q)·Ca2+ complexed with
cTnI147−163 (PDB entry 1MXL) at neutral pH and 15 °C and
sampled over 70 ns for multiple simulations (at least five). We
first investigated the residue contacts between cNTnC and
cTnI147−163. L48 is located at the end of helix B of cNTnC and
makes multiple contacts with the cTnI147−163 peptide (Figure
8A). Residues from cNTnC and cTnI147−163 with more than

Figure 5. 1H−15N HSQC spectra of (A) the titration of Ca2+ into apo cNTnC(L48Q) and (B) the titration of cTnI147−163 into cNTnC(L48Q)·Ca
2+.

(C) Binding curves of the titration of Ca2+ into cNTnC(L48Q) that were used in the global fit to determine the dissociation constant and (D) the
corresponding sum of squared error (SSE) for the global fit. (E) Representative binding curves of the titration of cTnI147−163 into
cNTnC(L48Q)·Ca2+ that were used in the global fit to determine the dissociation constant and (F) the corresponding SSE for the global fit.
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20% time in contact over entire simulations were chosen and
counted as contact pairs between the two proteins. We plotted
the number of contact pairs between cNTnC and cTnI147−163
for each residue position of cNTnC to determine the overall
contact map for the interaction of cNTnC with cTnI147−163 .
Results are shown for WT in Figure 8B and L48Q in Figure 8C.
The general pattern is similar for both cNTnC structures. The
data show that residue 48 contacts the greatest number of
residues in cTnI147−163 (Figure 8B) for both proteins,
suggesting this position of helix B in cNTnC is important for
the interaction of cNTnC with the switch region of cTnI.
However, some cNTnC residues have increased or decreased
numbers of contact pairs for L48Q compared to WT, which
may significantly alter the interactions between cNTnC and the
cTnI switch peptide. While this merits further investigation,
detailed analysis is beyond the scope of this study.

Li et al. determined that a structural deviation in WT
cNTnC·Ca2+ associated with binding of the cTnI147−163 peptide
is the movement of helix B away from helix A.31 The
simulations of the cNTnC(L48Q)·Ca2+·cTnI147−163 complex
demonstrate a significant movement of helix B for L48Q, as
shown by the snapshots for simulations at 0 and 60 ns in Figure
9A (the MD movies are available as Supporting Information).
This movement of helix B occurred in all of the cNTnC-
(L48Q)·Ca2+·cTnI147−163 simulations, but it was not observed
for any of the five WT cNTnC·Ca2+·cTnI147−163 simulations. To
investigate further, we analyzed the distances and interhelical
angles between helices A and B. The distances between the
centers of mass of helices A and B (COMdist AB), averaged
over the last 25 ns of multiple simulations, were 17.7 ± 0.7 Å
for L48Q and 16.5 ± 0.7 Å for WT. The differences in
COMdist AB (ΔCOMdist AB) at the end (from 45 to 70 ns)
compared with the beginning of the simulations (10−25 ns)
show that helices A and B moved ∼0.4 Å farther from each
other for L48Q compared to WT, but the change is subtle,
particularly given the dynamic nature of these helices.
To further validate the conformational change in cNTnC by

the L48Q mutation, we performed MD simulations of apo and
Ca2+-saturated cNTnC structures (PDB entries 1SPY and
1AP4, respectively) for both WT and L48Q. In panels B and C
of Figure 9, the starting structures are compared with the
structures at 60 ns for cNTnC(L48Q) and cNTnC. For both
apo and Ca2+-saturated simulations, helix B of cNTnC(L48Q)
underwent a large movement away from the core of the
domain. For WT cNTnC, no significant movement of the helix
was observed. Figure 9D compares helices A and B only, for all
simulation structures at 60 ns versus the starting structures (90°
counterclockwise rotation from the y-axis of the structure
shown in panels A−C). From this view, it is clear that the
helices A and B are generally more open for cNTnC(L48Q).
This movement of the helix B was not dependent on the
binding of Ca2+ or cTnI147−163 in the Ca2+-saturated state.
Generally, cNTnC(L48Q) had greater values for the Cα rmsd
of helices A and B relative to the original NMR structure from
all states populated in the simulations (Figure 9E), illustrating
the dynamic character and increased mobility of these helices.
The difference in the motion of helix B between cNTnC-
(L48Q) and cNTnC is presumably due to Gln48 at the end of
helix B of the variant, which disrupts key contacts L48 makes
with residues on helix A, such as F20, A23, and F27 (Figure S3
of the Supporting Information).
The interhelical angle between helices A and B (Figure 6 and

