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ABSTRACT. Troponin C (TnC) is the Ca-binding subunit of the troponin complex of vertebrate skeletal
muscle. It consists of two structurally homologous domains, N and C, connected by an eapusied

The C-domain has two high-affinity sites for €ahat also bind Mg", whereas the N-domain has two
low-affinity sites for Ca*. Previous studies using isolated N- and C-domains showed that the C-domain
apo form was less stable than the N-domain. Here we analyzed the stability of isolated N-domain (F29W/
N-domain) against urea and pressure denaturation in the absence and in the presence of glycerol using
fluorescence spectroscopy. Increasing the glycerol concentration promoted an increase in the stability of
the protein to urea (88 M) in the absence of Ga. Furthermore, the ability to expose hydrophobic
surfaces normally promoted by €abinding or low temperature under pressure was partially lost in the
presence of 20% (v/v) glycerol. Glycerol also led to a decrease in the &finity of the N-domain in
solution. From the IikopsVersus Inay,o0, we obtained the number of water molecules (68.8.7) involved

in the transition N= N-Cg that corresponds to an increase in the exposed surface area oH578.3

A2, In skinned fibers, the affinity for Ca was also reduced by glycerol, although the effect was much
less pronounced than in solution. Our results demonstrate quantitatively that the stability of this protein
and its affinity for C&" are critically dependent on protein hydration.

Troponin C (TnC) is the C&"-binding subunit of the unstructured in solution8j. Each globular domain has two
troponin complex, which contains two other subunits, tropo- divalent-cation binding sites that consist of a heligop—
nin T and I. Binding of C& to TnC has been shown to  helix motif in which six amino acid residues located in the
induce a conformational change that triggers subsequentloop coordinate the bound cation. The sites located in the
events in the initiation of muscle contractiol) (The result N-domain (I and Il) have low affinity for Ca (Kacaj= 3.2
of this change in conformation is the exposure of a hydro- x 10° M~1), whereas the sites in the C-domain (Il and 1V)
phobic segment and of negatively charged groups surround-have high affinity for C&" (Kacaj= 2 x 10’ M~%) and also
ing the hydrophobic cleft that serves as a docking site for pind Mg?* (Kag) = 5 x 108 M79),
Tnl. This conformational change induced by?C&inding
has been referred to as the opening of the N-donmin (
The crystal structure of turkeyd(4), chicken 6, 6), and
rabbit TnC {) reveals two similar domains, N and C,
separated by a long, exposeehelix. Recent NMR studies
also characterize the globular structure ankelical content
of these two domains, but the central helix was shown to be

Several studies have been performed to explain the
differences in C& affinity of the N- and C-domains. The
importance of each amino acid in the?Cdinding loop has
been evaluated by single amino acid substitutions in the intact
protein, as well as by the use of synthetic peptides that
correspond to the Céabinding sites (helixloop—helix
motif). As expected, drastic changes in affinity are caused

f—y . _ by changing the amino acids involved in®aoordination
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and 1V, increases Ca affinity by a factor of 2.5 {7). Glycerol was added to this buffer at the desired concentra-
Removal of the N-helix (11 amino acids that precede helix tions, replacing water. The concentration of N-domain was
A at the N-terminus) significantly reduces Taaffinity of 5 uM, unless otherwise stated in the legends of the figures.
the N-domain 18). Foguel et al. 19) observed that sites | Calcium Titration Cupes.Calcium titration curves were
and Il of the N-domain have a higher affinity for €aat 1 obtained from the Ca-induced increase in fluorescence

°C than at 20°C. They also showed that a decrease in intensity at 336 nmZ7), using an apparer, of 1.92 x
temperature under pressure promotes spectroscopic alterd® M~ for the calcium-EGTA complex. The solution
ations in the N-domain that mimic those caused by'Ca contained 50 mM MOPS, 100 mM KCI, 1 mM DTT, and 1
binding. These results suggest that low temperatures undemM EGTA, at pH 7.0. Calcium titration did not alter the
pressure induce the opening of the N-domain by destabilizing pH. Glycerol was added to this solution when stated.
intradomain hydrophobic interactions. Fluorescence Measurements under PressRatadini and

