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ABSTRACT: Contractile activity of skeletal muscle is triggered by a Ca2+-induced “opening” of the regulatory
N-domain of troponin C (apo-NTnC residues 1-90). This structural transition has become a paradigm
for large-scale conformational changes that affect the interaction between proteins. The regulatory domain
is comprised of two basic structural elements: one contributed by the N-, A-, and D-helices (NAD unit)
and the other by the B- and C-helices (BC unit). The Ca2+-induced opening is characterized by a movement
of the BC unit away from the NAD unit with a concomitant change in conformation at two hinges (Glu41

and Val65) of the BC unit. To examine the effect of low temperatures on this Ca2+-induced structural
change and the implications for contractile regulation, we have examined nuclear magnetic resonance
(NMR) spectral changes of apo-NTnC upon decreasing the temperature from 30 to 4°C. In addition, we
have determined the solution structure of apo-NTnC at 4°C using multinuclear multidimensional NMR
spectroscopy. Decreasing temperatures induce a decrease in the rates and amplitudes of pico to nanosecond
time scale backbone dynamics and an increase inR-helical content for the terminal helices of apo-NTnC.
In addition, chemical shift changes for the HR resonances of Val65 and Asp66, the hinge residues of the
BC, unit were observed. Compared to the solution structure of apo-NTnC determined at 30°C, the BC
unit packs more tightly against the NAD unit in the solution structure determined at 4°C. Concomitant
with the tighter packing of the BC and NAD structural units, a decrease in the total exposed hydrophobic
surface area is observed. The results have broad implications relative to structure determination of proteins
in the presence of large domain movements, and help to elucidate the relevance of structures determined
under different conditions of physical state and temperature, reflecting forces ranging from crystal packing
to solution dynamics.

Contractile activity in striated muscle is regulated by
troponin C (TnC1), a Ca2+-binding subunit of troponin
located on actin filaments together with two other subunits,
troponin I (TnI) and troponin T (TnT). TnC is a small acidic
protein (18 kDa) consisting of two similarly sized globular
domains, the N-terminal domain (NTnC) and the C-terminal
domain (CTnC). The domains contain two Ca2+-binding sites
each. The Ca2+-binding sites in CTnC are saturated at
physiological Ca2+ concentrations; thus, NTnC is thought
to be responsible for regulation of muscle contraction via
binding of Ca2+. The binding of Ca2+ induces a conforma-

tional change in NTnC so as to cancel the inhibitory activity
of TnI. The structural change in NTnC is then transmitted
to the actin filament through TnT. This succession of protein
structural changes leads to formation of the Mg2+-activated
ATPase actomyosin complex, and ultimately results in
muscle contraction (1-5).

TnC isoforms and related contractile mechanisms have
been identified in striated muscle in a variety of vertebrates
and invertebrates whose environments have temperatures
ranging from 4 to 41°C. These organisms include rabbit,
chicken, frog, carp, shark, sea squirt, lobster, crayfish,
barnacle, lethocerus, horseshoe crab, and scallop (6-17). It
is believed that ectothermic species such as scallop, whose
habitat is cold seawater, experience the lowest temperature
of 4 °C, while chicken striated muscle experiences the highest
temperature of 41°C (18). Hence, one can assume that the
Ca2+-dependent regulatory function of TnC is conducted at
low temperatures. A detailed structural understanding of the
molecular architecture of a protein at low temperatures would
provide valuable insight into its function. For example, the
cold-adapted enzymes produced from psychrophilic and
psychrotrophic microorganisms possess high catalytic ef-
ficiency at low temperatures (∼0 °C) and exhibit rapid
inactivation at temperatures as low as 30°C, and thus offer
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great potential in biotechnological applications (19). How-
ever, the molecular basis of cold adaptation in proteins is
unclear due to the lack of studies on structural and dynamic
changes of a protein in solution induced by a reduction in
temperature.