Figure 9D) was used to quantify the degree of opening
conformation in cNTnC. The interhelical angles of helices A
and B averaged from multiple simulations were ∼87° for L48Q
and ∼107° for WT, suggesting a more open conformation for
L48Q cNTnC in the Ca2+- and cTnI147−163-bound state. Similar
results were found for both apo and Ca2+-saturated simulations;
helices A and B were generally more open for L48Q than WT
structures. In particular, our simulations suggest there is a
decrease of ∼10° in the interhelical angle of helices A and B of
L48Q compared to that of WT in the Ca2+-saturated state. This
magnitude of change is consistent with the prediction from
ORBplus that the interhelical angle of helices A and B of
cNTnC(L48Q)·Ca2+ is ∼10° more open than that of
cNTnC·Ca2+.50

The distance between the backbone α-carbons of M81 (on
helix D) and N50 (B−C loop) was used to quantify the
opening of cNTnC (Figure S4 of the Supporting Information),

Figure 6. Conformational change of cNTnC from (A) closed in the
apo state with an interhelical angle of helices A and B of ∼140° (PDB
entry 1spy) through (B) slightly open in the Ca2+-bound state with an
interhelical angle of helices A and B of ∼130° (PDB entry 1ap4) to
(C) fully open when cTnI147−163 is bound (PDB entry 1mxl) with an
interhelical angle of helices A and B of ∼102°. cNTnC is depicted in
cartoon mode with the helices shown as labeled cylinders (the N helix
is pointing directly into the page in panel A and is therefore not
visible).
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as was previously done to monitor the opening of cNTnC
when cTnI147−163 or Ca2+ bound to sNTnC.31 M81−D50
distances were generally larger in the cNTnC(L48Q) mutant
than in cNTnC, as calculated from all-state simulations (apo,
Ca2+-saturated, and cTnI147−163-bound) (Table S1 of the
Supporting Information). The increase in distance between
M81 and D50 of L48Q is consistent with the interhelical angle
results and the distances between helices A and B, which all
indicate that the L48Q variant induced a more open state of
cNTnC.
To quantify the exposure of the hydrophobic surface in

cNTnC that associates with the binding with the switch region
of cTnI, we selected hydrophobic residues F20, A23, F24, I26,
F27, I36, L41, V44, L48, L57, M60, F77, M80, and M81 as
hydrophobic patch residues. In simulations, these cNTnC

residues made contacts more than 40% of time with the switch
region of cTnI in cNTnC·Ca2+·cTnI147−163 (both WT and
L48Q). The total SASA of the hydrophobic patch residues was
greater in cNTnC·Ca2+·cTnI147−163 simulations than in
cNTnC·Ca2+ or apo cNTnC in both WT and L48Q
simulations (Table S2 of the Supporting Information),
indicating the hydrophobic patch was more exposed in the
presence of cTnI147−163. This is consistent with NMR and X-ray
studies showing that binding of the switch region of cTnI
induces opening of cNTnC.31,54 In addition, L48Q had a
greater SASA of the hydrophobic patch area in all structures
from the simulations compared to WT (Table S2 of the
Supporting Information), again showing the larger hydrophobic
surface area in cNTnC(L48Q). Figure 9F shows the surface
rendering of structures from cNTnC·Ca2+ (0 and 60 ns) and

Figure 7. Characterization of the conformation of cNTnC(L48Q)·Ca2+ by NMR. (A) Comparison of 1H−15N HSQC spectra from
cNTnC(L48Q)·Ca2+ (red) with cNTnC·Ca2+ (blue), cNTnC·Ca2+·cTnI147−163 (green), and cNTnC·Ca2+·bepridil (magenta). The resonances of
cNTnC(L48Q)·Ca2+ are shifted intermediately between those of WT cNTnC·Ca2+ and the cTnI147−163- or bepridil-bound form of cNTnC. (B and
C) Dependence of the average 15N T2 (B) and

1H−15N HSQC (C) as a function of cNTnC(L48Q)·Ca2+ concentration. In the 1H−15N HSQC
spectrum, contours are colored from light gray to black as the cNTnC(L48Q)·Ca2+ concentration increases. Several representative residues are
labeled, and arrows indicate the direction of the chemical shift as the concentration was increased.