The thermodynamic stability of intact Tn@@) as well ~ Weber g8) have described the high-pressure cell. The bomb
as that of its isolated domaing1( 22) has been investigated Was kept at different temperatures with the aid of a circulating
by several groups. In the absence of added cations, C-domairvater bath, while a dry nitrogen gas flush prevented water
exhibits a decrease in stability compared to the N-domain condensation on the optical surfaces. The tryptophan and bis-
when either heat or chemical agents are used as denaturant§NS fluorescence spectra were recorded on an ISSK2
In these studies, it was also pointed out that there is anspectrofluorometer (ISS Inc., Champaign, IL). Tryptophan
inverse correlation between stability and 2Caaffinity. emission was measured by exciting the samples at 280 nm
Studying the properties of TnC fully acetylated at its lysine and collecting the emission from 300 through 400 nm, after
residues, Grabarek et aR1) observed a decrease in the €quilibration for 5 min. All spectroscopic changes reported
thermal stability of N-domain and a 3.5-fold increase in the here were completely reversible upon pressure removal,
affinity for Ca2*. In a recent report, Fredricksen and Swenson suggesting that the unfolding reaction is also reversible. Bis-
(22) used five recombinant chicken TnC fragments and ANS binding was evaluated from the area of the emission
detected an inverse correlation betweer?'Caffinity and spectra where excitation was set at 360 nm and emission
protein stability when the latter was measured in the absencescanned from 400 to 600 nm.
of cations. Tryptophan fluorescence spectra at pressuc in the

On the other hand, Gabinding to the N- and C-domains ~ Présence of any concentratior_1 of ureavere quantified as
induces an enormous increase in stability, as exemplified by the center of spectral mass,, in cm:

a shift in the T, for unfolding the N-domain by ap-
proximately 58°C at neutral pH Z0). This great gain in
stability makes it difficult if not impossible to achieve a direct
measurement of the free energy change of folding for the
N- and C-domains in the ion-bound forms.

In this study, using recombinant TnC N-domain (F29W/
N-domain, residues-190) and intact TnC, we have inves-
tigated the effects of decreasing water content of the solution
on the stability, C& affinity and physiological function of

Vou = ZviF/ZF, Q)

whereF; stands for the fluorescence emitted at wavenumber
v; and the summation is carried out over the range of
appreciable values df.

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 relation

the N-domain. Glycerol (520%) was used as a cosolvent K.(p) = K meXp PAV/RT) (2)
to reduce water activity. Previous studies have shown that
glycerol increases the stability of several protei23-26). whereK;(p) andKam are the equilibrium constants of folding

unfolding of the N-domain is achieved by combining high the following thermodynamic relatior2, 30):
hydrostatic pressure and urea, a maneuver that allows us to

calculate the free-energy change for folding of the N-domain In(ap/(l — Olp)) = p(AVIRT) + In K, (3)

in the presence and absence of glycerol. This increase in

the stability of the N-domain promoted by glycerol is  The complete unfolding of the N-domain was attained only
accompanied by a concomitant decrease # @#inity. The  when high pressure was combined with subdenaturing
opening of the N-domain induced by €abinding or by  concentrations of urea. However, the volume changé) (
lowering the temperature under pressui@ (s also inhibited  increased linearly with urea addition, leveling off at the
by glycerol, suggesting that water is necessary to wet the highest concentration of urea used (Tables 1 and 2). This

exposed surface of the N-domain upon opening. kind of behavior makes the use of the direct relation between
the standard free energy of foldingG°) and the unfolding
EXPERIMENTAL PROCEDURES constant Kum) inappropriate. Thus, we first determined the

free energy change at 1241 bar in the presence of different
concentrations of urea (eq 4). The extrapolation of this plot
to 0 M urea givesAG°°M,,,,. This value was introduced into

eqg 5 to determine the free energy change at atmospheric

Sample PreparationThe N-domain mutant (F29W/N-
domain, residues-190) was prepared as described in Li et
al. (27). All reagents were of analytical grade. Distilled water
was filtered and deionized through a Millipore water A
purification system. The experiments under pressure werePréssureé 4Gy,).
performed in the standard buffer (100 mM Tris-HCI, 100 olU] oOM
mM KCI, 1.0 mM DTT, and 1.5 mM EGTA, pH 7.0). AG55 = mMU] + AG 5y 4)
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Table 1: Volume ChangeAV) of N-Domain Apo Form Obtained
in the Absence and Presence of 5, 10, and 20% Glycerol 4€20

AV (mL/mol)®
urea without 5% 10% 20%
(M) glycerob glycerol glycerol glycerol
2.0 30.19+0.69
25 38.13+1.73 3259164 33.53+1.25
3.0 44.24+168 36.06+159 43.93+1.09 26.84+0.80
3.5 48.62+2.03 50.61+ 1.36 32.98+ 1.41
4.0 44,10+ 3.77 53.98-1.08 43.36+1.64

aSuarez et al., unpublishetlPressure (863000 bar) was applied
in steps at each urea concentration and the extent of reaafipfigm
the change in center of mass) was plotted according to eq 3
(Experimental Procedures) to obtakV.

