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ABSTRACT: Troponin C (TnC) is an 18-kDa acidic protein of the EF-hand family that serves as the trigger
for muscle contraction. In this study, we investigated the thermodynamic stability of the C-domain of
TnC in all its occupancy states (apo, Mg?"-, and Ca>"-bound states) using a fluorescent mutant with Phe
105 replaced by Trp (F105W/C-domain, residues 88—162) and '"H NMR spectroscopy. High hydrostatic
pressure was employed as a perturbing agent, in combination with urea or without it. On the basis of
changes in Trp emission, the C-domain apo state was denatured by pressure (in the range of 1—1000 bar)
in the absence of urea. The fluorescence data were corroborated by following the changes in the 'TH NMR
signal of Histidine 128. Addition of Ca?" or Mg?" increased the C-domain stability so that complete
denaturation was attained only by the combined use of high hydrostatic pressure and either 7—8 M or
1.5—2 M urea, respectively. The 'H NMR spectra in the presence of Ca?>" was typical of a highly structured
protein and allowed us to follow the changes in the local environment of several amino-acid residues as
a function of pressure at 4 M Urea. Different residues presented different volume changes, but those that
are in the hydrophobic core portrayed values very similar to that obtained for tryptophan 105 as measured
by fluorescence, indicating that it is indeed a good probe for the overall tertiary structure. From these
experiments, we calculated the thermodynamic parameters (AG°ym and AV) that govern the folding of
the C-domain in all its possible physiological states and constructed a thermodynamic cycle. Furthermore,
a comparison of the volume and free-energy changes of folding of isolated C-domain with those of intact
TnC (F105W) revealed that the N-domain has little effect on the structure of the C-domain, even in the
presence of Ca?*. The volume and free-energy diagrams reveal a landscape of different conformations
from the less structured, denatured apo form to the highly structured, Ca?*-bound form. The large change
in folding free energy of the C-domain that takes place when Ca?* binds may explain the much higher

Ca’* affinity of sites III and IV, 2 orders of magnitude higher than the affinity of sites I and II.

Troponin C (TnC') is a member of the EF-hand family,
which comprises several proteins that share a common
helix—loop-helix motif responsible for Ca?>* binding (I, 2).
TnC is a subunit of the troponin complex (TnC, Tnl and
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TnT), which, in concert with tropomyosin, modulates the
cyclic interaction between myosin and actin during muscle
contraction (for reviews, see 3—6). Its structure, revealed
by crystal diffraction studies, showed that TnC is organized
into two globular domains, N and C, separated by a rigid
central helix (7—/0). Each domain has two ion-binding sites:
sites I and II in the N-domain display specificity and a
relatively low affinity for Ca’" (Kycy = 10° M™1); sites 111
and IV in the C-domain bind Mg*" (Kymg = 10° M™!) or
Ca’>" (Kyca = 107 M™Y). In addition to the two classes of
sites, there is evidence for an additional class, the weak sites,
that bind Mg?* as well as Ca>* with very low affinity (Kyjca,
Mgl ~ 10 (2) =103 M) (11-15). Recently, we observed that
Ca’* or Mg?" binding to weak sites of TnC C-domain
induces exposure of a large hydrophobic surface that leads
to loss of TnC from the thin filament (/5).

There is strong evidence supporting the idea that the
N-domain has a regulatory role: it triggers muscle contraction
and relaxation upon Ca”>" binding and release (3, 16). On the
basis of the similarities in the amino-acid sequences of the N-
and C-domains and by assuming that the structure of the Ca>*-
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Table 1: AV of Folding for the F105W/C-Domain and F105W/TnC in the Apo, Mg?*-, or Ca?>*-Bound States
2.1 mM CaCl, 44 mM MgCl, EGTA
F105W/C-domain F105W F105W/C-domain F105W F105W/C-domain F105W
urea M AV mL/mol AV mL/mol urea M AV mL/mol AV mL/mol AV mL/mol AV mL/mol
4.0 4424 +2.88 3997 +1.82 0.5 25.39 + 0.89 24.34 + 0.09 27.71 £2.43 29.68 + 0.26
32.5 + 4.6 (NMR)

5.0 44.16 £ 0.58 46.57 £ 2.06 1.0 35.46 + 1.39 33.86 + 1.45

6.0 51.27 £ 0.66 57.84 £2.70 1.5 3431 £ 1.31 37.84 £2.43

7.0 58.79 £ 0.45 57.43 + 1.56 2.0 35.61 £+ 1.02 36.46 + 1.75

8.0 61.47 + 1.75

filled N-domain resembles that of the C-domain, Herzberg et
al. (I7) proposed a model for the conformational changes
that occur upon Ca?*binding. This model postulates an
opening of the N-domain that exposes its hydrophobic core,
believed to be the site for attachment to the C-domain of
Tnl (18-20). Several lines of evidence have reinforced this
model (19, 21-28) and recently, NMR and crystal structures
of the N-domain filled by Ca?t have corroborated the
essential features of the model (10, 20, 29-34).