This study focuses on chicken skeletal muscle NTnC in
monitoring low-temperature-induced changes because of a
large body of structural and dynamic data at normal
temperature (∼30°C) exists. This structural database includes
X-ray crystal structures of whole TnC where NTnC is in
the apo form while CTnC is in the Ca2+-saturated form (20,
21), the Herzberg-Moult-James model for the Ca2+-induced
structural change in NTnC (22), the NMR structure of a
TR1C fragment (NTnC without the N-terminal helix) in the
apo form (23), the NMR structures of NTnC in both the apo
and Ca2+ states (24), the NMR structure of intact TnC in
the 4Ca2+ form (25), the NMR structure of the E41A mutant
of NTnC in the 2Ca2+ form (26), and the X-ray structure of
NTnC in the 2Ca2+ form (27). In addition, the X-ray structure
of rabbit skeletal muscle TnC which is 90% homologous in
primary structure with chicken TnC has recently been
determined in two different crystal forms (28). The detailed
backbone and side chain dynamics of apo-NTnC have also
been studied at 30°C via heteronuclear15N and 2H NMR
relaxation measurements (29). The structural studies reveal
that NTnC is composed of five helices: N-, A-, B-, C-, and
D-helices where the A- and B-helices flank Ca2+-binding
site I and the C- and D-helices flank Ca2+-binding site II.
The Ca2+-binding sites are composed of two paired helix-
loop-helix (HLH) calcium binding motifs, as found in a
variety of the proteins of the calmodulin superfamily. The
N-, A-, and D-helices form a structural unit (NAD unit), and
the B- and C-helices form another unit (BC unit) which
includes a flexible linker. The main hydrophobic core of
NTnC is formed at the interface of these structural units.
The binding of Ca2+ to skeletal NTnC causes a movement
of the BC structural unit away from the NAD unit. The
structural “opening” of NTnC accompanying the movement
of the BC unit is concomitant with large changes in the
dihedral angles at two “hinges” located at the beginning
(Glu41) and the end (Val65) of this unit; that is, the BC unit
is a “door” equipped with these two hinges. The opening of
NTnC leads to the exposure of a large hydrophobic surface
(25). The side chains which are exposed in the Ca2+-induced
opening of NTnC show restricted mobility in the “closed”
or apo state (29). It has been proposed that a gain in
conformational entropy for these side chains upon the
opening of NTnC may offset the free energy cost for
exposing hydrophobic groups (30). A similar, much smaller,
Ca2+-induced structural opening has also been identified in
cardiac NTnC, where the BC unit moves slightly away from
the NAD unit (29). Such a Ca2+-induced opening of the BC
unit door allows the interaction between the exposed
hydrophobic surface and TnI, leading to the cancellation of
the inhibitory action of TnI (24). Hence, the change in the
orientation of the BC unit relative to the NAD unit is an
essential mechanism of contractile regulation in NTnC.

Recently, Foguel et al. (31) monitored fluorescence
changes of a tryptophan probe at residue 29 of chicken
skeletal muscle NTnC (F29W mutant). They proposed that
a decrease in temperature under high pressure (2.2 kbar)
gives rise to a conformational opening in the molecule,

analogous to the Ca2+-induced opening (31). It was also
found that the change in fluorescence intensity is small when
temperature alone is decreased at atmospheric pressure. A
low-temperature-induced increase in the apparent Ca2+

affinity was also pointed out (31). The study presented here
focuses on the effect of low temperatures on a protein at
atmospheric pressure (1 bar) to avoid a high-pressure-induced
opening or denaturation of apo-NTnC. NMR spectroscopy
is ideally suited for studying changes in structure and
dynamics of a protein on a per residue basis and under a
variety of physicochemical conditions (temperature, pH, ionic
concentration, ligand concentration, and pressure). We
monitored changes in the two-dimensional (2D){1H-15N}
HSQC spectra of apo-NTnC upon lowering the temperature
from 30 to 4°C and determined the three-dimensional (3D)
solution structure at 4°C. Preliminary results of15N NMR
relaxation measurements taken at 4°C are also presented as
Supporting Information. NMR and X-ray structures for apo-
NTnC near ambient temperature (30 and 22°C, respectively)
were used for detailed comparisons to the structure at 4°C.

EXPERIMENTAL PROCEDURES

Sample Preparation.The expression and purification of
15N- and15N/13C-labeled NTnC (residues 1-90) was carried
out as described previously (32). To accomplish decalcifica-
tion of NTnC, 14 mg of the protein was dissolved in 0.5
mL of 100 mM EDTA and applied to a 1.5 cm× 90 cm
G-25 gel filtration column, which was equilibrated with 25
mM NH4HCO3. The pooled fractions containing apo-NTnC
were lyophilized, twice redissolved in water, and lyophilized
again to ensure removal of NH4HCO3. Milli-Q deionized
water was used in all steps. The NMR sample was prepared
by dissolving 10 mg of apo-NTnC in 0.5 mL of H2O
containing 50 mM KCl, 10 mM EDTA, and 10% D2O for
spectrometer locking. The final pH of the sample was 6.7.

