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ABSTRACT: We have carried out a differential scanning calorimetry study into the pH effect on the thermal 
denaturation of ribonuclease A at several concentrations of the osmolyte sarcosine. In order to properly 
analyze these data, we have elaborated the thermodynamic theory of the linkage between temperature, 
cosolvent, and pH effects. The denaturation heat capacity increases with sarcosine concentration. The 
effects of temperature and sarcosine concentration on the denaturation enthalpy and entropy values are 
well described by convergence equations, with convergence temperatures of around 100 "C for the enthalpy 
and around 112 "C for the entropy; we suggest that these effects might be related to a solvent-induced 
alteration of the apolar-group-hydration contribution to the folding thermodynamics. From our data, we 
estimate that about 70 extra molecules of water are thermodynamically bound upon ribonuclease 
denaturation in diluted aqueous solutions of sarcosine; this number is 6-9 times smaller than that predicted 
on the basis of the following two premises: (a) the osmolyte is strongly excluded from the surface of 
both the native and the denatured protein and (b) the denatured state is a fully solvated chain. We suggest 
that at least one of these two premises does not hold. We briefly comment on the potential use of cosolvent 
effects on thermal denaturation to evaluate the degree of hydration of denatured proteins (thus providing 
an independent measure of the consequence of their possible residual structure) and, also, on the possibility 
of finding substances that are more efficient protein stabilizers than known osmolytes are. 

Much effort has been devoted in recent years to under- 
standing the factors that determine protein stability and 
developing approaches that allow researchers to design 
proteins with enhanced stability. This "protein stability 
problem" is also confronted by some living organisms which 
are subjected to denaturing stresses (heat, freezing, high urea 
concentration, etc.); as a response, these organisms produce 
relatively low concentrations of certain low molecular weight 
substances (stabilizing osmolytes) which appear to enhance 
stability without detrimental effects on biological activity 
(Yancey et al., 1982; Arakawa & Timasheff, 1985; Timash- 
eff, 1992; Santoro et al., 1992). The main factor responsible 
for this stabilizing effect was disclosed by Timasheff and 
co-workers (Arakawa & Timasheff, 1985; Timasheff, 1992) 
and is related to the fact these osmolytes are preferentially 
excluded from the protein surface, that is, they cause the 
preferential hydration of the protein; this effect should favor 
the protein state with the lower exposed surface, thus 
displacing the denaturation equilibrium toward the native 
state and bringing about a higher denaturation temperature 
in the presence of the osmolyte. In an important paper, Bolen 
and co-workers (Santoro et al., 1992) showed that the 
stabilizing effect of osmolytes may extend well beyond their 
physiological concentration range; thus, several-molar con- 
centrations of glycine-based osmolytes were found to produce 
very large increments (up to about 20 "C) in the denaturation 
temperature of model globular proteins. 

However, one potentially interesting aspect of osmolyte 
action has received little attention; namely, the possible 
osmolyte effect on the heat capacity change for protein 
denaturation. The interest of characterizing this (possible) 
effect is suggested by the two following facts: (1) the 
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thermodynamic stability of proteins is best described in terms 
of the denaturation Gibbs energy versus temperature profile 
(the protein stability curve), the shape of which depends on 
the value of the denaturational heat capacity change (Becktel 
& Schellmann, 1987; Sanchez-Ruiz, 1995), and (2) Recent 
work shows that the denaturational heat capacity change may 
be directly interpreted in molecular terms as mainly reflecting 
the interactions with the solvent of the polar and apolar 
groups which are exposed upon denaturation (Murphy & Gill, 
1991; Makhatadze & Privalov, 1990; Privalov & Makhat- 
adze, 1990, 1992; Spolar et al., 1992; Murphy et al., 1992; 
Sanchez-Ruiz, 1995). 

Here we present a differential scanning calorimetry (DSC)' 
study primarily addressed to determine the effect of the 
osmolyte sarcosine on the heat capacity change for the 
denaturation of a model protein, ribonuclease A (RNase A). 
In fact, Santoro et al. (1992) reported DSC data on this 
system but only at a single pH (= 6). Accordingly, we aimed 
at a full characterization of the pH dependence of the 
thermodynamic parameters for RNase A denaturation within 
the acidic pH range and for several water-sarcosine 
mixtures, which (assuming that the denaturation enthalpy 
does not depend explicitly on pH) will allow us to obtain 
reliable estimates of the denaturational heat capacity changes 
from the temperature dependence of the denaturation en- 
thalpy values. 

Proper analysis of our denaturation data requires the use 
of the thermodynamic theory of the linkage between tem- 
perature, pH, and cosolvent effects, which is summarized in 
the Basic Theory section of this paper. This theoretical 
framework, together with our experimental denaturation data, 

I Abbreviations: ASA, water-accessible surface area; DSC, dif- 
ferential scanning calorimetry; RNase, ribonuclease. 
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enables us to obtain the denaturational changes in Gibbs 
energy, number of protons bound, protein-sarcosine pref- 
erential interaction, and protein preferential hydration as a 
function, in principle, of pH, temperature, and cosolvent 
(sarcosine) concentration. 

Clearly, the general approach employed in this work is 
that of classical thermodynamics, which only provides 
phenomenological interconnections between thermodynamic 
magnitudes. Nevertheless, we shall deviate from this purely 
phenomenological approach when discussing two rather 
surprising results: (1) the denaturation heat capacity change 
increases with sarcosine concentration, and concomitantly, 
the denaturation enthalpy and entropy values also increase 
(at a given temperature) in such a way that convergence 
behavior is observed, with convergence temperatures around 
100 "C for the enthalpy and around 112 "C for the entropy; 
and (2) the calculated value of the denaturational change in 
preferential hydration indicates that about 70 molecules of 
water become thermodynamically bound upon RNase de- 
naturation in diluted sarcosine solutions, a number which is 
6-9 times smaller than the value calculated by assuming 
that (a) sarcosine is preferentially excluded from the surface 
of both the denatured and the native states and (b) the 
denatured state behaves as a fully-solvated chain. 