Figure 8. Interactions between cNTnC and cTnI147−163. (A) Structure of cNTnC(L48Q)·Ca
2+·cTnI147−163 (modified from PDB entry 1mxl) with

residue Q48 shown as sticks, cTnI147−163 colored white, helix A colored cyan, and helix B colored green. (B and C) Numbers of cTnI147−163 residues
that contact cNTnC (number of contact pairs) for WT and L48Q, respectively. The error bars represent the standard error from three to five
simulations.
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cNTnC(L48Q)·Ca2+ (60 ns) simulations. The selected hydro-
phobic patch residues are colored red in all structures, and the

rest of the protein is colored white. Overall, the increased
mobility of helix B facilitated the exposure of the hydrophobic

Figure 9. Effects of L48Q on the mobility of helix B in cNTnC. (A) Snapshots from cNTnC(L48Q)·Ca2+·cTnI147−163 and cNTnC·Ca2+·cTnI147−163
simulations at 0 ns (white) and 60 ns (rainbow). (B) Comparisons of 0 ns (white) vs 60 ns (rainbow) Ca2+-saturated structures of
cNTnC(L48Q)·Ca2+ (top) and cNTnC·Ca2+. (C) Comparisons of 0 ns (white) vs 60 ns (rainbow) apo-state structures of cNTnC(L48Q) (top) and
cNTnC. Residues L48 and Q48 are shown as sticks. (D) Helices A and B truncated from structures of L48Q and WT at 0 ns (white) and 60 ns (A
helix, blue; B helix, green) of NTnC·Ca2+·cTnI147−163 (left), cNTnC·Ca

2+ (middle), and cNTnC apo (right). The helices are shown rotated 90° to
the right from the structures in panels A−C to allow a better view of the angle of helices A and B. (E) Cα rmsd for helices A and B of L48Q (white)
and WT (black) averaged over all simulations of cNTnC·Ca2+·cTnI147−163, cNTnC·Ca

2+, and apo cNTnC. (F) Surface rendering of cNTnC·Ca2+ for
structures from the WT (0 ns, top; 60 ns, bottom left) and L48Q (60 ns, bottom right) simulations. The hydrophobic residues (F20, A23, F24, I26,
F27, I36, L41, V44, L48, L57, M60, F77, M80, and M81) are colored red, and the rest of the protein is colored white.
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patch in cNTnC(L48Q) and disrupted the closed structure of
cNTnC, which supports the idea of an increase in the binding
affinity of the switch region of cTnI for cNTnC.
Effect of the L48Q Substitution on the Ca2+-

Coordinating Residues at Ca2+ Binding Site II. cTnC is
one member of the EF-hand superfamily of calcium binding
proteins. The EF-hand is a highly conserved (by both sequence
and structure) helix−loop−helix motif with the Ca2+ binding
loop containing 12 amino acids.55,56 Among the 12 residues in
the second Ca2+ binding loop (site II) of cNTnC, residues D65,
D67, S69, D73, T71, and E76 at positions 1, 3, 5, 7, 9, and 12,
respectively, are involved in coordination with the calcium.57,58

Because the interactions of these residues with each other and
the Ca2+ binding pocket itself are critical regulators of the
contractile process, we also analyzed the MD simulation
trajectories of cNTnC(L48Q)·Ca2+·cTnI147−163 and
cNTnC·Ca2+·cTnI147−163 to examine how the L48Q substitu-
tion influences Ca2+ binding at cNTnC site II. The distances

between the center of mass of Ca2+ and the Ca2+-coordinating
residues were calculated and averaged over time to evaluate the
overall stability of the Ca2+ binding site (Figure 10A,B).
Variability was not significant at any of the Ca2+-coordinating
residues, with the exception of S69, in the WT simulations. The
L48Q simulations showed no significant perturbation at any
residues, indicative of a very stable Ca2+ binding site.
Detailed coordinating information was obtained by inves-

tigating the changes in the distances between centers of mass of
Ca2+ and individual Ca2+-binding atoms, shown by examples in
Figure 10C. Interestingly, in the 60 ns simulation snapshot of
the WT cNTnC·Ca2+·cTnI147−163 complex, D67 OD1, E76
OE2, and S69 OG (atoms shown as red spheres in Figure 10D)
pointed away from the Ca2+ ion. However, for the cNTnC-
(L48Q)·Ca2+·cTnI147−163 complex, only D65 OD2 pointed
away from the Ca2+ ion. Figure 10C summarizes the average
distances between these atoms and Ca2+ throughout the
simulations. When compared to the average distances between

Figure 10. Ca2+ binding pocket at site II. (A and B) Average distances between Ca2+-coordinating residues over 10 ns windows. (C) Distances
between Ca2+ and Ca2+-coordinating residues D67, S69, and E76. (D) Snapshots from L48Q and WT simulations showing the Ca2+ binding site
compared with the starting structure (top), WT at 60 ns (middle), and L48Q at 60 ns (bottom) with Ca2+-coordinating residues shown as sticks and
atoms from panel C shown as spheres.
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Ca2+ and these atoms from the original 40 structures in the
NMR ensemble of PDB entry 1MXL and those in model 18
from PDB entry 1MXL (data not shown), D67 OD1 and E76
OE2 were closer to Ca2+ for the L48Q variant than for WT,
suggesting possible improved interactions between Ca2+ and
these coordinating residues in the L48Q mutant. This change
within the calcium binding site in the L48Q variant observed by
MD simulations is consistent with our observed experimental
measurements of increased Ca2+ binding affinity for the L48Q
cTnC variant (Figure 1).