Table 2: Volume ChangeAV) of N-Domain C&"-Bound Form
Obtained in the Absence and Presence of 5, 10, and 20% Glycerol
at 20°C

AV (mL/mol)®
urea without 5% 10% 20%
(M) glycerol? glycerol glycerol glycerol
5.0 36.74-0.76 31.37H 2.19
6.0 49.39+1.12 51.95-1.14 34.76-0.44 21.70+0.90
6.5 53.18+0.71
6.7 26.18+ 0.67
7.0 59.59+0.73 56.59+ 1.34
7.5 45294+ 2.76
7.9 58.03+ 2.15
8.0 60.65+3.95

aSuarez et al., unpublishefiExperiments were performed at
0—3000 bar as described for Table 1, but in the presence of 2.1 mM
CaCb.

AGII= AGY,+ pAV (5)

where AGJ), and AGJ9), represent the free energy change

Suarez et al.

experiments are performed under isothermal and isobaric
conditions, and in the presence of a neutral solute (e.g.,
glycerol), changes in the equilibrium binding constaty,()

for [Cax:N] complex formation in eq 7 can be expressed as

dIn Kops= (9 In Kypdd In a, p)d Inay o+
(@InKydoInag)dinag (7)

According to Wyman'’s linkage relatior86),

8

in which v is the change in the number of componieobund
to the protein upon formation of the complex. Combining
egs 7 and 8 we obtain

(0 In K pdd In &) = v

(dIinKypddinay, o) = vy 0t vg(dIinag/dina, o) (9)

Glycerol is preferentially excluded from the immediate
vicinity of the protein 87). In this sense, as changes in the
chemical potential of water and glycerol are directly coupled
(38), we consider glycerol as an agent that adjusts the
chemical potential of water, and so, if there is a large change
in the number of solvent molecules on the protein surface
upon complexation,o is significantly larger thang and
thus,un,0 contributes more importantly ®In Kopsthan does
UG.

Water activity (Inay,0) is inversely proportional to solute
osmolal concentrations (la.,0 = —[solute]/55.6). Osmolal
concentration of glycerol was calculated from tabulated data
(39).

Glycerol (5-20%) was chosen as cosolvent since it
reduces water activity, without affecting drastically either
water viscosity or the macroscopic dielectric constant of
buffer solutions 23, 24, 40).

at 1241 bar in the presence or absence of urea, respectively, Circular Dichroism Measurement<ircular dichroism

andmi s the difference in solvent-accessible surface area as(CD) measurements were performed in a Jasco-715 spec
the protein unfolds31). The volume change used in eq 5 tropolarimeter (Jasco Corporation, Tokyo, Japan) using a 1.0-
was the highest value observed (marked in bold in Tables 1mm path-length quartz cuvette. For spectra determinations,

and 2). We chose 1241 bar because this pressure is close tstock solutions of protein were prepared in 10 mM Tris-

the pso values of the majority of the curves.

HCI, 100 mM KCI, 1 mM DTT, and 1.5 mM EGTA, pH

The thermodynamic approach we have used to calculate?.0, in the absence or in the presence of 2.1 mM gagail

AV and AG° assumes that G& remains bound to the
N-domain under high pressure. We have no direct experi-

glycerol (concentrations are in % v/v, unless otherwise
stated). Data were averaged for two scans at a speed of 50

mental evidence for this assumption, but there are reports innm/min, collected in 0.2 nm steps. The baselines (buffer

the literature stating that calcium remains bound to the

N-domain even in the presence of high concentrations of

urea @2, 33). Thus, we assume that a first-order equilibrium
(N < U) is established under pressure without taking into
consideration the dissociation of €a

Osmotic Stress Approachhe data from the Ca-titration
curves with and without glycerol were interpreted in terms
of the osmotic stress approacBd( 35). According to this
approach, the binding of €ato the N-domain (N) in
aqueous solution containing glycerol (G) would be repre-
sented by

2C&" + N<[CayN] + vy 0+ vg (6)

in which vu,0 andvg represent, respectively, changes in the
stoichiometric amounts of water and glycerol binding to
protein upon calciumN-domain complex formation. If

alone) were subtracted.

