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Abstract 

The stabilization of ribonuclease A by cu-cY-trehalose was studied by preferential interaction and thermal unfolding. The 
protein is stabilized by trehalose at pH 2.8 and pH 5.5. Wyman linkage analysis showed increased exclusion of trehalose 
from the protein domain on denaturation. Preferential interaction measurements were carried out at 52°C at pH 5.5 and 2.8, 
where the protein is native and unfolded, respectively, and at 20°C where the protein is native at both pH values. At the low 
temperature, the interaction was preferential exclusion. At 52°C the interaction was that of preferential binding, greater to the 
native than the unfolded protein, the increment on denaturation being identical to that deduced from the Wyman analysis. 
The stabilizing effect of trehalose can be fully accounted by the change in transfer free energy on unfolding. The temperature 
dependence of the preferential interactions of 0.5 M trehalose with ribonuclease A showed that it is the smaller preferential 
binding to the unfolded protein than to the native one which gives rise to the stabilization. A thermodynamic analysis of the 
data led to approximate values of the transfer enthalpies and transfer entropies for the trehalose-ribonuclease A system. 

Kqvwords: Trehalose; Preferential interactions: Transfer free energy; Transfer enthalpy; Transfer entropy; Protein stabilization; Co-solvents 

1. Introduction 

It is well known that the native conformation of 
many proteins and enzymes can be stabilized by 
polyhydric molecules such as glycerol and sucrose at 
high concentration ( 2 1 M) [l-15]; and Xie and 
Timasheff, manuscript in preparation. Studies on the 
mechanism of interaction of these compounds with 
proteins have shown that, at room temperature, they 
are preferentially excluded from contact with the 
protein surface [ 10,12- 151. This means that the addi- 
tion of these co-solvents to an aqueous protein solu- 
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tion is thermodynamically unfavorable since it raises 
the chemical potential of both the protein and the 
additive. 

The sugar, cry, a-trehalose, cY-D-glucopyranosyl- 
(1 + I)-a-D-glucopyranoside, is a carbohydrate 
found in living organisms. It is a nonreducing glu- 
cose disaccharide commonly found at high concen- 
trations in anhydrobiotic organisms (as high as 20% 
of the dry weight) [ 16- 191. It has been identified as 
being of potential biotechnological importance, due 
to its effectiveness in stabilizing membrane structure 
in the dry state, inhibiting biological damage at low 
temperature and stabilizing protein structure during 
freezing and freeze drying [19-221. The detailed 
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mechanism by which trehalose produces these stabi- 
lizing effects has not yet been established. It is 
known that trehalose binds to the head group of 
lipids in dry bilayers [23], but the nature of the 
molecular interactions in solution is not yet known 
[24-261. Trehalose has a greater ability to preserve 
membranes in anhydrobiotic organisms and to stabi- 
lize enzymes during the freeze-drying procedure than 
glycerol, glucose, sucrose and galactose [ 19,20,22]. 

Thermodynamic analyses of the interactions of 
sucrose, glucose and lactose [ 10,121 have led to the 
conclusion that these sugars stabilize the native 
structure of proteins by inducing a greater preferen- 
tial hydration of denatured, unfolded proteins than of 
the native structure. Yet this hypothesis has not been 
rigorously tested. It seemed of interest, therefore, to 
examine the detailed mechanism of this stabilization 
by carrying out parallel preferential interaction mea- 
surements of the protein with sugar solutions in both 
the native and denatured states. Trehalose was se- 
lected due to its chemically inert nature. The results 
of these studies are presented in this paper. 

2. Materials and methods 

2.1. Materials 

a, cY-Trehalose dihydrate was purchased from 
Pfanstiehl Laboratories Inc. The pure product is a 
white fine powder with an absorbance at 277 nm of a 
0.5 M aqueous solution lower than 0.04. Some lots 
were rejected, since the absorbance value was as 
high as 0.10 and the solution was yellow. Because of 
its high cost, the trehalose was recycled after use by 
recrystallizing it three times from distilled water. 
Ribonuclease A (RNase A) was purchased from 
Sigma (type II A from bovine pancreas). This protein 
was further purified on a Sulfoethyl-Sephadex c-25 
column in 0.1 M, pH 6.47 phosphate buffer (Xie and 
Timasheff, manuscript in preparation), following es- 
sentially the procedure of Crestfield et al. [27,28]. 
Glycine was the reagent grade product from Sigma. 
The molecular-porous membrane tubing (23 X 100, 
M.W. cutoff: 6,000-8,000) was purchased from 
Spectrum. Fisher standardized 1 N HCl solution was 
used for the pH adjustment of solutions. All solu- 

tions contained 0.04 M glycine at pH 2.8, or 0.04 M 
sodium acetate at pH 5.5. The protein concentrations 
were determined by UV absorbance using an extinc- 
tion coefficient of RNase A of 7.06 dL g-’ cm-’ at 
pH 2.8 and 7.12 dL gg’ cm-’ at pH 5.5 at 277 nm. 
The absorbance values of the protein in concentrated 
trehalose can be expected to be somewhat different 
from those in dilute buffer., For 0.9 M trehalose, the 
protein absorbance values were 7.10 dL g-’ cm-’ 
and 7.20 dL g-’ cm-’ for pH 2.8 and pH 5.5, 
respectively. While this may affect slightly the abso- 
lute values of the partial specific volumes, it should 
have no effect on the preferential interaction parame- 
ters. 