EXPERIMENTAL PROCEDURES 
Bovine pancreatic RNase A (Type XII-A, lot 61H7185) 

and sarcosine were purchased from Sigma Chemical Co. and 
used without further purification. Degassed and deionized 
water was used throughout. Ribonuclease solutions in 
sarcosine-water (concentration about 2 mg/mL) were pre- 
pared by dilution of a stock solution which had been 
exhaustively dialyzed against an aqueous buffer. DSC 
experiments were carried out in sarcosine-water mixtures 
of the followings sarcosine molarities (moles of sarcosine 
per liter of solution): 0, 1.5, 3, 4.5, 6, and 7.8 M. Density 
measurements allowed us to express these concentrations in 
terms of sarcosine molality (moles of sarcosine per kilogram 
of water): 0, 1.44, 2.79,4.06,5.27, and 6.61 m, respectively. 
At each of these sarcosine concentrations, several DSC 
experiments (see below for details) within the approximate 
pH range 3-6 were carried out. Sarcosine has a protonation 
with a pK value around 2 (Christensen et al., 1976) which, 
at the high concentrations used, provides significant buffering 
capacity, even in the pH range 3-6. Nevertheless, we 
included 25 mM glycine in all the sarcosine-water mixtures 
for consistency with previously published DSC work on 
RNase denaturation in water, which has typically employed 
this buffer. However, when we tried to carry out control 
DSC experiments in water, we found that, as was to be 
expected, 25 mM glycine does not provide adequate buffer- 
ing capacity above pH about 4 and we decided to employ 
50 mM potassium acetate instead. In order to ensure that 
this buffer change (from acetate in water to glycine in water- 
sarcosine) does not introduce a spurious alteration in the data, 
we performed several DSC experiments in sarcosine-water 
mixtures of sarcosine concentrations 3 and 6 M and using 
50 mM acetate as buffer. We found no significant difference 
between the results of these experiments and the results of 
those previously carried out at the same sarcosine concentra- 
tions but using 25 mM glycine as buffer. 

Calorimetric experiments were carried out in a differential 
scanning calorimeter DASM-1 described by Privalov et al. 
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(1979, which cell volumes of 1 mL, under an extrapressure 
of 1 atm to avoid any degassing during the heating. The 
nominal scanning rate was 1 K/min; actually, the scanning 
rate increased somewhat with the sarcosine content in the 
solvent (from 0.98 K/min in water to 1.16 K/min in 7.8 M 
sarcosine), probably due to the smaller total heat capacity 
of the concentrated sarcosine solutions. 

A single transition was always observed in the DSC 
thermograms, except at the higher sarcosine concentration 
employed (7.8 M or 6.61 m) and pH < 4, where a broad 
and weak transition was progressively evident (as the pH 
was lowered) on the high-temperature side of the major one 
(results not shown). Since we do not know the origin of 
this weak transition, these thermograms are not included in 
the global analysis described under Results and Discussion 
(we note, nevertheless, that the parameters of the major 
transition fit the general trends suggested by the rest of the 
data). 

DSC scans were terminated several degrees above the end 
of the calorimetric transition, to ensure that the posttransition 
heat capacity levels were adequately defined. Second 
(reheating) scans were always performed after cooling from 
the first ones; in all cases, denaturation was found to be 
highly reversible (80-90% reversibility, calculated as the 
ratio of the areas of the second to the first transition). 

As is often the case with DSC thermograms for protein 
denaturation [see, for instance, Brandts and Lin (1990)], we 
found that after correcting for the instrumental (solvent- 
solvent) baseline, the pre- and posttransition heat capacity 
levels showed linear dependencies with temperature but with 
clearly different slopes in many cases. Hence, the value for 
the denaturation heat capacity calculated from the linear 
extrapolation of these levels would display a significant 
temperature dependence [larger, in fact, than that expected 
from the accurate DSC measurements of the heat capacity 
of the denatured state reported by Privalov and Makhatadze 
(1990)l; in some cases the calculated heat capacity change 
would even appear to change sign within the temperature 
range of the calorimetric transitions [a similar problem was 
described by Brandts and Lin (1990)l. We strongly suspect 
that since the DSC transitions are highly but not completely 
reversible, the posttransition level is distorted by the occur- 
rence of an irreversible processes (such as aggregation, which 
is expected to be an endothermic process). Of course, this 
problem makes very unreliable the calculation of the heat 
capacity change from the pre- and posttransition levels (in 
any case, the values calculated in this way showed a large 
scatter); however, it should not affect significantly the 
denaturational enthalpy values derived from the transitions 
after these levels were connected by a suitable chemical 
baseline, as is described below. 

The DSC transitions were corrected for the effect of the 
instrument time response as previously described (Galisteo 
et al., 1991) and the pre- and posttransition levels were 
connected by a cubic splines function (see Figure 1A). The 
resulting excess heat capacity versus temperature profiles 
were fitted with the following two-state equation: 

where AiHm is the denaturation enthalpy (i.e,, the calori- 
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the protein, and the cosolvent (sarcosine), respectively; thus, 
m3 is the cosolvent molality (moles of sarcosine per kilogram 
of water). v stands for the number of moles of protons 
stoichiometrically bound to a mole of protein. Following 
Timasheff (1993), we define the protein-cosolvent prefer- 
ential interaction parameter (423)  as a measure of the mutual 
perturbation of the chemical potentials of protein and 
cosolvent: 423 = ( a p d a m 3 ) ~ , ~ ~ , ~ ~  = ( a p ~ / a m d ~ , ~ ~ , ~ ~ .  