NMR Spectroscopy. All NMR spectra were obtained using
Varian Unity INOVA 500 MHz or Unity 600 MHz NMR
spectrometers equipped with triple-resonance probe heads
and z-axis pulsed field gradients. All NMR spectra were
acquired at 4°C. The temperature was calibrated by
monitoring the1H chemical shifts of methanol. Assignments
of 1H, 13C (CR and Câ), and15N resonances of apo-NTnC at
4 °C were carried out by acquiring the following sets of 2D
and 3D NMR data: DQF-COSY (33), TOCSY (50 ms
mixing time) (34), NOESY (25, 50, 75, 100, 125, and 150
ms mixing times) (35), {1H-15N} HSQC (36), 15N-filtered
NOESY (50 ms mixing time) (37), 15N-filtered TOCSY (75
ms mixing time) (38), and CBCA(CO)NNH (39). All spectra
were acquired with the1H carrier centered at the water
frequency (5.01 ppm), and water suppression was achieved
by a low-power (20 Hz) water presaturation pulse 1.0-1.5
s in duration. The 3D15N-edited TOCSY and15N-edited
NOESY spectra were recorded with spectral widths of 7000
(t3) and 6500 Hz (t1) for the direct and indirect1H
dimensions, respectively, and 1600 Hz (t2) for the 15N
dimension. A total of 512 complex points int3 (1H) were
collected with 164t1 (1H) and 32 t2 (15N) increments.
Resolution enhancement of these 3D experiments was
accomplished by proper combinations of linear prediction
(64 complex points int1 and 32 complex points int2), zero
filling, and 60°-shifted sine-bell squared apodizations, to
yield 3D spectra composed of 1024 (1H) × 512 (1H) × 64

5694 Biochemistry, Vol. 38, No. 18, 1999 Tsuda et al.



(15N) points. The 3D15N-edited HNHA spectra (40) were
recorded with spectral widths of 6000 Hz (t3) and 4500 Hz
(t1) for the direct and indirect1H dimensions, respectively,
and 1500 Hz (t2) for the 15N dimension. A total of 384
complex points int3 (1H) were collected with 80t1 (1H) and
48 t2 (15N) increments. The data were resolution enhanced
by zero filling, linear prediction (extension oft1 by 40
complex points andt2 by 24 complex points), and 60°-shifted
sine-bell squared apodizations, which yield 3D spectra
composed of 1024 (1H) × 512 (1H) × 128 (15N) points. For
all experiments, postacquisition solvent suppression by
convolution of the time domain data was applied prior to
Fourier transformation (41). All of the NMR data were
processed and analyzed on a SGI Power Indigo2 workstation
(Silicon Graphics, Mountain View, CA) using NMRPipe (42)
and PIPP (43). The 1H chemical shifts were referenced to
the internal standard 2,2-dimethyl-2-silapentane-5-sulfonic
acid (DSS). The13C and15N chemical shifts were indirectly
referencedfromDSSbyusingthefrequencyratios: 0.251449539
for 13C/1H and 0.101329118 for15N/1H (44).

Structural Determination. Interproton distance restraints
were obtained from15N-filtered NOESY and simultaneous
15N/13C-filtered 3D NOESY experiments performed in H2O.
The mixing time dependence of the transient NOE was
determined from 2D NOESY spectra at 4°C to assess the
effects of spin diffusion; subsequently, the mixing time was
set to 50 ms for the NOESY experiments used to obtain
experimental NOE restraints. The intensities of 2D and 3D
NOESY data were calibrated on the basis of NOEs corre-
sponding to a known distance such as Phe Hδ-Hε (2.48 Å),
and an error of 50% was assumed for the NOE peak
intensities. The following distance constraints were used to
calibrate the 3D spectra: HNi-HRi ) 2.70-3.05 Å (for
residues with negativeφ values), HNi-HRi-1 ) 1.7-3.6 Å,
H-C-C-H ) 2.2-3.1 Å, H-C-CH3 ) 2.5-2.7 Å, and
H-C-H ) 1.7-1.8 Å. In cases where direct calibration was
not possible, the distance constraints were overestimated. For
NOEs found only in 120 ms NOESY spectra, the upper
bound was set to 6 Å. Dihedral angle restraints for theφ

angle were estimated from the 3D HNHA experiment, using
a correction factor of 1.1. A 25% error on the peak intensities
was assumed, and the minimumφ angle restraint range was
set to(20°. The initial sets of restraints for the apo-NTnC
structure at 4°C contained no dihedral angle restraints and
a fraction of the NOEs given in Table 1. These initial sets
of restraints were used for calculating 100 starting structures
from an extended conformation using the simulated annealing
(SA) protocol in X-PLOR (45) with heating for 60 ps and
cooling for 30 ps. Approximately 70% of the initial structures
converged. The structure refinement was carried out starting
with the 50 lowest-energy converged structures using the
X-PLOR SA protocol with heating for 30 ps and cooling
for 20 ps. The set of structures presented in this study
includes the 40 lowest-energy structures selected from the
50 structures obtained in the last round of refinement.