Skinned-Fiber Assay®abbit psoas fibers were skinned
at 0°C and stored at-20 °C in skinning solution containing
50% glycerol 41). Protease inhibitors were added to skinning
and storage solutions. Single fiber segments were dissected
in relaxing solution, rinsed to remove glycerol, and mounted
on an Akers transducer as described previoutly43). The
experiments were performed in a stirred solution containing
152 mM potassium propionate, 20 mM imidazole, 4 mM
MgATP?, 5 mM KaEGTA-CaEGTA, and 2 mM free MY,
pH 7.0, in the absence or in the presence of 20% glycerol,
at 15°C. CaEGTA replaced part of the;KGTA to give the
free C&" concentrations indicated in Figure 9, while keeping
the total EGTA concentration constant. Data points on the
tension-pCa curve for each fiber were fit using the equation

P/P, = 100[Cal/((K, 9" + [Ca]") (10)



Pressure Stability and €aAffinity of Troponin C N-Domain

without glycerol A glycerol 20%

400 . ,
ca” - ca?

300

200

Apo

Apo

T \ T \ \ \ T T
300 330 360 390 300 330 360 390

100

Fluorescence Intensity (A. U.)

Wavelength (hnm)

Ficure 1: Glycerol does not affect the tryptophan emission spectra
of F29W/N-domain. F29W/N-domain (&M) in the absence)

and in the presence of 2.1 mM Cai--). In (A), without glycerol

and in (B), in the presence of 20% glycerol. The samples were
excited at 280 nm and the emission was measured from 300 to
400 nm. The solvent conditions were 100 mM Tris-HCI, pH 7.0,
100 mM KCI, 1 mM DTT, and 1.5 mM EGTA, at 2€C.

and the values reported for ea€hs (midpoint of the curve)
andn (Hill n) are the averagg standard error for five fibers.

RESULTS

Effects of Glycerol on the Spectroscopic Properties of
F29W/N-DomainThe intrinsic fluorescence of Trp 29 was
used to measure the effect of Tabinding to F29W/N-

domain, in the absence and in the presence of increasing

concentrations of glycerol. Upon &abinding, there is a
3-fold increase in Trp 29 emission at 336 nm (Figure 1 and
27). Initially, we investigated whether adding glycerol (5,
10, and 20%) would interfere with the spectroscopic proper-
ties of Trp 29 upon CH binding. Figure 1 shows that the
addition of 20% glycerol did not change the effect o?Ca
on the Trp29 emission spectrum, and neither did 5 or 10%
glycerol (data not shown). In all conditions, the fluorescence
intensity at 336 nm increased around 3-fold on going from
apo to C&"-bound forms (Figure 1). The spectrum of the
apo form was also unchanged by glycerol.

It is well established that binding of €ato TnC induces
an increase in negative ellipticity that can be attributed
partially to an increase in ita-helical content27). Figure
2 shows that 20% glycerol does not alter the gain in ellipticity
promoted by maximal Ca binding. Taken together, these
results suggest that the native structure of the N-domain is
not affected by the presence of glycerol and neither are the
spectroscopic changes that take place upon maximé&l Ca
binding.

The Thermodynamic Stability of the N-Domain in the
Absence and in the Presence of Glycefedricksen and
Swenson 22) described an inverse correlation between
stability and C&" affinity using five recombinant chicken
TnC fragments. Here, we also investigated if changes in the
thermodynamic stability of the N-domain induced by glycerol
would be accompanied by an increase or decrease ih Ca
affinity. With this aim, we monitored denaturation of F29W/
N-domain by measuring changes in the center of spectral
mass of Trp 29 induced by increasing concentrations of urea
(0 to 8 M) (Figure 3). A decrease in the center of spectral

Biochemistry, Vol. 42, No. 18, 2003525

15 A

10+ }
5 ]
0 ;
-5 —
10 - ¢
_15_
-20

. without glycerol

g N ca®

20% glycerol

15

Raw Ellipticity (mdeg)

T T T T
200 220 240 260

Wavelength (nm)

Ficure 2: Glycerol does not affect the negative ellipticity of F29W/
N-domain. The far-UV CD spectra of F29W/N-domain (Z&1)

in the absence~) and in the presence of 2.1 mM Ca@i--). In
(A), without glycerol and in (B), in the presence of 20% glycerol.
The solvent conditions were 10 mM Tris-HCI, pH 7.0, 100 mM
KCI, 1 mM DTT, and 1.5 mM EGTA.
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Ficure 3: Glycerol increases the stability of F29W/N-domain apo
form toward urea. Effect of urea on the center of spectral mass of
F29W/N-domain in the absenc®) and in the presence of &},

10 @), and 20% glycerol¥). Inset: Half-maximal point of each
curve (molar concentration of urea, Bd] against glycerol con-
centration. All other conditions were as described in Figure 1.