Denaturational changes of thermodynamic quantities are 
labeled with the symbol Ai .  The denaturational Gibbs 
energy change is the difference between the standard 
chemical potentials of the denatured and native protein 
(AEG = py - py) and is to be considered a function of 
temperature, pH, and cosolvent (sarcosine) concentration. The 
first derivatives of A iG are easily related [see, for instance, 
Alberty (1969)l with the denaturational changes in entropy, 
proton binding, and preferential interaction parameter 
( A i 4 2 3  = &3 - $&): 
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FIGURE 1: (A) DSC thermogram corresponding to the thermal 
denaturation of RNase in 4.5 M sarcosine, pH = 4.39. (0) 
Experimental heat capacity data corrected for the instrumental 
baseline and the time response of the calorimeter. (- - -) Chemical 
baseline obtained by connecting the pre- and posttransition levels 
with a cubic splines function. (-) Best fit of eq 1 to the excess 
heat capacity profile. (B) Calorimetric to van’t Hoff enthalpy ratio 
for the thermal denaturation of RNase at several pH values and 
the following sarcosine concentrations: (0) 0 m, (A) 1.44 m, (0) 
2.79 m, (e) 4.06 m, (0) 5.27 m, and (W) 6.61 m. 

metric enthalpy) and WH is the so-called van’t Hoff 
enthalpy, which gives the temperature dependence of the 
denaturation equilibrium constant ( K ) :  

K = exp[-(AHvH/R)(l/T - UTm)] (2) 

where the denaturation temperature, T,, is defined as the 
temperature at which K = 1. Equations 1 and 2 assume 
that the temperature dependency of the enthalpies may be 
neglected within the comparatively narrow range of a given 
calorimetric transition, and the subscript m attached to the 
calorimetric enthalpy means that its value is to be assigned 
to the denaturation temperature. The fits of eqs 1 and 2 to 
the experimental data were always excellent (see, for 
instance, Figure 1A) and the calorimetric enthalpies derived 
from them were essentially identical to those calculated from 
the area under the transitions. These fittings also provide a 
stringent two-state test, since the van’t Hoff enthalpy was 
an independent fitting parameter and AHvH = AiHm was 
not assumed; in fact, we found that the calorimetric to van’t 
Hoff enthalpy ratio never deviated significantly from unity 
(Figure lB), thus demonstrating close adherence to the two- 
state equilibrium model. 

BASIC THEORY 
We briefly summarize here some thermodynamic defini- 

tions and results which will prove essential in the subsequent 
analysis and discussion of our calorimetric data. The 
supporting information provides mathematical derivations of 
the equations given below and further details regarding the 
thermodynamic linkage between temperature, cosolvent, and 
pH effects. 

We employ the convention of Scatchard (1946) and use 
subscripts 1,2, and 3 to designate the “main” solvent (water), 

(3) 

(4) 

The denaturational changes in proton binding and pref- 
erential interaction parameter may also be expressed in terms 
of the pH and cosolvent effects on the denaturation temper- 
ature: 

(7) 

Several linkage relationships are obtained from equalities 
between second derivatives of the denaturational Gibbs 
energy change. We will make direct use of the two following 
ones : 

We define (Timasheff, 1993) the preferential hydration 
of the protein ( r21)  as the amount of water that must be added 
(or removed) upon protein addition to the system in order 
to maintain constant the water chemical potential. The 
denaturational changes in preferential hydration (Ai r21  = 
ryl - ry1) and protein-cosolvent preferential interaction 
(A;$23) may be related by 
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where is the molar volume of water and ll is the osmotic 
pressure of the water-cosolvent mixture (with the cosolvent 
as a nondiffusible component and water as the diffusible 
one). Since Ai423 = aA~GIam, (eq 5), AEG = -RT In K 
and llvl = -RT In a l ,  eq 10 may also be written as 
Ail?21 = (3 In Kla In al)T,pH, which shows that application 
of eq 10 is equivalent to the calculation of the denaturational 
change in preferential hydration from the slope of a Wyman 
plot (In K versus logarithm of water activity: Wyman, 1964). 

Strictly, all denaturational changes of thermodynamic 
quantities depend on temperature, pH, and cosolvent con- 
centration. However, we will assume in our subsequent 
analysis of RNase A denaturation in sarcosine-water that 
the T and m3 dependencies of the denaturational change in 
proton binding may be neglected, at least as a first ap- 
proximation; thus, AEv will be considered as function of 
pH exclusively (this assumption will be justified later in this 
paper). This ARv = f(pH) approximation implies that the 
denaturational changes in enthalpy, preferential interaction 
parameter, and heat capacity depend on cosolvent concentra- 
tion and temperature but not on pH. 

Accurate DSC measurements over a broad temperature 
range (Privalov & Gill, 1988; Privalov et al., 1989; Privalov 
& Makhatadze, 1990, 1992) indicate that heat capacity 
changes for globular protein denaturation usually do depend 
somewhat on temperature, decreasing at high temperature 
and apparently extrapolating to zero at temperatures well 
above 100 "C. Nevertheless, it appears that no serious error 
is introduced if AiC, is taken as a constant within the 
temperature range from about 20 "C to about 80 "C (Privalov 
& Gill, 1988; Privalov, 1989); in addition, the comparatively 
narrow range of T,  values, together with the experimental 
uncertainties of the AEH, values, makes it very unlikely 
that the small T dependence of ARC, could be detected in a 
AiH, versus T ,  plot. Accordingly, we will employ the 
temperature-independent heat capacity approximation and 
further assume that ARC, is a function of cosolvent con- 
centration exclusively. Hence, the slope of a plot of 
AEH, versus T ,  for a given m3 value will be taken as the 
denaturational heat capacity change corresponding to that 
cosolvent concentration. 

Unlike AiH, and ARC,, the denaturational en- 
tropy change depends on pH, even under the Aiv  = f(pH) 
approximation. Therefore, prior to the analysis of their 
temperature dependence, denaturation entropies must be 
corrected to a common pH value (pH"). This can be 
accomplished by using the following equation: 

PH" D Ais; = AgS, - (In 10)RLHmANv dpH (1 1) 

where Ais, (calculated as AiHm/T,) is assigned to the 
denaturation temperature (T,) corresponding to a given pH 
value (pH,,,) and Ais: stands for the denaturation entropy 
at the same temperature but at a different pH value (pH" 
* pH,). 

RESULTS AND DISCUSSION 

Effect of p H  and Sarcosine Concentration on the Dena- 
turation Temperature. Figure 2A shows the T,  versus pH 
profiles corresponding to RNase denaturation in water and 
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FIGURE 2: (A) Denaturation temperature of RNase as a function 
of pH for several sarcosine concentrations. The lines are the best 
fits of eq 12 to the experimental T ,  data. (B) pH dependence of 
the number of moles of protons taken from the solvent upon 
denaturation of a mole of protein; the symbols refer to the sarcosine 
concentration and have the same meaning as in Figure 1B. The 
line is shown to guide the eye and has no theoretical significance. 

in the five water-sarcosine mixtures studied in this work. 
It is clear that the denaturation temperature increases with 
sarcosine concentration within the studied pH range. 