RESULTS

We have used changes in the 2D{1H-15N} HSQC NMR
spectrum to follow the effect of temperature on the structure
and dynamics of apo-NTnC. Figure 1 shows the superim-
position of HSQC spectra of apo-NTnC acquired at 4 and
30 °C. Assignments are indicated for well-separated cross-

peaks at 4°C. The cross-peaks of Ser2 and Met3 are identified
in the spectrum at 4°C, whereas they were not identified at
30 °C, presumably due to rapid exchange with solvent. For
most of the cross-peaks, the line widths do not appear to be
significantly broadened by decreasing the temperature,
primarily because of the application of resolution enhance-
ment. However, the line width of an NMR peak is given by
∆ν1/2 ) 1/(πT2) (in hertz), and the average15N T2 for the
backbone amides is decreased from 168( 7.5 ms at 30°C
(29) to 79 ( 0.7 ms at 4°C. As indicated by the arrows in
Figure 1, the positions of some of the cross-peaks assigned
at 30°C can easily be traced to their corresponding peaks at
4 °C, while for peaks in the congested area (7.5-8.5 ppm
in the 1H dimension), assignment is ambiguous. Hence, we
have assigned the resonances of apo-NTnC at 4°C on the
basis of 2D and 3D NMR experiments. The backbone15N
and1HR resonances of all residues except Ala1 (presumably
not present due to rapid exchange with solvent) were
successfully assigned, and confirmed by correlation with the
13CR and 13Câ resonances through the CBCA(CO)NNH
experiment. An example of the final assignment has been
shown previously (strip plots from the15N-filtered NOESY

Table 1: Statistics of the 40 Solution Structures of Apo-NTnC
Determined at 4°Ca

no. of distance restraints
total 1165
intraresidue 422
sequential (|i - j| ) 1) 310
medium (2e |i - j| e 5) 288
long (|i - j| g 5) 145

dihedral restraints (φ) 78
restraints violation

distance (>0.05 Å) 10
dihedral (>2°) 0

rmsd (Å2)
well-defined regionsb

backbone atoms 0.46( 0.07
heavy atoms 0.97( 0.08

helix 0.27( 0.09
energies (kcal/mol)

Ftotal 91.29( 0.31
Fbonds 1.32( 0.02
Fangles 75.03( 0.19
Fimpropers 11.96( 0.02
Fvan-der-Waals(F repel)c 2.25( 0.02
FNOE

d 0.67( 0.03
Fdihedral

d 0.07( 0.01
rmsd from experimental restraints

NOE distance restraints (Å) 0.0034( 0.0001
dihedral angle restraints (deg) 0.1170( 0.0048

rmsd from ideal covalent geometry
bonds (Å) 0.000986( 0.000008
angles (deg) 0.4492( 0.0006
impropers 0.3420( 0.0004

φ andæ in core and allowed regions (%) 99.0
a The number of each type of restraint used in the structure

calculation is given in parentheses. None of the structures exhibit
distance violations of>0.10 Å or dihedral violations of>2.0°.
b Seventy-two percent of the backbone residues are well-defined, which
includes residues 5-29, 36-48, 55-64, and 72-87. The averages of
the backbone atom rmsds when each helix is separately superimposed
onto its average are 0.34( 0.09 Å for N, 0.29( 0.09 Å for A, 0.26
( 0.07 Å for B, 0.23( 0.09 Å for C, and 0.24( 0.06 Å for D. c The
force constant for the van der Waals energy calculation was 4.0 kcal
mol-1 Å-4. d Force constants for the calculation of NOE and dihedral
energies were 50 kcal mol-1 Å-2 and 200 kcal mol-1 rad-2, respectively.
φ and ψ dihedral angles in the core and allowed regions of the
Ramachandran plot were determined by the program PROCHECK (52).

Solution Structure of Apo-NTnC at Low Temperatures Biochemistry, Vol. 38, No. 18, 19995695



experiment) (46). The nearly complete assignment enables
us to characterize in great detail the chemical shift changes
of apo-NTnC upon decreasing the temperature from 30 to 4
°C.

As shown in Figure 1, most of the{1H-15N} HSQC cross-
peaks shift slightly to lower field in both the1H (less than
about 0.25 ppm) and15N (less than about 2.0 ppm)
dimensions with decreasing temperatures. The NMR spectral
changes are different from those which occur upon titration
of NTnC with Ca2+ (see Figure 1 in ref32), where peaks
are observed to undergo larger-magnitude shifts (compared
to effects of decreasing temperature) of less than about 1.3
ppm for 1H and less than about 14.0 ppm for15N. These
chemical shift changes upon Ca2+ titration occur to both
lower and higher fields for1H and15N.