However, the C-domain interacts with the N-terminal
of Tnl (residues 1-47), attaching TnC to the troponin
complex (for review see ref 3). The structure of the calcium-
saturated C-domain of skeletal TnC in complex with a
regulatory peptide comprising residues 1-40 of Tnl was
determined using NMR spectroscopy (35). It is similar to
the crystal structure of intact TnC in complex with the
N-terminal fragment of Tnl (36). In both cases, the structure
of TnC free is less compact than the structure of TnC in
complex with Tnl. As a result, the TnC has a compact
globular shape with direct interactions between the N- and
C-terminal domains, in contrast to the elongated dumb-bell
shaped molecule of uncomplexed TnC.

Fluorescence spectroscopy has been used extensively
in studies of protein folding to determine changes in the
tertiary and quaternary structures of proteins (37). Chicken
skeletal muscle TnC is devoid of Trp or Tyr in its primary
sequence. However, by site-directed mutagenesis, it is
possible to replace different Phe residues by Trp with very
little alteration of the natural properties in the mutant
proteins (38—41). These mutants are suitable for fluores-
cence studies since there are marked alterations in the Trp
fluorescence spectra as a result of the conformational
changes that occur upon ion binding to nearby sites. In a
recent report, Moncrieffe et al. (4/) used two single
tryptophan mutants (F78W and F154W) and observed the
effects of metal ion binding on the optical spectroscopic
properties and temperature stability of chicken skeletal
TnC. The fluorescence emission and near-UV CD of W78
data showed that the N-terminal domain is sensitive to
calcium binding at the C-terminal domain sites. They also
observed that the N-terminal domain affects the stability
of the C-terminal domain and vice versa. The results
obtained by this group strongly suggested that there are
interactions between the N- and C-terminal domains of
TnC, even in the absence of Tnl.

Here, we utilized a Trp mutant of the isolated C-domain
(F105W/C-domain, residues 88—162) as well as the intact
TnC with the same mutation (F1I05W). Position 105 faces
site III in the C-domain (39, 42), and W105 serves as a
probe for conformational changes in this region of the
protein. Control experiments comparing the isolated N-

and C-domain mutants with the intact protein show that
the fluorescent signals from W29 and W105 faithfully
report events in the N- and C-domains, respectively,
uncontaminated by cross-talk from the other end of the
molecule (42). Thus, the F105W mutation is ideally suited
to an examination of the stability of the isolated C-domain
in comparison with the intact protein and allows us to
evaluate the contribution of the N-domain to the stability
of the C-domain. The use of high pressure to induce
dissociation and denaturation of proteins and biological
assemblages is now widespread, and important thermo-
dynamic parameters can be assessed by the use of this
technique (43-47). However, the complete unfolding of
monomeric proteins is generally achieved only at ex-
tremely high pressure (5-10 kbar; 45, 48, 49), not
attainable with common laboratory equipment. To over-
come this limitation, the combination of high pressure with
other perturbing agents, such as low temperature or
subdenaturing concentrations of urea, has been em-
ployed (27, 50-53).

We find that the C-domain apo state seems to be
completely denatured by pressure (in the range of 1-1000
bar) in the absence of urea as followed by changes in Trp
emission and in NMR. Addition of Ca*" or Mg?" increased
the C-domain stability so that complete denaturation was
attained only by the combined use of high hydrostatic
pressure and subdenaturing concentrations of urea, as
determined by fluorescence and NMR spectroscopy. This
combination allowed us to calculate the thermodynamic
parameters (AV and AG®yy) for folding of the C-domain
in the presence of Ca’" or Mg?". On analyzing the
thermodynamic cycle for the folding of the isolated
C-domain of TnC, taking into account all occupancy states,
we conclude that the increase in stability of the C-domain
when Ca" binds to it is almost twice the gain afforded
by Ca®" binding to the N-domain. Since the Ca?" affinity
of sites III and IV is 2 orders of magnitude higher than
the affinity of sites I and II, we infer that part of this higher
affinity of the C-domain for Ca’* is contributed by the
free-energy change of folding for this domain that takes
place when Ca?" binds.