An analytical representation of the TJpH profiles is useful 
for interpolation and derivation purposes. In fact, we found 
it more convenient to fit pH as a function of T,, according 
to the following empirical equation: 

pH = a + bT, + c exp(dT,) (12) 

As shown in Figure 2A, eq 12, together with the optimum 
values of the constants { a ,  b ,  c, d }  for each solvent mixture, 
describes very accurately the experimental {pH, T,} data. 

The denaturational change in proton binding at the 
denaturation temperature corresponding to given solvent 
conditions (pH and m3) may be obtained from the derivative 
apH/aT, evaluated from eq 12 and the denaturational 
enthalpy change (AiH,,,) by using eq 6. Values of ARv 
corresponding to different {pH, m3, Tm} conditions are 
plotted versus pH in Figure 2B. Within experimental 
uncertainty, they seem to define a common pH dependence, 
which supports the Agv = f(pH) approximation. 

Effect of Temperature and Sarcosine Concentration on the 
Denaturational Enthalpy Change. According to the Aiv  = 
f(pH) approximation, the denaturation enthalpy at the dena- 
turation temperature (AiH,) is to be considered a function 
of the T,  value and the cosolvent concentration. We have 
found that these functional dependencies may be accurately 
described on the following basis: (1) the denaturational heat 
capacity change increases with cosolvent molality, m3, and 
(2) the ARH, versus T, dependencies show convergence 
behavior. 
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By "convergence behavior" we mean that the denaturation 
enthalpies would attain a common value (ARH*) when 
extrapolated to a given hypothetical temperature (T3) under 
the temperature-independent heat capacity approximation: 

Equation 13 was fitted to our entire ARH,/T,,, set by 
nonlinear least-squares procedures. Fitting parameters were 
the several denaturation heat capacity changes corresponding 
to the water-sarcosine mixtures under analysis [ARC, in 
water (m3 = 0) was kept fixed at the (very accurately known) 
experimental value at 50 "C, 5.3 kJ.K-'mol-I; Makhatadze 
& Privalov, 19951, as well as the common convergence 
parameters (ARH* and T;), which are assumed not to 
depend on solvent composition. The fit was excellent2 (see 
Figure 3A) with a standard deviation of 12 kJ/mol, which is 
about the experimental uncertainty of the denaturation 
enthalpy values. The optimum values obtained for the fitting 
parameters are given in Table 1 (convergence parameters) 
and Figure 4 (heat capacity changes). 

The above calculations assume that the denaturation 
enthalpy does not depend explicitly on pH. This should be 
an excellent approximation, since ionization enthalpies are 
expected to be very small (in particular in the acidic pH 
range, where the protein-solvent proton exchange is domi- 
nated by carboxylic acid ionization). In addition, the 
approximation is supported by the fact that A i v  does not 
appear to depend on temperature (Figure 2B and eq 9). 

Effect of Temperature and Sarcosine Concentration on the 
Denaturational Entropy Change. Denaturation entropy 
depends on pH, even under the ARv = f(pH) approxi- 
mation. Therefore, denaturation entropies (Ais,,, = 
AiH,,,/T,,,) were corrected to a common pH value (pH" = 
4.5) by using the A i v  values previously determined (Figure 
2B) and eq 11. Again, the temperature and cosolvent 
concentration dependencies of the ARS; values thus ob- 
tained may be accurately described on the basis of (1) the 
increase in ARC, upon increasing sarcosine concentration 
(Figure 4) and (2) the convergence behavior, which in this 
case is formulated as 

Ais; = Ais* + AiC,(m,) In (Tm/TZ) (14) 

where Tg is the hypothetical temperature at which the de- 

* The text describes global analysis of the enthalpy (eq 13 and Figure 
3A) and entropy (eq 14 and Figure 3B) data, which is similar to that 
previously employed by Fu and Freire (1992). However, the increase 
in denaturation heat capacity and the convergence behavior are already 
evident from the enthalpy and entropy data, even if such global analysis 
is not carried out. Thus, independent analysis of the linear temperature 
dependencies of the denaturation enthalpies yields the following 
denaturation heat capacity values (kilojoules per kelvin per mole): 5.0 * 0.8 (m3 = O), 6.0 i 0.8 (m3 = 2.79), 6.7 % 0.9 (m3 = 4.06), and 8.8 
f 0.5 (m3 = 5.27). Essentially identical values were derived from the 
independent analysis of the AES versus In T dependencies. Plots of 
denaturation enthalpy or denaturation entropy at a given temperature 
(interpolated from the corresponding linear temperature dependencies) 
versus AiC, produce straight lines (as predicted by the convergence 
equations 13 and 14), the slopes of which yield estimates of the 
convergence temperature values (T; around 85 "C and T,* around 92 
"C) in acceptable agreement with the values derived from the global 
analysis (Table 1). 
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FIGURE 3: Plots of denaturation enthalpy (A) and denaturation 
entropy (B) versus temperature for the thermal denaturation of 
RNase in water-sarcosine mixtures of the following sarcosine 
concentrations: (0) 0 m, (0) 2.79 m, (0) 5.27 m, and (W) 6.61 m. 
For the sake of clarity, we have omitted the data corresponding to 
sarcosine concentrations 1.44 and 4.06 m. The lines are the 
dependencies predicted by the convergence equations 13 (A) and 
14 (B), together with the convergence parameters given in Table 1 
and the denaturation heat capacity values shown in Figure 4. Note 
that the lines in panel B are not straight lines but show curvature, 
as predicted by eq 14. 

Table 1 : Convergence Parameters 
RNase 

denaturation in 
water-sarcosine" 

Ti!i ("C) 96 (92- 103)d 
AEH* (kJ/mol) 648 (623-6Wd 

T$ ("C) 107 (99-125)d 
AES* 2.07 (1.95-2.32)d 

(kJK'mol- ')  [1.67 x 10-*]' 

[5.23Ie 

~~ 

cytochrome c 
denaturation in apolar gas 

water-methanolh dissolution' 

101.9 f 2 91.8 f 7.7 
564 f 21 
[5.42Ie 
111.9 f 2 111.6f5 .3  
1.63 f 0.01 
[1.57 x 10-*]' 

This work. Values taken from Fu and Freire (1992). Calculated 
from the data for rare gases and alkanes given by Privalov and Gill 
(1988). Standard uncertainty intervals calculated by using the method 
proposed by Bevington (1969). Bevington intervals take into account 
the effect of correlations between all fitting parameters and are not 
constrained to be symmetric around the best value; therefore, they 
cannot be given as f uncertainty, but each interval must be specified 
by giving its two extreme values. e Convergence entropy and enthalpy 
values normalized per mole of residues; the number of residues of 
RNase and cytochrome c are 124 and 104, respectively. 

naturation entropies would reach a common value (Ais*) 
under the temperature-independent heat capacity extrapola- 
tion. 