For peptides, changes of the amide1H NMR chemical shift
with temperature are linear and the slope gives the temper-
ature coefficient (-δ∆NH/∆T) in parts per billion per kelvin,
where -δ∆NH is the difference of the NH chemical shift
between 4 and 30°C. The temperature coefficient is often
taken as an empirical measure of the strength of hydrogen
bonding (47, 48). Figure 2a shows the temperature coef-
ficients calculated for apo-NTnC. Interestingly, no correlation
is observed between the temperature coefficients and the
secondary structural elements of apo-NTnC, and many values
are near the maximum value of about 10 ppb K-1. These
results support previous indications that the temperature
coefficient is rarely correlated with the structure of a globular
protein (49). Positive values for temperature coefficients are
observed for seven amino acid residues (Gln7, Ala8, Ala25,
Leu42, Leu49, Glu76, and Arg84) as indicated in Figure 2a.
These may be ascribed to local changes around the backbone
amides of these amino acids. These amides may be influ-
enced by changes in tertiary structure upon decreasing the
temperature. Indeed, some of the above-mentioned residues
are located close to aromatic residues (Phe22, Phe26, and
Phe78) which exhibit hydrophobic contacts with each other
in apo-NTnC (20-28). It should be noted that Findlay and
Sykes (50) and Tsuda et al. (46) reported significant line

broadening for theδ-ring 1H resonance of Phe26 when the
temperature was decreased from 30 to 1°C. This was
ascribed to a reduction in the rate of ring-flipping motion,
which is consistent with a view in which the environment
surrounding Phe26 becomes more tightly packed, thereby
increasing the barrier to flipping of aromatic side chains
involved in the hydrophobic core of apo-NTnC.

The 1H NMR chemical shift changes of the HR proton
resonances upon decreasing the temperature (the difference
between 30 and 4°C) is shown in Figure 2b. The largest
negative values, corresponding to upfield shifts of the HR

resonances, are detected for residues located at the N- and
C-termini. These changes can be attributed to a decrease in
the rate of exchange with solvent and an increase in the level
of helical secondary structure of these regions. The decrease
in the rate of solvent exchange is correlated with changes in
backbone amide15N NMR relaxation data between 30 (29)
and 4°C. For example, the order parameter (S2) derived from
15N relaxation data for Glu88 increases from 0.39 at 30°C

FIGURE 1: Superimposition of the 2D{15N-1H} HSQC spectrum
of apo-NTnC acquired at 4°C (filled cross-peaks) and at 30°C
(unfilled cross-peaks). Assignments are indicated for well-separated
cross-peaks at 4°C. Arrows indicate the direction of movement of
well-separated cross-peaks upon lowering the temperature from 30
to 4 °C.

FIGURE 2: (a) Temperature coefficients (parts per billion per kelvin)
for the backbone amide protons of chicken skeletal muscle NTnC.
(b) Chemical shift changes (the difference between 30 and 4°C)
of the HR resonances upon decreasing the temperature. The
secondary structure of apo-NTnC is also shown, as well as Ca2+-
binding loops I and II. In panel b, the largest upfield chemical shift
changes are observed for residues located at the N- and C-termini.
The third largest downfield chemical shift change is observed for
Val65 and Asp66, which suggests an orientational change for helix
C.
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to 0.48 at 4°C.2 The upfield shifts of the HR resonances are
indicative of an increase in helicity for the N- and C-terminal
helices, as determined using the criteria of the chemical shift
index (CSI) (51). In addition, improved structural definition
is evident on the basis of there being a larger number of
interresidue NOE contacts for the N- and D-helices for apo-
NTnC at 4°C than at 30°C. Large changes are also observed
for the HR resonances of Val65 and Asp66 which are located
at the end of helix C. Theφ dihedral angle of Val65 changes
from -84° to -115° upon Ca2+ binding (32). Thus, a
conformational change of the BC unit with respect to the
NAD unit induced by lowering of the temperature is expected
to affect the chemical shift of Val65 and its neighbors. Upon
binding of Ca2+, theφ angle for Glu41 changes from-96°
to -65° as the BC unit moves away from the NAD unit
(32). However, no significant change is detected for the HR

chemical shift of Glu41 upon lowering the temperature.
To elucidate detailed structural changes in apo-NTnC