MATERIAL AND METHODS

Reagents. All reagents were of analytical grade. Distilled
water was filtered and deionized through a Millipore water
purification system. Urea (ultrapure grade) was purchased
from Sigma Chemical Co (St. Louis, MO).

Protein Preparation. A Trp was introduced into the cDNA
of recombinant wild-type chicken TnC by site-directed
mutagenesis, replacing Phe at position 105. The designation
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Table 2: Experimental Free Energy Change and Volume Change Associated with Local Pressure-Induced Perturbations of Selected Peaks in

Ca%*-Saturated Wild-Type and F105W Mutant CTnC in the Presence of 4 M Urea-d, at 25 °C“

Ca?"-saturated wild-type CTnC

Ca2*-saturated F105W CTnC

peak AGg (kcal/mol) AV; (mL/mol) AGy (kcal/mol) AV; (mL/mol)
H128¢" —0.89 +£0.01 8.0+ 0.7 (4.5) —-0.6 £0.1 10+ 1(4.1)
W105€3 N.A. N.A. N.A. 21.1 £ 0.8 (6.1)
F102¢ and F1126 —2.84+0.2 26 + 1 (4.6) —-3.240.1 unresolved
F1516 —-294+0.3 28 +3 (4.5) —-3.24+03 32+3(4.4)
F1026 —4.49 4+ 0.06 41.7+0.5(4.4) —4.1+04 40 +4 (4.5)
[-sheet: F112a, 11130, 1149a, D150a —-2.84+0.3 37+34.1) —5.8+04 54 + 4 (4.6)

“ The samples were prepared in a buffered solution with +99% D,O at pH* 7.00 £ 0.05. The pressure was varied from 1 bar to approximately 7.5
kbar. Complete denaturation of both proteins occurred by 6.7 kbar, as monitored by '"H NMR at 300 MHz. ” The pressure (in kbar) at 50% denaturation

for each proton peak (determined by relative peak area as described in the text) is given in parentheses.

Table 3: AG of Folding for the F105W/C-Domain and F105W/TnC in the Apo, Mg”—, or Ca2™-Bound States

AG° kcal/mol (1241 bar)

AG° kcal/mol (1 bar)

F105W/C-domain F105W F105W/C-domain F105W
EGTA —0.42 £0.07 —0.44 £ 0.08
—0.54 & 0.14 (NMR)
44 mM MgCl, —1.02+£0.10 —1.06 £ 0.13 —2.05+0.13 —2.11+0.18
2.1 mM CaCl, —2.79 +£0.19 —2.78 £ 0.07 —4.56 +£0.24 —4.44 +£0.12
F105W/C-domain is for the fragment encompassing residues K(p) = K, exp (pAV/IRT) 3)

88-162 of F105W. Proteins were expressed in Escherichia
coli BL-21 cells and extracted and purified as previously
described (42).

Hydrostatic Pressure. The experiments under pressure
were performed at 20 °C in the standard buffer (100 mM
Tris-HCI, 100 mM KCI, 1.0 mM DTT, and 1.5 mM EGTA,
pH 7.0). Tris-HCI buffer was selected because the depen-
dence of its pK, on pressure is small. At 3.0 kbar, the value
of pK, increases by only 0.1 unit (54). The high-pressure
cell has been described elsewhere (55). Temperature control
was achieved through the use of a circulating water bath.

Spectroscopic Measurements. The Trp fluorescence spectra
were recorded on an ISSK2 spectrofluorometer (ISS Inc.,
Champaign, IL). Samples were excited at 280 nm, and the
emission was collected from 300 to 400 nm. Tryptophan
fluorescence spectra at pressure p or in the presence of any
concentration of urea u were quantified as the center of
spectral mass v,,,, in cm™ L

Vou = 2V, FilFi (1)

where Fi stands for the fluorescence emitted at wavenumber
v;, and the summation is carried out over the range of
appreciable values of F.