The fit of eq 14 to our entire AESZIT,,, set was excellent* 
(Figure 3B) and the optimum values for the fitting parameters 
(the several denaturational heat capacity changes and the 
common convergence parameters, A i s *  and T t )  are given 
in Figure 4 and Table 1. Note that the AECp(m3) depen- 
dence obtained from this analysis is essentially identical to 
that previously derived from the denaturation enthalpies 
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FIGURE 4: Heat capacity change for RNase denaturation as a 
function of the sarcosine concentration. (0) Values determined 
from the global fitting of eq 13 to the denaturation enthalpy data 
(see Figure 3A); the bars represent the standard uncertainty intervals 
derived from the global fitting. (0) Values determined from the 
global fitting of eq 14 to the denaturation entropy data. (-) 
Dependence given by eq 15. 

(Figure 4) and both sets of ARC, data are adequately 
represented by the following empincal equation: 

AEC, = 5.30 + (1.39 x 10-2)(m3)3 (15) 

where A$, has the units kilojoules per kelvin per mole. 
Some Comments on the Sarcosine Effect on the Denatur- 

ational Heat Capacity Change and the Convergence Behav- 
ior. It was often assumed in the past that the large and 
positive A i C p  values found for protein denaturation were 
largely due to the exposure to the solvent of apolar groups 
previously buried in the native structure. More recent work 
(Murphy & Gill, 1990, 1991; Makhatadze & Privalov, 1990; 
Spolar et al., 1992; Privalov & Makhatadze, 1992; Murphy 
et al., 1992) has shown that the large contribution arising 
from the exposure of apolar groups is expected to be partially 
offset by a negative contribution that arises from the exposure 
of polar groups. The simplest formulation of this viewpoint 
is (Murphy et al., 1992; Sanchez-Ruiz, 1995) 

A#, = A?a,AEASA,, + A?po,A~ASApo~ (1 6) 

where AiASA,, and AiAS%,, are the denaturational 
changes in apolar (ap) and polar (pol) accessible surface area 
and AC,, and ACP,,1 stand for the heat capacity changes 
associated with the exposure of 1 mol.A2 of apolar and polar 
ASA, respectively. 

Unfortunately, eq 16 alone does not lead to an unambigu- 
ous interpretation of the sharp increase in A:Cp for RNase 
that is observed at the higher sarcosine concentrations (Figure 
4); this is so because the polar and apolar contributions have 
different sign in water [AC,  > 0 and ACpl < 0; see Murphy 
et al. (1992) and Sanchez-Ruiz (1995)], and the four 
parameters in eq 16 might change with sarcosine concentra- 
tion in an a priori unknown manner. Thus, not only may 
the AC,, and Acp0l values be expected to depend on solvent 
composition but, in addition, the denaturational changes in 
polar and apolar ASA might also change if, for instance, 
high sarcosine concentrations alter (or induce) the possible 
residual structure of the denatured state. 

In spite of the above, some insight into the origin of the 
AiCp  increase is derived from the fact that the denaturation 
enthalpy and entropy values also change with sarcosine 
concentration as described by convergence equations (eqs 
13 and 14). This type of behavior (with specific denatur- 
ational changes) was first described for a set of globular 
proteins (Privalov & Khechinashvili, 1974; Privalov, 1979; 
Murphy et al., 1990), although it is less clearly observed 
with the current data set, as recently compiled by Makhatadze 
and Privalov (1995). More relevant in relation to our results 
is the fact that the description of solvent effects in terms of 
convergence behavior has a precedent. Fu and Freire (1992) 
reported that the effect of methanol concentration on the 
enthalpy, entropy, and heat capacity changes for cytochrome 
c denaturation in water-methanol mixtures (0- 10% v/v) 
conform to the convergence equations (eqs 13 and 14 in the 
present paper); in fact, the global analysis we have carried 
out follows closely that proposed by these authors. Some 
differences, however, are noteworthy: AiC,  for cyto- 
chrome c decreases with methanol concentration in a linear 
fashion, while A i C p  for RNase A increases with sarcosine 
concentration as empirically described by a cubic equation 
(eq 15). On the other hand, there is a remarkable agreement 
between the convergence temperatures values (Tg about 
100 OC and Tg about 112 "C) found in both cases (see Table 
1). Furthermore, and most important (as will be made clear 
further below), these values also agree with those determined 
from the analysis of the thermodynamic data for the 
dissolution of apolar gases in water. 

Convergence behavior has been rationalized in molecular 
terms on the basis of the interactions with solvent of the 
polar and apolar groups (Murphy & Gill, 1991; Lee, 1991; 
Murphy et al., 1992; Sanchez-Ruiz, 1995). Also, the relation 
between the convergence temperatures, Tg and Z2, for 
protein folding has been discussed by Baldwin and Muller 
(1992) and Doig and Williams (1992). More recently, 
Makhatadze and Privalov (1993, 1995; Privalov & Makhat- 
adze, 1993) have carried out a dissection of protein folding 
thermodynamics into contributions arising from hydration 
of polar and apolar groups, configurational entropy, hydrogen 
bonding, and van der Waals interactions of the buried apolar 
groups. These authors model the hydration contributions on 
the basis of gas dissolution data. Therefore, the agreement 
between the convergence temperature values shown in Table 
1 suggest that the effect of some cosolvents (such as 
sarcosine and methanol) on the denaturational heat capacity, 
enthalpy, and entropy changes is related to a specific 
alteration of the apolar group hydration contribution in the 
Makhatadze-Privalov dissection. We do recognize, nev- 
ertheless, that the particular molecular mechanisms involved 
in such solvent-induced alteration remain obscure to us. 