induced by lowering of the temperature, we have determined
the 3D structure of apo-NTnC at 4°C. The structure was
calculated with 1243 experimental restraints derived from
NMR, as listed in Table 1. Figure 3 shows a stereoview of
the best fit superposition of the backbone atoms of the apo-
NTnC structural ensemble at 4°C. The apo-NTnC solution
structure consists of five helices [residues 2-13 (N), 16-
28 (A), 42-48 (B), 55-64 (C), and 75-89 (D)] and a short
antiparallel â-sheet (residues 36-38 and 72-74) which
connects Ca2+-binding sites I (residues 30-41) and II
(residues 66-77). These structural elements of apo-NTnC
at 4 °C are the same as those identified in the previously
determined 30°C NMR structures (24). The fiveR-helices
and the antiparallelâ-sheet of apo-NTnC at 4°C are well-
defined with individual backbone root-mean-square devia-
tions (rmsds) of 0.27( 0.09 Å for the helices and 0.13(
0.07 Å for the â-sheet. The structural quality at 4°C is
comparable to that of the recently reported 2Ca2+-E41A-
NTnC structure at 30°C which showed backbone rmsd
values of 0.23( 0.07 Å for theR-helices and 0.25( 0.08
Å for the â-sheet (26). The structures of apo-NTnC at 4°C
and 2Ca-E41A-NTnC at 30°C were determined on the basis

of similar numbers of restraints and techniques. Interestingly,
the backbone rmsd value for the N-helix decreases from 0.54
( 0.06 Å at 30°C to 0.34( 0.09 Å at 4°C. The kink at
Glu41 in the first half of helix B, as observed in the 30°C
NMR structure (24) and the crystal structure (20, 21), is
identified in the low-temperature structure by a large3JHNHR

coupling constant determined during the 3D HNHA experi-
ment. For Glu41, a3JHNHR of 8.9 Hz is obtained, while values
of <5.0 Hz are obtained for all other residues in helix B.
Sites I and II are less well-defined than the helices, with
rmsds of 0.70( 0.15 and 0.95( 0.36 Å, respectively. The
poorer definition of the Ca2+-binding sites compared to that
of the helices is due in part to a smaller number of
experimental restraints for the sites. Other poorly defined
regions include the N- and C-termini, and the BC linker,
although these regions are more well-defined compared to
the 30 °C apo-NTnC NMR structure (24). 15N relaxation
measurements show that the order parameters (S2) for the
N- and C-termini, BC linker, and the Ca2+-binding sites for
apo-NTnC are lower than those for the other regions at 4
°C, as observed for apo-NTnC at 30°C (29), indicating that
the poorer definition of these regions is partly due to motional
flexibility. 2

The program PROCHECK (52) was used to determine the
distribution of backbone dihedral angles. For all residues,
88% of theφ andψ dihedral angles fell into the most favored
region and 11% originate from glycines distributed within
the additional allowed region.

In Figure 4a, the minimized average structure of apo-NTnC
at 4 °C is compared with that determined at 30°C (24). As
shown in Figure 4a, the global fold of apo-NTnC at 4°C is
similar to that at 30°C. In particular, the N-A, N-D, and
A-D interhelical angles estimated for the NAD structural
unit (residues 4-13, 16-28, and 75-87) are almost identical
(Table 2). The structural invariance of the NAD unit upon
Ca2+ binding (26, 30) enables us to use this unit as a
reference motif to determine detailed differences in structure
between 30 and 4°C. The backbone rmsd for the NAD unit
for the 30 and 4°C NMR structures is 1.73( 0.24 Å (Figure
4a). Interestingly, helix C of apo-NTnC at 4°C is oriented
more parallel to helix D by 30° compared to the 30°C
structure, indicating a tighter packing of the BC structural
unit against the NAD unit at 4°C. The CR of Pro53, the center

2 S. Tsuda, S. M. Gagne´, L. Spyracopoulos, and B. D. Sykes,
unpublished data.

FIGURE 3: Stereoview of the solution structure of apo-NTnC at 4°C. The backbone atoms (N, CR, and C′) of the family of 40 structures
are superimposed and displayed in the “rods” representation.R-Helices N (residues 3-13), A (residues 16-28), B (residues 39-48), C
(residues 55-64), and D (residues 75-89) and the antiparallelâ-sheet (residues 36-38 and 72-74) are well-defined. The linker (residues
49-54) and Ca2+-binding sites I (residues 30-41) and II (residues 66-77) are less well-defined than the helices. Only residues 9-90 are
shown to avoid congestion. The figure was produced with the programs Molscript (59) and Raster3D (60).
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of the BC linker, moves 5 Å closer to the NAD unit at 4°C
compared to 30°C. The direction of this movement is
opposite to that of the Ca2+-induced change where the BC
linker moves 19 Å away from the NAD unit (24), suggesting
that apo-NTnC undergoes a low-temperature-induced con-
formational “closing”.