exposed Trp residue. We observed that while the apo
N-domain in the absence of glycerol was completely
denatured by urea up to 6 M, addition of glycerol displaced
the unfolding curve to higher urea concentrations, suggesting
stabilization due to changes in water activity modulated by
glycerol. In the presence of 5, 10, or 20% (v/v) glycerol,
even 8 M urea was unable to promote complete denaturation
of F29W/N-domain. The [U} (concentration of urea neces-
sary to promote half-maximal denaturation) was progres-

mass correlates with Trp exposure to the aqueous environ-sively displaced to higher urea values (Figure 3, inset). In

ment, and a value close to 28 400 ¢nrepresents a fully

the presence of 20% glycerol, by extrapolation 50% unfold-
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Table 3: Free Energy Change of Foldin§@.,,) Obtained in the Absence and Presence of 5, 10, and 20% Glycerol°@*20

AGy,, (kcal/mol)
apo form 0.6 mM C#& AAG® (kcal/mol) pCao
without glycero? —3.40+ 0.24 —5.82+0.50 —2.42+0.74 5.70+ 0.40
5% glycerol —4.12+0.22 —6.50+ 0.41 —2.38+ 0.63 5.10+ 0.17
10% glycerol —4.23+02 —6.83+ 0.06 —2.60+ 0.26 4.60+ 0.31
20% glycerol —5.58+ 0.05 —7.80+0.10 —2.22+0.15 3.79+ 0.08

aThe AAG® (kcal/mol) between the Ca and apo forms and pGgare also showr? Suarez et al., unpublished results

ing of the N-domain would require 9.5 M urea. This
pronounced stabilization in glycerol made it impossible to
achieve the unfolded state using only urea, and we were
unable to calculate the free energy change of folding caused 29000
by urea when glycerol was present. Thus, as described below,

we employed a combination of perturbing agents (pressure 28800
+ urea) to shift the equilibrium of the apo N-domain to the

unfolded state (first column of data in Table 3).

A stabilizing effect of C&" on the N-domain structure also
occurs, likewise making it impossible to assess the free
energy change of folding for the N-domain in the?Ghound
form by using only chemical agent2Q). To overcome this
large gain in stability due to Gabinding, the additive effects
of high hydrostatic pressure and a subdenaturing concentra-
tion of urea were employed successfully to unfold the
N-domain of TnC (Suarez et al., unpublished results). This
combination allowed us to calculate the thermodynamic
parameters of folding of the N-domain in the presence of
Ca&". These results, to be described in detail elsewhere, are 28800
summarized in Table 3 for comparison with the data obtained
in the presence of glycerol. 28600

Taking advantage of the additive effects of high hydrostatic
pressure and urea, similar experiments were performed in

29200 4 A

AG,,,, (kcal/mol)

Sbhbhvio-
R

28600 —

—_

28400 ~
CaCl,

29200

29000

Center of Spectral Mass (cm’
W

AG,,,, (kcal/mol)
w N =2 O -

01 2 3 4 5

the presence of glycerol. Figure 4 shows the unfolding of 28400 -

N-domain induced by pressure in the presence of 5% glycerol Apo

in the C&"-bound (panel A) or apo state (panel B) as T \ T T T \ T
revealed by the decrease in the center of spectral mass. 0 500 1000 1500 2000 2500 3000
Similar experiments were performed in the presence of 10 Pressure (bar)

and 20% eg_ceroI (not shown). Applying pressure on the Ficure 4: High hydrostatic pressure and urea promote denaturation
apo N-domain in the absence of added urea produced nopf F29W/N-domain (decrease in center of spectral mass), in the
changes in the center of spectral mass of Trp29 (not shown).presence of 5% glycerol. In (A), the pressure curves were carried
Increasing urea concentrations in the solution facilitated the out in the presence of 2.1 mM CaQlus urea: 6.0 M®), 7.0 M
unfolding of the N-domain. In the presence of2Cépanel (W), and 7.9 M &). In (B), C&" was absent and urea was 25M
A), the concentrations of urea{® M) needed to promote  (©). 3.0M @), 3.5M (4), and 4.0 M V). Inset: AG 13, versus

. - . urea concentration. ThAG® at 1241 bar in the absence of urea
the complete unfolding of the N-domain were higher than was obtained by extrapolation to the ordinate (see text in Results).

the concentrations needed to denature the apo state42.5 The protein concentration was/. All other conditions were as

M; panel B). From the pressure denaturation curves in the described for Figure 1. The center of spectral mass is completely
presence of increasing concentrations of urea presented irfecovered upon pressure release (not shown).

Figure 4, the volume changes\V) of folding of the
N-domain in the absence and presence of glycerol agd Ca
were calculated using eq 3 from Experimental Procedures
(Tables 1 and 2, respectively).