The degree of denaturation (@) in a given condition was
calculated from the changes in the center of spectral mass
(v) in that condition by

a = (v;— v)(v,— vy (2)

where v; is the initial value of the center of spectral mass
(native protein), and v¢ is the final value (unfolded protein).
Spectra were recorded after 5 min of equilibration at each
pressure. For the urea denaturation curves, the samples were
incubated for 1 h in each concentration of urea. The protein
concentration was 5 4M in all measurements. All spectro-
scopic changes reported were completely reversible.

Thermodynamic Parameters. The Gibbs free energy and
the equilibrium constant for a given reaction depend on the
standard volume change of the reaction (AV) according to
the following relationship:

where K; (p) and K, are the equilibrium constants of folding
at pressure p and atmospheric pressure, respectively. If we
introduce the extent of reaction at pressure p, o, we deduce
the following thermodynamic relationship (55, 56):

In (04/(1 = 04))) = p(AVIRT) + In Ky, @)

For apo forms, we used eq 4 to determine the AV and
Kam values. In the presence of Ca>" or Mg?", pressure alone
was not enough to promote a complete unfolding. In these
cases, the experiments were performed in the presence of
increasing concentrations of urea. However, the volume
change (AV) increased linearly with urea addition, leveling
off at the highest concentration of urea used (Tables 1 and
3). This kind of behavior makes the use of the direct
relationship between AG and the unfolding constant (Kym)
inappropriate. Thus, we first determined the free-energy
change at 1241 bar in the presence of different concentrations
of urea (eq 5). The extrapolation of this plot to 0 M urea
gives AG°®M ;. This value was introduced into eq 6 to
determine the free-energy change at atmospheric pressure
(AG®am).

AG'Y) ° =m[U] +AG),° (5)
AG(I)Q/AIH ° = AGatmo +pAV (6)

where AG™1 54,° and AG™54,° represent the free-energy
change at 1241 bar in the presence or absence of urea,
respectively, and m is the difference in solvent-accessible
surface area as the protein unfolds (37). The volume change
used in eq 6 was the highest value observed (marked in bold
in Table 1). We chose 1241 bar because this pressure is close
to the pso values of the majority of the curves. In all
experiments, after pressure release the spectroscopic changes
were reversible.

NMR under Pressure. NMR assignments for the Ca>*-
saturated wild-type and F105W mutant fragments were
obtained by 1D and 2D 'H NMR experiments. The samples
were prepared in the buffers previously described in both
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+99% D,O and 90%:10% H,0:D-,0. Four hundred and 500
MHz 'H NMR spectra were collected on Varian (Palo Alto,
CA) systems equipped with commercial probes.

Variable high-pressure experiments were performed at
proton Larmor frequencies of 300 MHz using high-pressure
instrumentation, which has been described previously (57).
The F105W/C-domain was dissolved in a pH 7.0 & 0.05
buffer composed of 20 mM Tris-d/1, 5 mM DTT, 2 mM
EGTA, 100 mM KCI, and 1.5 mM TSP in D,O.

At 300 MHz, 1D PRESAT experiments were typically
performed at 25 °C with a 90° pulse width, up to a 4000 Hz
sweep width, 16k complex points, a 6.5 s total delay between
scans (1.25 s of a CW presaturation pulse) and 1024 scans.
The measurements were taken at approximately 500-bar
increments. The 300 MHz data were acquired with Mac
NMR software (Tecmag Inc., Houston, TX) and were later
processed with NUTS software (AcornNMR, Fremont, CA)
using 3.0 Hz Gaussian and —3.0 Hz exponential multiplication.

Ca*"-saturated wild-type and F105W mutant C-domain
samples were prepared with a concentration of 0.7 mM in
the +99% D,0O buffered solution described above, in the
absence and presence of 4 M urea-ds. Peak areas were
obtained by using either a peak fitting routine or an integral
routine in NUTS. The '"H NMR data was processed and fitted
three independent times to obtain error bars for our measure-
ments. The peak areas in each spectrum were normalized to
the TSP standard peak. The normalized peak areas at standard
conditions (atmospheric pressure, 25 °C, and no urea) were
assumed to describe the native state of the protein. To
monitor the pressure denaturation of each peak, the normal-
ized peak area at perturbed conditions (high pressures and/
or presence of urea) was represented as a fraction of the
native peak area (% native) as follows:

Normalized peak area at pressure P
Normalized peak area at standard conditions

% Native =

_ Peak area at perturbed conditions
TSP area at perturbed conditions/
Peak area at standard conditions
TSP area at standard conditions