The low-temperature-induced conformational closing of
apo-NTnC is characterized by a decrease of the accessible
surface area of the nonpolar groups. If only residues 4-88
are considered, and using the Shrake definitions (53), the
surface area of apo-NTnC for the 4°C NMR structure is
2694( 63 and 3555( 88 Å2 for the 30°C NMR structure
(24). The solution structure of apo-NTnC at 4°C is more
“closed” compared to the X-ray crystal structure (21). Figure
4b shows the 4°C NMR structure and the X-ray crystal
structure of apo-NTnC (20). It should be noted that crystal
growth and data collection for the X-ray structure were
performed at approximately 22°C (M. N. G. James, personal
communication). Like the comparison of the NMR structures
at 4 and 30°C, the arrangements of the NAD unit of the 4
°C NMR structure and 22°C X-ray structures are virtually
identical (Table 2), superimposing with a backbone rmsd of
0.53 ( 0.04 Å. As shown in Figure 4b, the BC structural
unit moves toward the NAD unit, and the orientation of helix
C of apo-NTnC at 4°C becomes more parallel to helix D
compared with the X-ray structure. This movement is
quantified by a 10° increase in the interhelical angle between
helices C and D (Table 2), and by 2 Å movement toward
the NAD unit for the center of the BC linker. The accessible
hydrophobic surface area of apo-NTnC at 4°C is about 170
Å less than that for the crystal structure, which exposes 2866
Å2 of the hydrophobic surface area for residues 4-88. These
results show that apo-NTnC becomes more closed or
compact upon lowering of the temperature.

DISCUSSION

The data presented here show for the first time detailed
structural changes induced by low temperatures in apo-
NTnC. The appearance of new peaks in the 2D{1H-15N}
HSQC spectrum at 4°C originates from backbone amides
in the N-helix (Ser2 and Met3), and line broadening for the
1H δ resonances of the aromatic side chain of Phe26 in the

hydrophobic core of apo-NTnC is a result indicative of a
decrease in the rates of dynamical phenomena at the
N-terminus and within the hydrophobic core. In addition,
upfield shifts observed for HR resonances of residues located
within helices at the N- and C-termini are consistent with
an increase inR-helical content, due in part to a decrease in
dynamics at the ends of the molecule induced by lowering
of the temperature. Furthermore, preliminary15N NMR
relaxation data2 indicate that the overall tumbling of apo-
NTnC is slowed by a factor of 2 and the amplitude of internal
motion at the N- and C-terminal helices is also decreased at
4 °C compared to that at 30°C.

Significant downfield shifts of HR resonances are detected
for Val65 and Asp66 upon lowering of the temperature. Since
Val65 has been known to be one of two hinges (Glu41 and
Val65) for the Ca2+-induced opening of the BC unit (24),
the observed change at Val65 is related to a reorientation of
this unit. It should be noted that when NTnC undergoes a
structural opening, the hinge at Val65 is straightened, and
dihedral angles at this residue take values indicative of a
strand upon Ca2+ binding. The hinge at the so-called B-helix
kink (Glu41) exhibitsR-helical dihedral angles in the Ca2+-
saturated state (24, 26).

In contrast to the calcium-induced structural change which
involves an opening of NTnC, the low-temperature-induced
structural change results in a closing of apo-NTnC. This is
clearly demonstrated by the comparison of the present 4°C
NMR structure with both the 30°C NMR structure (24) and
the 22°C X-ray structure (20) (Figure 4 and Table 2). Again,
the downfield shift of HR resonances of one of the hinge
residues (Val65) is thought to be supporting evidence of this
closing (Figure 2). Although the NAD and BC units keep
their respective structural motifs, lowering of the temperature
induces a reduction of the distance between the two units,
as quantified by a change in the interhelical angle between
helices C and D, and a reduction in exposed hydrophobic
surface area. Gagne´ et al. recently compared the C-D
interhelical angle between currently available apo- and Ca2+-
bound TnC structures determined by either NMR or X-ray
(20-28, 54), each of which shows a different extent of
opening for the BC unit. Interestingly, no pair of the above
structures have the same C-D interhelical angle, differing
even between the two X-ray structures of Ca2+-bound rabbit
skeletal muscle TnC in two different crystal forms (1TN4
and 2TN4) (28). Such differences can be explained by
assuming that the BC unit is a flexible moeity. That is, the
flexible BC unit falls into a different orientation having the
lowest potential energy according to the sample conditions
used, thus giving rise to different C-D interhelical angles
between the crystal and solution structures (59). The C-D
interhelical angle is highly sensitive to the orientational
change of the BC unit. These observations are in accordance
with these considerations; that is, the orientation of the BC
unit can be changed as a function of temperature due to its
dynamic nature.