The free energy change of folding at atmospheric pressure
(AG;,) was obtained from eq 5, using the volume changes
(AV values marked in bold in Tables 1 and 2) from the
pressure curves and theG at 1241 bar in the absence of
In order to calculate thAGy,, for the folding of the  yrea. Table 3 shows thatGS, for the N-domain becomes
N-domain in different Conditions, we first obtained the free more negative with increasing concentrations of g|ycer0|_
energy change at 1241 bar in the presence of different Note that the binding of Ga to the N-domain increases its
concentrations of urea. This approach was employed inthermodynamic stability by-2.42 kcal/mol, a value very
previous studies4d, 45) and is useful when thAV values  gimijlar to that observed when 20% glycerol is added to the
are not constant; as shown in Tables 1 and¥,increases N-domain in the apo state-@.18 kcal/mol, from lines 1
with urea concentration. In the inset to Figure 4, the and 4 in column 1 of Table 3). Thus, we can conclude that
extrapolation of these\G5}, values to the ordinate fur-  20% glycerol stabilizes the N-domain as much as does the
nishesAG® at 1241 bar in the absence of ure&Goy). binding of C&" to sites | and I, although certainly a different
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FiGUrRe 5: Glycerol decreases bis-ANS binding in the presence of
C&". Fluorescence emission spectra of bis-ANS in the absence of
protein (- -), in the presence ofBM F29W/N-domain ) and in

the presence F29W/N-domain plus 2.1 mM GaCt-). In (A),
without glycerol. In (B), (C) and (D), in the presence of 5, 10, and
20% glycerol, respectively. The samples were excited at 360 nm
and the emission measured from 400 to 600 nm. The protein and
bis-ANS concentrations were bothuM. All other conditions were

as described for Figure 1.

mechanism is involved. Table 3 also shows that a further
increase in stability of ca-2 kcal/mol occurs when Cais
added, even in the presence of glycerol.

Effects of Glycerol on the Opening of the N-Domain.
Binding of C&" to sites | and Il induces opening of the
N-domain, exposing a hydrophobic region that normally lies
buried among the five-helices of this domain, and changes
the interaction between TnC and Tdli3 44). This confor-
mational change was predicted in the model of Herzberg et
al. (4) and has been confirmed by NMR spectroscopy and
fluorescence studie8,(19, 48). The exposure of hydrophobic
surface promoted by €abinding can also be detected using
bis-ANS. This hydrophobic probe has a marginal fluores-
cence when free in solution that increases upon binding to
hydrophobic surfaces of proteindq 50). Figure 5 shows
that apo N-domain in the absence of glycerol (panel A) binds
very little bis-ANS (the fluorescence is low, middle curve)
but that binding increases when®as added (upper curve).
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FIGURE 6: Glycerol decreases bis-ANS binding-atl °C, under
pressure. Fluorescence emission spectra of bis-ANS in the presence
of F29W/N-domain (5:M) at atmospheric pressure and 2D (—)

and at 2.2 kbar and-11 °C (--+), in the absence (A) or in the
presence of 20% glycerol (B). In (C), ratio of bis-ANS spectral
area (2.2 kbar, 11C /1 kbar, 20°C) at each glycerol concentration.

3.5
100 4 4.0 - M
845 1 .
() Q5.0 A A
2 80+ 554
3 6.0
5 ————
T 60 0 5101520
§ Glycerol(%)
X
©
= 40
T
[0]
o
o 20+
o
0 -

pCa

FIGURE7: Glycerol decreases the €affinity of F29W/N-domain

of troponin C. C&" titration curves in the absenc®) or in the
presence of 54£), 10 @), and 20% glycerol¥). Inset: pCag, of
F29W/N-domain versus glycerol concentration. The protein con-
centration was M. The samples were excited at 280 nm and the
emission was monitored at 336 nm. The buffer contained 50 mM
MOPS, 100 mM KCI, 1 mM DTT, and 1 mM EGTA, pH 7.0. The

data were fitted with the Hill equatiofi, = ([Ca2*]"/K],J/(1 +

([Ca*]WKD,)); weren is the cooperativity index, [C4] is the
free calcium concentration am@psis the dissociation constaril).

binding of bis-ANS to the apo N-domain is very pronounced
due to the extensive exposure of hydrophobic surface to the
aqueous environment (Figure 6A) under these conditions.
In a similar experiment in the presence of 20% glycerol
(Figure 6B), bis-ANS binding to the protein is completely

However, in the presence of increasing concentrations of abolished. An intermediate reduction in blndlng occurs in
glycerol (panels B, C, and D), the extent of bis-ANS binding the presence of 5 and 10% glycerol (Figure 6C). These results
upon C&" addition progressively decreases. In the presencesuggest that the conformational change induced by lowering
of 20% glycerol (panel D), the increase in bis-ANS fluo- the temperature under pressure, although it resembles the
rescence area induced by?Cinding is only 53% of that ~ opening of the N-domain by €&, is impaired by glycerol.
observed in the absence of glycerol. This result suggests thatfhe exposed surface of the N-domain needs water for its
glycerol is impeding the opening of the N-domain induced hydration and the reduction of water activity by the presence

by C&" binding.