(N

Assuming a 2-step equilibrium between the native and
denatured states of the protein, the equilibrium constant and
free energy of folding under given conditions (pressure,
temperature, and urea) are represented by eqs 3 and 4. To
calculate the change in volume (AV,) of denaturation and
therefore the value of folding (AV; = —AV,) for selected
peaks, the natural logarithm of the equilibrium constant (In
K.,) was plotted versus pressure. AV, was calculated from
the slope of this plot as follows:

d(In K,)
AV, = —RT——+

g o ®)

RESULTS

Spectroscopic Properties of FI0SW/C-Domain and FI0SW
in Different Occupancy States. Figure 1 shows the normalized
intrinsic fluorescence spectra of F105W/C-domain in the
absence and presence of divalent cations. In the apo form,
the Trp mutant exhibits a red-shifted emission, indicating
that the Trp is extremely exposed to the solvent. The center
of spectral mass lies at 28,548 cm™! (350 nm), a value close

Rocha et al.

Normalized Fluorescence Intensity (A.U.)

300 320 340 360 380 400

Wavelength (nm)
FIGURE 1: Normalized fluorescence emission spectra of FI0SW/
C-domain in the absence of ions (+**) and in the presence of 44
mM MgCl, (---) or 2.1 mM CaCl, (—). The samples were excited
at 280 nm and the emission measured from 300 to 400 nm. Protein
concentration was 5 uM. The solvent conditions were 100 mM Tris-
HCI at pH 7.0, 100 mM KCl, 1 mM DTT, and 1.5 mM EGTA at
20 °C.

to the maximum observed for free Trp in solution (37). This
suggests that this domain is almost devoid of tertiary contacts
in the region around site III where the Trp is localized.
However, upon Ca’>"binding a large blue shift of 630 cm™!
(approximately 8 nm) occurs (Figure 1). This displacement
of the spectrum to the blue reflects the movement of Trp to
the hydrophobic core of the protein. As shown in previous
CD studies, this is accompanied by a concomitant increase
in the helix content and in the compactness of the
molecule (42, 58, 59). Similarly, the addition of 44.0 mM
MgCl, displaces the Trp emission to blue by 300 cm™!, which
corresponds to 47% of the change induced by Ca**. A 10-
fold increase in MgCl, concentration (to 440 mM) did not
promote any further shift (not shown). These results suggest
that the Trp residue faces different environments when Ca>*
fills sites IIT and IV than when Mg?*fills them. In addition,
the magnitude of the blue shift is proportional to the degree
of solvent exposure and, thus, to the compactness of the
folded structure. Therefore, in the Mg>*-bound state, the Trp
residue seems to be less buried than in the Ca?*-bound form.

Similar experiments were performed with intact TnC
(F105W). Under all conditions, the center of spectral mass
obtained with F105W resembled that observed for F105W/
C-domain (cf. points at left in Figure 2). These findings are
relevant because Ca®" binding to F105W promotes only a
very modest increase in the emission of Trp (42), which
makes it difficult to extract structural information from
fluorescence intensity changes.

Urea-Induced Denaturation of F105W/C-Domain and
F105W. Figure 2 shows the changes in the center of spectral
mass upon the addition of increasing concentrations of urea
to F105W/C-domain (panel A) and to F105W (panel B). In
the absence of divalent cations (triangles), very low con-
centrations of urea (2 M) were able to promote complete
unfolding of the F105W/C-domain, with a shift in the center
of spectral mass at 8 M urea to 28,400 cm™ (352 nm).
Strikingly, the center of spectral mass in the Ca?*-bound form
did not change significantly even in the presence of high
concentrations of urea (Figure 2A, circles). These data
confirm previous studies showing that Ca>" binding markedly
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FIGURE 2: Changes in the center of spectral mass and unfolding as
a function of [urea]. (A) F105W/C-domain; (B) F105W. In both
panels, apo state, (A;A); Mg?*-bound state, (CJ;M); and Ca?*-bound
state, (@;0). (C) Degree of denaturation (o) as a function of [urea]
for the data presented in panels A and B. Other conditions are as
described in Figure 1.

stabilizes the structure of this domain (60—-63). Thus, by using
just urea as a denaturing agent, it is not possible to denature
the isolated F105W/C-domain in the presence of Ca?t. In
the Mg?t-bound state (squares), the F105W/C-domain ex-
hibited an intermediate stability when compared to the apo
or Ca’>"-bound forms, denaturing completely at 6 M urea
(Figure 2A). Figure 2B shows the same stabilizing effects
of Ca*" and Mg?* on the whole protein (F105W). For better
comparison, the extent of unfolding (a, eq 2) as a function
of urea concentration is shown in Figure 2C. In the apo or
Mg?*-bound state, the presence of the N-domain did not
influence significantly the stability of the C-domain. Futh-
ermore, the urea curves reveal that the W105 is unable to
report the conformational change that occurs in the N-
domain. In the presence of Ca*, both proteins were equally
stable, and no denaturation was observed by measurements
of Trp emission.