The low-temperature-induced decrease in the rates dy-
namical phenomena and tighter packing of the BC unit
against the NAD unit is related to the changes in the size of
the internal cavity and extent of hydration of apo-NTnC. The
partial specific volume of a molecule,V°, is a measure of
the index of the cavity and extent of hydration. The
temperature and/or pressure dependence ofV° has been

FIGURE 4: (a) Comparison of the structure of apo-NTnC at 4°C
with that of apo-NTnC at 30°C (24), with the structures shown as
blue and red ribbons, respectively. (b) Comparison of the structure
of apo-NTnC at 4°C with the X-ray structure of apo-NTnC at 22
°C (20), with the structures shown as blue and yellow ribbons,
respectively. The NAD structural unit is superimposed in both
panels a and b.
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estimated through measurements of adiabatic compressibility
for a variety of proteins (55, 56). The V° of a molecule at
infinite dilution is described by a combination of the
summation of the van der Waals volume of the component
atoms (Vc), the volume of the cavity which originates from
imperfections in atom packing (Vcav), and the change of the
solution volume due to hydration of the protein (∆Vsol):

The temperature derivative ofV° is given by

whereT is the absolute temperature. In the case of bovine
serum albumin,V° changes from a value of 0.743 mL/g at
40 °C to 0.730 mL/g at 10°C. This change was attributed
to a decrease in the volume of the cavity, the first term of
the right-hand side of eq 2, and an increase in the extent of
hydration, the second term in eq 2 (note that∆Vsol is
negative) (56). In the case of apo-NTnC, a total volume of
10 889 Å3 is estimated for the 22°C X-ray structure and
10 645 Å3 for the 4°C NMR structure, assuming apo-NTnC
is spherical in shape and considering only residues 4-88
[program VADAR, D. S. Wishart et al., University of
Alberta, Edmonton, AB (57)]. We can estimate the cavity
volume to be approximately 2-5% of the total volume of a
globular protein (58). Hence, the observed decrease of the
hydrophobic surface from 2866 Å2 at 22°C to 2694 Å2 at 4
°C is likely due to a decrease in the cavity volume induced
by lowering the temperature. Further, our preliminary15N
relaxation data2 show that the overall rotational correlation
time of apo-NTnC at 4°C is 10.7( 0.2 ns, which is 2-fold
slower than that the value of 4.9( 0.2 ns at 30°C (29).
The increase in the overall correlation time is consistent with
the expected 2-fold increase in the viscosity of water from
about 4 to 30°C. Overall, the structural changes of apo-
NTnC are consistent with a low-temperature-induced de-
crease inV°, as proposed on the basis of compressibility
experiments.

A recent fluorescence study by Foguel et al. (31) with a
tryptophan mutant apo-NTnC (F29W) proposed that low
temperature (-11 °C) and high pressure (2.2 kbar) cause a
structural change similar to the Ca2+-induced structural
opening at normal temperature and pressure. Additionally,
the change in fluorescence intensity was observed to be small
when temperature alone is decreased at atmospheric pressure
(31). It should be noted that low temperature alone and low
temperature with high pressure are expected to have different
effects on the compressibility and partial specific volume of
a protein (55). Over the temperature range evaluated in this
study (4-30 °C), the pressure was atmospheric (1 bar), and
we did not observe an open conformation, analogous to the
Ca2+-saturated state, for apo-NTnC. Therefore, we feel that
the dominant factor which induces changes in the fluores-

cence data of apo-NTnC is high pressure, and not low
temperature.

The packing of the BC unit of apo-NTnC onto the NAD
structural unit buries hydrophobic side chains that make up
the hydrophobic surface of the regulatory domain which is
exposed upon Ca2+ binding (24). The burial of the hydro-
phobic surface alters the interaction between TnC and TnI,
an event which is believed to be a key factor for the
inactivation of muscle contraction. The exposure of the
hydrophobic pocket of the regulatory domain of TnC upon
Ca2+ binding is commensurate with muscle contraction (1-
4). A reduction in temperature causes a decrease in the
exposed hydrophobic surface area in the apo state. Thus, part
of the larger energetic cost of opening NTnC at lower
temperatures is the need to expose a more tightly packed
hydrophobic core; i.e., the Ca2+-induced opening in NTnC
requires more activation energy at low temperatures. If this
hypothesis is correct, it provides insight into the design of
an efficient cold-adapted NTnC that opens more readily at
lower temperatures in response to Ca2+. The mutant protein
could include changes around Val65 that would restrict the
packing of the BC unit onto the NAD unit, and perhaps more
methionine residues in the hydrophobic core of the protein.
Recently, it has been proposed that the energetic cost of
exposing buried methionines may be offset by favorable
gains in entropy (29). We are hopeful that the growing
biological importance of the muscle regulatory proteins will
provide exact knowledge about the low-temperature influence
on the activation efficiency in contraction, which will
support, refute, or require modification of the above sug-
gested ideas.
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SUPPORTING INFORMATION AVAILABLE

One table showing chemical shifts of the1H, 13C, and15N
resonances of chicken skeletal muscle troponin C in the Ca2+-
free state at pH 6.7 and 4°C (Table S1). This material is
available free of charge via the Internet at http://pubs.acs.org.
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