Effect of Temperature and Sarcosine Concentration on the 
Denaturational Gibbs Energy Change. We consider now 
the calculation of the denaturational Gibbs energy change, 
AiG, for a given sarcosine concentration (among those 
experimentally studied) and any arbitrary pH and temperature 
conditions. This can be accomplished by using the following 
procedure: (1) the T,,, value for the desired m3 and pH 
conditions is interpolated by numerically solving eq 12 with 
the values of the parameters { a ,  b,  c ,  d }  previously 
determined for the given sarcosine concentration; (2) the 
AECp value at that sarcosine concentration is taken as that 
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FIGURE 5: Gibbs energy change for RNase denaturation at pH" = 
4.5 as a function of temperature and sarcosine concentration. The 
lines are the protein stability curves (AEG versus T profiles) 
corresponding to the sarcosine molalities shown in the figure. 

calculated from the global fitting of eq 13 to the denatur- 
ational enthalpy data (Figures 3A and 4); (3) the AgH value 
at mg and T, (AiH,) is obtained from the convergence 
equation (eq 13), the A$,, and T,  values, and the conver- 
gence parameters (Table 1); and (4) finally, AgG at { T ,  pH, 
mg] conditions (where T f T,) is calculated from the 
integrated Gibbs-Helmholtz equation: 

AEG = AEHm(l - T/T,) + A#,[T - T,  - T In (T/Tm)] 
(17) 

We have used the above procedure to obtain the AEG 
versus T profiles (protein stability curves) for several 
sarcosine molalities and pH" = 4.5, which are shown in 
Figure 5. Profiles corresponding to other pH values are 
similar to those shown in that figure but are shifted as 
prescribed by eq 4 and the Aiv  values. 

At this point, we must note that, in this case, there appears 
to be no correlation between thermodynamic stability, 
conventionally defined as the denaturation Gibbs energy 
change at 25 "C, and the "operational stability", as character- 
ized by the denaturation temperature. Thus, T ,  increases 
monotonically with sarcosine concentration, while AgG at 
25 "C shows a maximum at about 4 m sarcosine (Figure 6). 
This result has some implications of general interest, given 
that protein stability is very often analyzed on the basis of 
AgG values at 25 "C, while what really matters for many 
practical purposes is the T,,, value (for instance, thermostable 
enzymes used in recombinant DNA methodologies are useful 
and convenient because of their high denaturation temper- 
atures). We have previously pointed out that, in many cases 
of irreversible (kinetically controlled) protein denaturation, 
the denaturation temperature interval has no direct relation 
with the denaturation Gibbs energy versus temperature profile 
(Conejero-Lara et al., 1991; Sanchez-Ruiz, 1992, 1995); in 
addition, the results shown in Figure 6 indicate that, even in 
cases of reversible denaturation, understanding (or enhance- 
ment) of the protein stability as conventionally measured by 
AEG at 25 "C does not imply the understanding (or 
enhancement) of the operational stability as measured by the 
denaturation temperature. 

The lack of correlation shown in Figure 6 is rationalized 
further below. 

I I I I I  

0 2 4 6  

m3 (mol kg-') 
FIGURE 6: Effect of sarcosine concentration at pH" = 4.5 on RNase 
denaturation temperature (A) and denaturation Gibbs energy at 25 
"C (B). The bars in panel B represent the standard uncertainty 
intervals estimated by linear propagation error, assuming that the 
uncertainty in the calculated AiG arises from those of AEHm and 
A$,, which were taken to be 12 kJ/mol (the standard deviation 
of the fit of eq 13 to the denaturation enthalpy data; see Figure 
3A) and 1 kJ-K-%I"l (see footnote 2 and Figure 4), respectively. 
In both panels, the lines represent the best fits of cubic polynomials. 

Effect of Temperature and Sarcosine Concentration on the 
Denaturational Change in Sarcosine-Protein Preferential 
Interaction. From eq 7, the Ag&3 value at the denatur- 
ation temperature corresponding to specific pH and ing 
conditions can be calculated by using the derivative aTJ 
am3 obtained from the polynomial fitting to the T,  versus 
m3 data (see Figure 6A). Alternatively, Ag&3 values at 
any temperature may be computed as aAiGlam3 (eq 5) 
from polynomial fittings to the AgG/mg profiles previously 
derived for specific temperature and pH conditions (see, for 
instance, Figure 6B). As shown in Figure 7, there is an 
excellent agreement between the values calculated by using 
these two methods. [Values in Figure 7 were calculated from 
data at pH" = 4.5; remember, however, that under the 
AEv = f(pH) approximation, Ai423 values do not depend 
on pH.] 

The temperature dependencies of Figure 7 are phenom- 
enologically related to the entropy convergence temperature 
and the sarcosine effect on the denaturational heat capacity 
change. Thus, we substitute the entropy convergence equa- 
tion (eq 14, with any temperature, T ,  instead of T,) into the 
linkage eq 8, take into account that A i s*  has been defined 
as an m3-independent parameter, and obtain: 

Since aAgcdam, > 0 (Figure 4), we have that aAi@23/aT 
> 0 for T -= T:, and the denaturational change in preferen- 
tial interaction increases with temperature. Furthermore, 
according to eq 18, the value of aA:4,,/aT is higher, the 
lower the temperature and the higher the sarcosine concen- 
tration (because aA&Iam, increases with m3; Figure 4 and 
eq 15), which is precisely what we observe in Figure 7. In 
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FIGURE 7 :  Effect of temperature and sarcosine concentration on 
the denaturational change in protein-sarcosine preferential interac- 
tion. This values were calculated for pH" = 4.5; however, under 
the A i v  = f (pH) approximation, the values do not depend 
on pH (see text for details). (0) Values calculated from the effect 
of sarcosine concentration on T,,, (Figure 6A and eq 7 ) ;  these values 
are obtained at the denaturation temperatures only. (0) Values 
calculated from the effect of sarcosine concentration on the 
denaturation Gibbs energy (Figures 5 and 6B and eq 5). The lines 
are shown to guide the eye and have no theoretical significance. 

fact, the slopes of the plots of Figure 7 show a good 
agreement with those calculated from eq 18 by using the 
T f  value of Table 1 and eq 15 for the m3 dependence of 
AEC, (results not shown). 