Pressure-Induced Denaturation of F105W/C-Domain and
F105W as Detected by Fluorescence. Figure 3 shows the
center of spectral mass as a function of pressure for the
F105W/C-domain in the apo state and in the Mg?*- and
Ca?"-bound states. In the absence of divalent cations, we
observed a decrease in the center of spectral mass with
an increase in pressure from 1 bar to 3.1 kbar, and the
final value reached under high pressure is similar to that
obtained by urea unfolding (see Figure 2A). Similar results
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FIGURE 3: Effect of pressure on F105W/C-domain in the apo form
(2), in the Mg?"-bound form (), and in the Ca>*-bound form (O).
F105W/C-domain was subjected to increasing pressure steps of 200
bar at 20 °C. Other conditions were the same as those described in
Figure 1.

were attained with the intact protein (not shown). Since
complete denaturation was achieved by pressure, it was
possible to determine the volume change of folding for
the apo form in the absence of urea (Table 1). These
results suggest that pressure promotes extensive denatur-
ation of the C-domain. However, in the presence of Mg?*,
the decrease in the center of spectral mass with an increase
in pressure from 1 bar to 3.1 kbar is about 52% of that
promoted by 8 M urea, indicating incomplete denaturation
of the C-domain under pressure. Again, as observed in
the urea unfolding experiment, binding of Ca>*to the
C-domain increases its thermodynamic stability, and only
a small red shift (91 cm™") in the center of spectral mass
is observed at 3.1 kbar.

Pressure-Induced Denaturation of Wild-Type C-Domain
and F105W/C-Domain as Determined by NMR. The effect
of pressure on the C-domain structure was also evaluated
by '"H NMR spectroscopy. As observed in Figure 4, the
aromatic region of FI05W/C-domain apo form appears to
be perturbed by increasing pressure. The changes in the
spectra include gradual downfield shifts of the peaks at ~6.35
and 6.55 ppm and a broadening and loss of intensity in these
peaks. The f3-sheet resonances at 5.4 ppm also undergo
broadening and decrease in intensity. The large cluster of
peaks from 6.9 to 7.6 ppm merge together and simplify into
two prominent peaks located at 7.2 and 7.35 ppm in the 3
kbar spectrum, suggesting that the protein may be collapsing
toward a random-coil configuration. There is also a split of
the His 128 signal in two peaks. We used the changes in the
ratio of the two peaks of the histidine signal to evaluate the
transition from the folded to the unfolded states. It resulted
in a volume change of folding of 32.5 +/— 4.6 mL/mol and
a folding free energy of —0.54 +/— 0.14 kcal/mol. This value
is in good agreement with that obtained from the fluorescence
experiments (Table 1). The lack of complete assignment of
the structure of the apo form prevented us from analyzing
the changes in the environment of other amino acid residues
with pressure. The persistence of the upfield Phe resonances
around 6.5 ppm and a residual intensity in the downfield
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FIGURE 4: '"H NMR spectra of the aromatic region of FI05W/C-domain in the apo form. Pressure studies were performed on the 300 MHZ
TecMag system with 1024 acquisitions, sw = 4000 Hz, 16k complex data points, and 25 °C. Spectra were processed using —3 Hz exponential
multiplications, followed by 3 Hz Gaussian multiplication. Note that spectra are not drawn to scale.

p-sheet resonances at ~5.4 ppm suggest that the denatured
protein has some residual structure.