■ DISCUSSION
The combination of structural and functional information has
been valuable for understanding the biochemical and
biophysical mechanisms of proteins. Here we have used a
highly integrative approach by combining fluorescence spec-
troscopy, microcalorimetry, NMR methodologies, and molec-
ular dynamics simulations to determine the molecular
consequences of an L48Q mutation on the conformation and
dynamics of cTnC, as well as its interaction with cTnI upon
Ca2+ binding.
It is important to elucidate the effects of cTnC modifications

on its interactions with cTnI that may contribute to the change
in cooperative myofilament activation. As such, knowledge of
how the L48Q cTnC variant influences the cTnC−cTnI
interaction will help in understanding molecular mechanisms of
how altered cTn protein−protein interaction lead to changes in
the Ca2+ sensitivity of myofilament contraction.17 Our steady-
state fluorescence spectroscopy results indicate that via
interactions with cTnI, L48Q cTnC underwent greater
conformational changes than the control indicated by the
increased magnitude of the fluorescence signal in the presence
and absence of Ca2+. This increase in the extent of the L48Q
cTnC−cTnI interaction suggests a strengthening of the Ca2+

signaling pathway between cTn subunits and tropomyosin (and
actin) such that at any given subsaturating Ca2+ concentration,
more myosin binding sites on thin filaments are available. This
(for L48Q cTnC) is demonstrated in myofibrils and
demembranated cardiac muscle as a faster rate of myosin
binding and force development at all submaximal (but not
maximal) Ca2+ activations.17 A greater level of myosin binding
is also demonstrated by a prolonged slow phase of relaxation in
cardiac myofibrils,17 which is thought to reflect the rate of decay
of the attached myosin population during relaxation.59 Finally,
in terms of cooperative mechanisms of contractile force
production, we have demonstrated that binding of myosin to
actin plays a larger role in cardiac versus skeletal muscle thin
filament activation17,60−62 and that the apparent cooperativity
of activation (the slope, nH, of the force−pCa curve) is reduced
by L48Q cTnC.17 The greater conformational change of L48Q
cTnC upon binding of Ca2+ and cTnI might lead to the
exposure of the hydrophobic patch at concentrations of Ca2+

lower than that seen for native cTnC. This may result in a
weaker dependence on allosteric activation of thin filaments by
myosin in myofilaments containing L48Q cTnC.
To gain an understanding of the local structural perturba-

tions caused by L48Q, we focused on the N-terminal domain of
cTnC (cNTnC) and its interaction with Ca2+ and cTnI147−163.
There were several reasons why we decided to shift to the
truncated forms of cTnC and cTnI. The first is that as the size
of the protein increases it is more difficult to obtaining high-
quality, high-resolution NMR data. More importantly, there are
no significant differences in the structure of the N-domain of
cTnC in cNTnC and cNTnC·Ca2+ versus cTnC and
cTnC·3Ca2+,1,3 respectively. Furthermore, the cTnC and cTnI
fragments in the NMR structure of cNTnC·Ca2+·cTnI147−163
adopt the same conformation as in the X-ray structure of the
core t roponin complex (cTnC ·3Ca2+ ·cTnI31− 2 1 0 ·

Figure 11. Energy level diagram highlighting the Ca2+ sensitizing mechanism of the L48Q mutation of cTnC. (A) In apo cNTnC, cNTnC is closed,
once Ca2+ binds to cNTnC, and cNTnC oscillates between open and closed states, but the domain remains in predominantly the closed state.
cTnI147−163 binds to the open state of cNTnC to stabilize its open conformation (adapted from refs 47, 64, and 65). (B) The L48Q mutation shifts
the closed-to-open equilibrium toward the open state, enhancing both the Ca2+ and cTnI147−163 affinities. The free energy for panel A is from ref 47,
and for panel B, the NMR data in this work are used to calculate the free energy of binding. The relationship ΔG° = −RT ln KD was used to calculate
the free energies.
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cTnT183−288).
31,54 However, we cannot rule out the possibility