Previously, we described a conformational state of N-
domain induced by low temperature11 °C) under pressure,
and showed that this state mimics the#Ghound form (the
opened N-domain)1©). Under pressure at-11 °C, the

of glycerol may make this conformational change difficult.

Glycerol Decreases the €aAffinity in Solution and in
Skinned FibersAs shown in Figure 7, addition of 5, 10, or
20% (v/v) glycerol progressively decreases the affinity of
sites | and Il for C&". The pCag (—log Ca&* at the midpoint
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Table 4: Hill Coefficient and Ca Affinity of N-Domain in the 120
Absence and Presence of Glycérol
without 5% 10% 20% 100 7
glycerol glycerol glycerol glycerol 3
o
Hill coefficient 2.73+0.48 1.73:0.09 1.8%+0.21 4.51+0.38 g 80 7 without glycerol
Kaca)(106M) 2.00+0.142 7.9% 0.27 24.9+£1.68 160+ 0.034 =t
o
aData from experiments such as those of Figure 7. @ 60
2
15 ® 40
% 20% glycerol
£
14 5 20
P4
13 0 -
2 12 H T T T T T T T
< 7 6 5 4 3
£ 114
pCa
10 FiIGURE 9: Glycerol decreases the €aaffinity of skinned fibers.
Isometric tensions were measured at A5 in 152 mM K-
9 - propionate, 20 mM imidazole, 4 mM MgAFP, 2 mM Mg?", 5
mM EGTA+CaEGTA, pH 7.0, with 0®) or 20% (¥) glycerol
replacing part of the water. Curves were fit by eq 10 (Experimental
8 T T T | T T T Procedures), normalized to the maximum valeg) for each curve.
-0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 Error bars show standard errors for five fibers. After exposure of
| the sample to glycerol, measurements were repeated in the absence
Naigo of glycerol (also shown agl)). Maximal tensions were 42 6.3%
FiGURE 8: Hydration changes in TnC upon €ainding. Linkage of the original in the presence of glycerol and in the second control

plot of In KqpsVersus Inay,o. The binding constants were determined  Curve were 95t 4.3% of the first.
as in Figure 7.

Table 5. Glycerol Decreases pigé—log [Cals) in Skinned
of the curve) changes from 5.70 to 3.79 as the glycerol Fibers

concentration increases from 0 to 20% (v/v) (Figure 7, inset). additions pCa Ny P/Po
We also observed an increase in the Hill coefficient with  without glycerol ~ 6.0£0.11  2.36+ 0.25 1004+ 5.2%
20% glycerol (Table 4). However, the light scattering of  20% glycerol 53-1.02 3.79£0.71 433+t 1.2%

N-domain did not change (not shown), suggesting that the = pata from experiments of Figure 9.
protein remains a monomer, even at the highest concentration
of glycerol. The decrease in &aaffinity with a concomitant
increase in stability in the presence of glycerol is in
accordance with Fredricksen and Swens2a).(

In Figure 8 is plotted the IfKops Versus Inay,o, which
allows us to calculate the accessible surface area induce
by C&*" binding. From the slope of the curve, we can
calculate that 63.5t 8.7 water molecules are involved in
the conformational change that takes place upoi™Ca
binding. Considering that the area of one molecule of water
is 9 A2 (34), we infer an increase in the exposed surface
area upon calcium binding of 5715 78.3 A2,

Finally, we analyzed the effects of glycerol on skinned
fibers. The affinity for C&" in this case was also reduced
by the addition of 20% glycerol, although the effect was
much less pronounced than in solution (Figure 9 and Table
5). This difference from the data obtained with the isolated
protein may reflect the presence of other components of the
thin filament in skinned fibers.

inverse correlation between protein stability and affinity for
Ca&*" using five recombinant chicken TnC fragments. This
inverse relationship is also observed when the two domains
f TnC are compared. The C-domain has two high-affinity
ites and is very unstable at 26 in the apo state, whereas
the N-domain presents two low-affinity sites for Taand
shows high structural stability2().