The C-domain becomes so stable upon Ca>* binding that
high concentrations of urea or pressure alone were not
enough to promote a complete red shift in the center of
spectral mass of the protein (Figure 3). This behavior was
confirmed by '"H NMR (Supporting Information, Figure S1).
In the presence of Ca’*, few peaks from 6.9 to 7.6 ppm
appear to be mobile with increasing pressure. In order to
obtain proton assignments for the aromatic residues, 'H—'H
TOCSY spectra were acquired at atmospheric pressure for
the Ca**-saturated F105W CTnC sample at 40 °C and pH
7.00 £ 0.05. Our assignments of selected proton peaks in
the Ca?"-saturated F105W mutant CTnC fragment (residues
88-162) (Supporting Information, Table S1) agreed with
published data for the intact chicken skeletal TnC molecule
with 2 Ca®" ions bound to the C-domain, in 15% TFE, pH
7.0, and 40 °C (29).

The Ca’"-bound samples in the absence of chemical
denaturants were found to be resistant to denaturation by

high pressures. For both Ca?*-saturated wild-type and F105W
mutant CTnC fragments, pressure up to 5 kbar at 25 °C were
unable to measurably disrupt the aromatic side chain region
(Figure S1). Very little change in chemical shift or peak
intensity was observed for the 'H NMR signals due to
H128¢’, F1510, F1020, and the -sheet protons for pressure
up to 5 kbar at 25 °C. Spectral changes in the region spanning
7.1 to 7.7 ppm may be attributed to rearrangements of the
aromatic residues at high pressures due to compression of
the protein core.

The extreme persistence of structure in the Ca*>"-saturated
wild-type and F105W mutant CTnC samples at high pressure
required the use of more rigorous denaturing conditions. To
assist the unfolding process, urea was added to destabilize
the protein. The Ca’>*-saturated wild-type and the F105W
mutant CTnC proteins were subjected to pressure as high as
7.5 kbar in the presence of 4 M urea-d; in +99% D,O
buffered solutions (Figure 5). Under these conditions,
denaturation was achieved.
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FIGURE 5: Selected 300 MHz '"H NMR spectra of the Ca®>"-saturated
(A) wild-type and (B) F105W mutant CTnC in the presence of 4
M Urea-d, at variable pressures at 25 °C. Samples contain 1 mM
protein in a buffered 99+% D,O solution described in the text at
pH* 7.00 £ 0.05. The data was collected using a PRESAT pulse
sequence, 1024 scans, 32K complex points, and 8000 Hz sweep
width, and processed with 1 Hz exponential multiplication for
reducing noise in NMR spectra (in the tail part of time-domain
signals).

The change in volume (AV;) upon folding is a physical
parameter that can be extracted from pressure denaturation
experiments and is proportional to the free energy change
(AGy) associated with the application of pressure to a system.
The AV, and AV for specific peaks can be directly calculated
from the slope of a plot of In K versus P (Table 2, and
Supporting Information, Figures S2 and S3). The values for
AV were obtained for the following isolated peaks: H128¢
(8.3 ppm), W105€3 (7.6 ppm), F1516 (6.6 ppm), and F1026
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(6.4 ppm) based on the changes in the peak areas, as
described in Materials and Methods (eq 7). Collective AV¢
values for groups of protons with overlapping resonances
were also calculated for F102¢ and F1120 (both at 6.9 ppm)
and for the 3-sheet a-carbons F112a, 1149 a, D150 a, and
I113 a (ranging from 5.1 to 5.4 ppm) (Table 2). Note that
no significant differences were observed for the AV; values
between the Ca?t-saturated wild-type and F105W mutant
proteins, suggesting that this mutation minimally perturbs
the stability of these regions.

A large magnitude of AV; for a particular region of a
protein indicates that it undergoes a large change in volume
upon denaturation (64). In our C-domain studies, the largest
magnitudes for AGy and AV; were associated with the F1026
proton, which is located toward the center of the domain
and with the f-sheet regions of the binding loops. Both of
these regions participate in highly ordered structural elements.
F102 is believed to be involved in hydrophobic ring-stacking
interactions, while the f3-sheet residues are held together by
hydrogen bonds in an antiparallel arrangement (65). Interest-
ingly, the F1516 and F1056/W105¢€3 protons, found on either
side of F102, presented smaller magnitudes of AGyand AVy,
suggesting that they are packed less tightly than the center.
Therefore, the variations in AGy and AV throughout the
protein reveal how unfolding affects protein structure in a
site-specific manner, which is uniquely dependent upon the
stabilizing forces in the local environment of each residue.
The values obtained for the amino acid sites located in the
hydrophobic core are close to that obtained for the changes
in the fluorescence of W105 (44 mL/mol; Tables 1 and 2)
obtained under the same conditions (4 M urea). Generally,
tryptophan fluorescence reflects the overall ter