The temperature dependence of Ai423 is particularly 
abrupt at the higher sarcosine concentrations (5.27 and 6.61 
m, Figure 7), which merely reflects (see eq 18) the high value 
of aAic4am3 at these concentrations (see eq 15 and Figure 
4). As a result, for m3 > 4, changes sign within the 
temperature range of Figure 7, a fact that phenomenologically 
rationalizes the lack of correlation between AEG at 25 "C 
and denaturation temperature shown in Figure 6. Thus, 

is negative at 25 "C, aAiG/am3 < 0 (eq 5 ) ,  and the 
denaturation Gibbs energy change decreases with increasing 
sarcosine concentration for m3 > 4 m (Figure 6B). On the 
other hand, Ai$23 always remains positive at denaturational 
temperatures (Figure 7); hence, according to eq 7 and taking 
into account that AEH at T,,, is bound to be positive for heat 
denaturation, we have that aTJam3 > 0 and the denaturation 
temperature always increases with sarcosine concentration, 
as shown in Figure 6A. 

Denaturational Change in Preferential Hydration. In 
principle, eq 10 allows us to calculate the denaturational 
change in preferential hydration, Air2, ,  from the AE423 
values previously determined (Figure 7). This calculation 
requires knowledge of the effect of cosolvent on the osmotic 
pressure of the water-cosolvent mixture or thermodynami- 
cally equivalent information. However, to the best of our 
knowledge this information is not available for water- 
sarcosine mixtures. Therefore, we have estimated Air,, at 
m3 = 1.44 and 20 "C by using the an/am3 value [32.1 
amkgmol-I; see Timasheff (1992)l corresponding to water- 
betaine mixtures at 20 "C and the betaine concentration range 
0- 1.5 m [note that betaine is an osmolyte with a chemical 
structure very similar to that of sarcosine]; this procedure 
yields AET,, = 71 mol of water/mol of protein for m3 = 
1.44 and 20 "C. It has been argued (Timasheff, 1992) that 

positive deviations of the osmotic pressure from the ideal 
case are one of the advantageous features of naturally 
occurring osmolytes. If, in spite of this consideration, we 
decide to insert in eq 10 the ideal anlam3 value [23.43 
atm-kgmol-I for m3 = 1.44 and 20 "C, calculated from (RT/ 
V1)/(55.56 + m3)], we only obtain a slightly higher value 
for Air21: 97 mol of water/mol of protein. If, on the other 
hand, we use the high anlam3 value (34.8 atmskgmol-I) 
corresponding to the hypothetical superosmolyte simulated 
by Timasheff (1992), we arrive at A$,, = 66 mol of 
water/mol of protein. 

Therefore, we may safely conclude that the number of 
extra water molecules which are thermodynamically bound 
to RNase upon denaturation in diluted (m3 = 1.44) sar- 
cosine-water is possibly around 70 and that, in any case, 
this number is very unlikely to be significantly higher than 
100. This estimate has been calculated for T = 20 "C; 
nevertheless, approximately the same value should hold for 
other temperatures, since anlam3 and Ai423 (Figure 7) do 
not depend much on temperature at m3 = 1.44. 

The following two lines of reasoning show that AEr,, x 
70 mol of water/mol of protein is much smaller than what 
could be intuitively expected from some common assump- 
tions: 

(1) Seventy is of the same order as the osmotic stress 
estimates of the number of water molecules implicated in 
some ligand-binding processes. For instance, about 60 extra 
water molecules appear to bind to hemoglobin upon full 
oxygenation (Colombo et al., 1992) and about 100 appear 
to be released upon binding of glucose to hexokinase (Rand 
& Fuller, 1992). This qualitative agreement between the 
number of water molecules implicated in denaturation and 
ligand-binding processes is surprising, especially if one 
expects this number to reflect the magnitude of the confor- 
mational changes involved. 

(2) Osmolytes, such as sarcosine, are strongly excluded 
from the surface of the native protein (Arakawa & Timasheff, 
1985; Timasheff, 1992) and the concomitant preferential 
hydration may be modeled (at least as a rough, first 
approximation) by a layer of water with a sharp boundary 
between it and the bulk solvent (Timasheff, 1992). Density 
measurements (Lee et al., 1979) indicate that, in most cases, 
this preferential hydration of the native protein is in the range 
of 0.4-0.6 g of water/g of protein (for instance, for lysozyme 
in water-sarcosine it is 0.48 g/g; Arakawa & Timasheff, 
1985); this range appears to be only slightly larger than some 
estimates of the hydration required to achieve monolayer 
coverage [for instance, 0.38 g/g for lysozyme from studies 
into the effect of hydration on the protein heat capacity (Yang 
& Rupley, 1979) or 0.34 g/g from measurements of the 
nonfreezing water (Kuntz, 1971); for a review on these and 
other methods see Gregory (1995)l. If we conservatively 
assume that a value of 0.4 g/g is valid for RNase in 
sarcosine-water, we have that about 300 water molecules 
preferentially hydrate the native protein; that is, r;l 300 
mol of water/mol of protein. Now, preferential exclusion 
of osmolytes is thought to be due to nonspecific mechanisms, 
such as the increase in water surface tension, which are 
independent of the nature of the protein surface (Timasheff, 
1992) and, hence, simply proportional to the total area 
exposed to the solvent. The water-accessible surface area 
for native RNase is 6790 A2, while that for denatured RNase 

- 
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would be 20 200 A2 if the denatured state is assumed to be 
a fully solvated chain [both values taken from Miller et al. 
(1987)l. According to these ASA values, the preferential 
hydration of the denatured RNase should be about 3 times 
larger than that for the native protein: rFl % 900 mol of 
water/mol of protein3 and the denaturational change in 
preferential hydration is predicted to be A$21 = rFl - 
ryl 600 mol of water/mol of protein, which is about 1 
order of magnitude larger than 70.4 

Clearly, some explanation is required for the surprisingly 
low A$,, value (about 70 mol of water/mol of protein) 
calculated from experimental data. In fact, two possible 
explanations (A and B) are offered below: 