that in addition to its local effect on the structure of cNTnC,
L48Q may also have long-range effects on the structure or
function of the C-terminal domain of cTnC. To explain the
enhanced affinity of cTnI147−163 for cNTnC(L48Q) observed
by NMR spectroscopy, we compared the amide chemical shifts
of D73, E66, L29, G34, G68, and T71 from cNTnC-
(L48Q)·Ca2+ with the shifts of the closed state, cNTnC·Ca2+,
and two open states, cNTnC·Ca2+·cTnI147−163 and
cNTnC·Ca2+·bepridil. The averages of the chemical shifts
suggest that cNTnC(L48Q)·Ca2+ is in a conformation
somewhere between the closed and open states, closer to the
closed state. Furthermore, cNTnC(L48Q) was found to
dimerize more readily than cNTnC·Ca2+ but less readily than
sNTnC·2Ca2+, which also supports the notion that L48Q
stabilizes a slightly more open state of cNTnC. The detailed
information about the interaction between the cTnI147−163
region and cNTnC will help to unambiguously trace the
overall interaction between cTnC and cTnI.
The MD simulations demonstrate how the L48Q mutation

causes the opening of cNTnC, with helix B swinging away from
the hydrophobic core of cNTnC and remaining in that position
throughout multiple 70 ns simulations. Recently, the
McCammon group published a study48 in which molecular
dynamics was performed over 100 ns to assess the stability of
helices A and B, and the dynamics of wild-type cNTnC. Our
work builds on this and extends it to study the dynamic
behavior of cNTnC(L48Q) in apo, Ca2+-saturated, and
cTnI147−163-bound states in multiple long (70 ns) MD
simulations. Our MD simulations predicted a decrease of
approximately 10° in the interhelical angle of helices A and B of
cNTnC(L48Q)·Ca2+. The magnitude of this change is
consistent with a recent study that used couple of different
computational methods in combination with NMR data to
predict that the interhelical angle of helices A and B of
cNTnC(L48Q)·Ca2+ would decrease from ∼130° to ∼120°.50
This structural impact is most likely the result of changing the
hydrophobic Leu to the hydrophilic Gln at position 48 at the
end of helix B. L48 makes key hydrophobic contacts with the
side chains of residues on helix A, such as F20, A23, and F27
(Figure S3 of the Supporting Information). Overall, the results
presented here suggest the L48Q mutation modulates the Ca2+

sensitivity of cTnC and myofilament contraction by disrupting
the structure of cNTnC, destabilizing the closed conformation
of cNTnC. This lowers the energetic barrier of opening,
enhancing both Ca2+ and cTnI binding (Figure 11).
In terms of the Ca2+ sensitivity of cTnC, our solution

spectrofluorimetry measurements demonstrate that the Ca2+

binding affinity (Ka) is increased by the L48Q variant for both
cTnC in isolation and the cTn complex, as previously
reported.15 This increase is due primarily to a slower rate of
Ca2+ dissociation (koff), as measured for isolated cTnC, whole
cTn, and reconstituted thin filaments.15,17 S69 was the least
stable Ca2+-coordinating residue in the WT cNTnC MD
simulations. In contrast, D67 and E76 (in addition to S69) in
site II tightly coordinated Ca2+ in the L48Q variant more than
in WT cNTnC (Figure 10C,D). Similar results have been
reported for MD simulations of other EF-hand Ca2+ binding
proteins, parvalbumin and its variants,63 although the
simulations were too short (300 ps) to make confident
conclusions. L48 is located at the end of helix B (Figure 8A)
and is too distant to directly affect Ca2+ binding at site II.
Instead, the L48Q mutation causes local changes that are

propagated to the calcium site. Interestingly, the Cα rmsds of
helices C and D calculated from all MD simulations are 1.59 ±
0.06 Å for L48Q (six runs) and 1.88 ± 0.07 Å for WT (five
runs), showing that these helices are more stable in L48Q. The
exposure of the hydrophobic surface requires helices B and C to
move away from the bundle of helices N, A, and D, and L48Q
catalyzes the lifting movement of helix B (Movies 1 and 2 of the
Supporting Information).
Although many physiological and animal model studies have

revealed the functional changes between native and disease-
associated cTnC mutations that may underlie the pathogenesis
of heart disease, there is little information available about the
structural consequences of the change in the interaction of
cTnI with cTnC caused by these substitutions. Our results
provide the structural, dynamic, and functional effects of the
L48Q mutation of cTnC on cTnC−cTnI interactions and
emphasize the importance of the conformational change in the
regulatory domain of cNTnC in cardiac muscle regulation.
Future studies may build on this information to determine if
there is commonality of these properties for mutations
associated with HCM that enhance binding of Ca2+ to cTn.
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