Here we have shown that increasing concentrations of
glycerol progressively decrease the affinity of both isolated
N-domain (Figure 7) and skinned fibers (Figure 9) foPGa
while there is a proportional increase in the stability (Figure
3). These data confirm the observation of Fredricksen and
SwensonZ2). We also observed that urea could only induce
complete denaturation in the presence of glycerol when high
hydrostatic pressure was applied (Figure 4). Under these
conditions, the denatured conformation of the N-domain as
measured by Trp emission in the presence of 5, 10, and 20%
glycerol is similar to the one obtained in the absence of
glycerol.

An additional effect of glycerol in solution was observed

TnC is one of most studied proteins of the EF-hand family. in Figures 5 and 6. This osmolyte seems to induce a “locked”
The factors that determine the affinity and selectivity of sites conformation of the N-domain that prevents it from opening
I, 11, 1, and IV for Ca?" have been investigated extensively. upon C&" binding or when the temperature is lowered under
The site affinity seems to be affected by more than just the pressure. It may be that the inhibition of the opening of the
amino acid composition of the €abinding loop (3, 15, N-domain contributes to the decrease in?Caffinity
21). In 1996, Fredricksen and Swensa2?) detected an  observed in the presence of glycerol. TnC mutants that favor

DISCUSSION
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<
-5
Ficure 10: Structural model of TnC/N-domain in the absence (left) 5@
or in the presence of Ga (right) showing the two Ca-binding 6 N+ 20%g, 20°C
sites (I and Il). Structure based on published coordinates for residues
1-90 (@). The C&" is shown as spheres. The number of water : : : ‘ ‘
molecules involved in the transition B N-Ca was calculated 7 6 5 4 3

from the data presented in Figure 8.
pCay,
_the opening .Of. a hydrophobic cleft in the N-domain had FiIGURE 11: AG;’po (kcal/mol) versus pGa Proteins: (1) F29W/
mc_reased affinity f(_)r CH (51, 52). C_onversely, mutants in- N_domain, at 1°C; (2) F29W/N-domain, at 26C; (3) F29W/N-
which the N-domain opening was impeded or blocked had domain plus 5% glycerol, at 2@C; (4) F29W/N-domain plus 10%
reduced affinity for Ca" (15, 16). Recently, Gaghet al. glycerol at 20°C and (5) F29W/N-domain plus 20% glycerol, at
(12) also demonstrated that an N-domain that remains closed20 °C. Values of pCa andAGy,, (1) were extracted from Suarez
after C&* binding has its affinity diminished 100-fold. €t al. (unpublished results); the rest are from Tables 3 and 4.
Furthermore, from the structures solved by NMR, they ] ] )
calculated the accessible surface area of nonpolar groups Protein or a domain has a very poor thermodynamic

Considering only residues<88 of N-domain, Gaghet al. stability and is extremely unstructured. The isolated C-
(12) observed the following values: 28662&or apo domain would represent the limit of such a situation in which
N-domain and 3386 Afor two Ca+—N-domain. In their the C&" affinity is very high and the stability is very low.
study, the conformational change induced bydavolved It is noteworthy that this domain is bound to Kigpresent

an increase of 520 Ain surface area exposed to solvent. at high concentrations inside cells most of the time. Our data

This value is close to the gain in solvent-accessible surfaceWould predict that when bound to Mg the C-domain would

area (571.5 78.3 &) calculated from the osmotic approach show a gain in structure and _stablllty, which in fact occurs

(Figure 8) shown here. Figure 10 sketches the closed-to-(20). Other C&"-binding proteins such as parvalbumin and

open transition of troponin C where hydration plays a crucial thermitase display Ca affinities in the range of pCa-910.

role. According to our data, 64 water molecules are in transit In the case of thermitase, €abinding is related to the

when the N-domain of TnC undergoes the conformational stability of the protein, and no other physiological role has

change involved in its opening. been attributed to this binding®). Thus, this protein must
As presented, the volume change of folding of N-domain be tightly bound_ to_Cﬁ all the tlme.. Indeed, it ;s possible

in the C&"-bound state (Table 2) is slightly higher than in that each (iﬁ-bmdmg protein has its ownAG,,, versus

the apo form (Table 1), which can be explained either by PCa&o curve”, rather than conforming to a single curve for

the presence of new electrostatic interactions and/or by anall members of the family.

increase in the content of cavities wher?Chinds. Glycerol

has practically no effect on the volume change of folding ACKNOWLEDGMENT

for the apo+N—domain, whereas it decreasesthief folding We are grateful to Emerson R. Gaiees for competent

for the Cé. -bound state. This (esult may be explamed by @ technical assistance.
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