(A) Sarcosine is strongly excluded from the surface of both 
the native and denatured RNase, but the denatured state is 
not a fully solvated chain (therefore, its ASA is much smaller 
than 20 000 A2). This would be consistent with recent 
studies which suggest that thermally denatured RNase retains 
significant structure (Sosnick & Trewhella, 1992; Seshadri 
et al., 1994). On the other hand, this possibility would appear 
to be disfavored by the fact that the experimental value for 
denaturational heat capacity change for RNase (and other 
globular proteins) agrees with that predicted by eq 16 (or 
equivalent approaches), together with the AEASA,,, and 
AiASA,, values calculated assuming a fully solvated de- 
natured state (Murphy & Gill, 1991; Spolar et al., 1992; 
Privalov & Makhatadze, 1992; Yang et al., 1992; Murphy 
& Freire, 1992; Murphy et al., 1992; Sanchez-Ruiz, 1995; 
Makhatadze & Privalov, 1995). We must remember, how- 
ever, that the polar and apolar contributions in eq 16 have 
dzrerent signs; hence, it is mathematically possible to 
reproduce the experimental AiCp value by using values for 
the polar and apolar ASA smaller than those calculated by 
assuming a fully solvated denatured state. 

(B) In diluted aqueous solutions of sarcosine, denatured 
RNase does behave as a fully-solvated chain, but sarcosine 
is not strongly excluded from the surface of the denatured 
state (that is, the denatured state is fully solvated, but by 
water and sarcosine). Of course, this requires that new 
specific interactions between sarcosine and the protein be 
created upon denat~ration.~ In fact, this type of situation 
would have some precedents; thus, cosolvents like poly- 
(ethylene glycol) (Lee & Lee, 1987) and 2-methyl-2,4- 
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pentanediol (Pittz & Timasheff, 1978) are thought to be 
preferentially excluded from the surface of native proteins 
and, at the same time, to interact favorably with denatured 
proteins, 

We cannot decide between these two possibilities (A and 
B), or a combination of both, on the basis of the data 
presented in this paper only. We note, nevertheless, that 
both cases have interesting implications. Thus, if explanation 
A is true, then studies into the effect of osmolytes (such as 
sarcosine) on protein stability could be used to quantify the 
degree of hydration of denatured proteins, thus providing 
an independent measure of the consequences of the possible 
residual structure. If, on the other hand, explanation B is 
true, then it would be possible, at least in principle, to find 
(or, perhaps, design) substances that are more efficient 
protein stabilizers than sarcosine or other osmolytes are. This 
is easily shown by the following “back-of-the-envelope” 
calculation. Assume that denatured RNase behaves as a fully 
solvated chain and that a certain substance is strongly 
excluded from the surface of both the native and the 
denatured protein; then, for RNase denaturation in diluted 
aqueous solutions of this substance (cosolvent) we should 
expect A i r 2 ,  % 600 mol of water/mol of protein. Now, 
using a typical value for anlam, (30 atm-kgmol-’, for 
instance) and eq 10, we arrive at a denaturational change in 
cosolvent-protein preferential interaction (Ai+,,) of about 
33 kJ-kgmol-2. Finally, this latter value may be used in eq 
7, together with typical values of AiH, and T ,  (for 
instance, ARH,,, = 443 kJ/mol and T, = 330 K, which are 
for RNase denaturation in water, pH = 4.5) to find the 
following estimate of the effect of cosolvent concentration 
on denaturation temperature: aTJam3 % 25 Kmol-’*kg, 
which is about 5 times larger than the experimental values 
found for sarcosine (Figure 6A) and other osmolytes (Ar- 
akawa & Timasheff, 1985; Santoro et al., 1992). Therefore, 
even a comparatively low concentration of this hypothetical 
substance would cause a very large increment in denaturation 
temperature. 

The above considerations suggest the interest of systemati- 
cally applying the methodology employed in the present 
paper to the study of the effect of several cosolvents on the 
thermodynamic stability of model proteins. Suppose, for 
instance, that, under certain conditions, the hydration of both 
the native and denatured state of a given protein may be 
represented as a layer of water which is impenetrable to, at 
least, certain kinds of substances; then we should be able to 
find several, chemically different cosolvents that yield 
approximately the same value for Airz1,  a result which 
would support that situation A holds for these cosolvents. 
In fact, the approach based on the use of several cosolvents 
of different chemical nature has been recently employed, 
combined with the osmotic stress method, to determine the 
number of water molecules taken from the solvent upon full 
oxygenation of hemoglobin (Colombo et al., 1992). The 
theoretical and experimental approaches presented in this 
paper suggest that the same approach may be feasible and 
useful in the analysis of protein folding and stability. Work 
along this line has already begun in this laboratory. 
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Using a similar argument, Gregory (1995) concludes that about 
360-400 molecules of water are required to hydrate native lysozyme 
and about 1000- 1400 to hydrate the denatured state, if this is assumed 
to be a fully solvated chain. 

The ASA value for the fully solvated denatured state (about 20 000 
A*) we have used in our calculations is that given by the sum of the 
ASA of the constituent residues in an extended Gly-X-Gly peptide 
(Miller et al., 1987). Values about 15% smaller are obtained by 
modeling the denatured state as an extended P-chain (Livingstone et 
al., 1991). Using this latter ASA values, our predicted A$2, would 
be about 450 mol of water/mol of protein, still more than 6 times the 
value (70) estimated from the experimental DSC data. 

For instance, the apolar parts of the osmolyte might interact 
favorably with the hydrophobic side chains which are exposed upon 
denaturation; this interesting possibility was put forward by Santoro et 
al. [1992; see also see Arakawa and Timasheff (1983)l in order to 
rationalize the effect of the degree of methylation on the T i ncrease 
caused by glycine-based osmolytes. We note, however, that this 
interaction would be intuitively expected to lower the denaturation heat 
capacity (upon interaction, some apolar ASA in the denatured state 
would be removed from contact with water), while the overall effect 
we observe (Figure 4) is an increase in AECp with sarcosine concen- 
tration. 
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SUPPORTING INFORMATION AVAILABLE 

Mathematical derivations for some of the equations given 
in the Basic Theory section and additional details regarding 
the linkage between temperature, cosolvent, and pH effects 
on denaturation thermodynamics (7 pages). Ordering infor- 
mation is given on any current masthead page. 
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