2.2. Thermodynamics of thermal denaturation 

The change in protein absorbance with changing 
temperature was followed on a Gilford Response II 
UV/Vis spectrophotometer at 287 nm. In all experi- 
ments, 1 mg ml-’ RNase was used. The solutions 
were degased for 3-5 min by using a water pump to 
prevent the production of bubbles on heating. The 
temperature change steps were programmed in such 
a way that the rate of heating was N 0.35”C min-‘. 
This had the consequence that in the full heating- 
cooling cycles the protein solutions spent up to 4 h at 
high temperature (> 40°C). since heating was con- 
tinued up to 85°C before being reversed. In all cases, 
the cooling curves were mirror images of the heating 
curves. Since the interaction measurements required 
the protein solutions to be kept at 52°C for 20 h, 
control experiments were carried out following this 
regime. The transition curves obtained after cooling 
for 2 h were normal, which indicated that no irre- 
versible changes had taken place. 

2.3. Prgferential interactions 

The preferential interactions of the solvent com- 
ponents with the protein were obtained from the 
partial specific volumes of the protein measured with 
a Precision DMA-02 density meter (Anton Paar, 
Gratz). All measurements were made at 20°C follow- 
ing the procedures published previously [ 12,29-3 I]. 
Buffer solutions containing a given trehalose concen- 
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tration were filtered through a sintered-glass filter. 
Each preferential interaction point requires that the 
apparent partial specific volume be measured with 
and without dialysis against the solvent at the experi- 
mental temperature, giving, in turn, values at con- 
stant chemical potential, &, and constant molality, 
&, of co-solvent. To this end, for each point, paral- 
lel experiments were carried out. In one set, the 
protein solutions were dialyzed for 20 h at the 
experimental temperature, say 52°C. In the other set, 
the protein solutions were kept for 20 h at the same 
temperature without dialysis. Since the density mea- 
surements, which are a co-solvent concentration 
measurement, were carried out at 20°C both solu- 
tions were then cooled to 20°C for 2-3 h, the one 
that had been dialyzed at high temperature having 
been transferred out of the dialysis bag. Specifically, 
for each point in constant molality experiments, six 
samples (6-20 mg) of RNase were dried in small 
glass test tubes over phosphorus pentoxide at 40°C 
for 2 days in a vacuum oven. After cooling to room 
temperature, about 1 ml of solution was added, 
sealed tightly immediately with Parafilm and left to 
stand overnight at the experimental temperature. 
When the samples had to be kept in a water bath, the 
tubes were sealed by 5 layers of Parafilm and 2 
layers of Saran Wrap. Following this, the samples 
were kept at 20°C for 3-4 h prior to the densimetry 
experiments. In constant chemical potential experi- 
ments, i.e., at dialysis equilibrium with the co- 
solvent, each of seven samples of protein (8-25 mg) 
was dissolved in about 1.1 ml solvent solution and 
transferred into a dialysis bag, the molecular-porous 
membrane tubing, which had been boiled and rinsed 
in deionized water. The samples were dialyzed at the 
desired temperature for about 20 h against 800-1000 
ml of co-solvent solution and then kept for 3-4 h at 
20°C in small tubes that had been sealed tightly to 
avoid evaporation. Following the density measure- 
ment, each protein solution was diluted gravimetri- 
tally with solvent to a final optical density of about 
0.7 ( N 1 mg ml- ’ ). The concentrations were deter- 
mined spectrophotometrically with a Perkin Elmer 
Lambda 3B UV/Vis spectrophotometer. Individual 

42” and 4;” points were measured in up to four 
independent experiments. The results were found to 
be highly reproducible both at low and high tempera- 
ture. 

2.4. Calculation of preferential interaction parame- 
ters 

The partial specific volume of a protein is ob- 
tained from density measurements with the equation 
[321 

~=l/P0x[l-(P-P,)/cl (1) 

where 4 is the apparent specific volume, p and p,, 
are the densities of the protein solution and reference 
solvent, respectively, and c is the protein concentra- 
tion in g ml-‘. 42” and 4;’ were determined under 
conditions at which the molalities of the solvent 
components and their chemical potentials were, in 
turn, kept identical in the protein solution and in the 
reference solvent. Using the notation of Scatchard 
[33] and Stockmayer [34], component 1 = water, 
component 2 = protein, component 3 = additive 
(here trehalose), the preferential binding parameter, 

(~g3/~g2)T,~,./L~~ was calculated by [351 

( ag,/agz )T.!%~L) =PO(~;-~;“)/(l -GJ (2) 

where g, is the concentration of component i in 
grams per gram of water, T is the thermodynamic 
(Kelvin) temperature, pi is the chemical potential of 
component i, 4 is the partial specific volume of 
component 3. The superscript o indicates extrapola- 
tion to zero protein concentration ‘. The values of p, 
and & used are given in Table 1. The preferential 
binding parameter, (ag,/ag,),,,,,,l, expresses the 
excess of component 3 in the immediate domain of 
the protein with reference to its concentration in the 
bulk solvent. A positive value of this parameter 
means an excess of component 3, while a negative 

I The measured values of C#J* and qz were found to be 
independent of protein concentration, whether the protein solution 
was heated or not. This is a strong indication that any effects 
observed are not the consequence of protein self-association or 
aggregation, which, by the Law of Mass Action, must increase 
with protein concentration. For a reversible self-association, its 
effects would be, furthermore, eliminated by extrapolation to zero 
protein concentration. Random, non-specific irreversible aggrega- 
tion (coagulation) has, in previous experience, led to erratic, 
poorly reproducible values of the apparent partial specific vol- 
umes. Furthermore heating at 52” did not generate any measure- 
able turbidity at 450 nm. 
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Table 1 
Characteristic parameters of trehalose solutions 

Trehalose/M dg/g) m,/(mol/lOOOg H,O) k/g ml-’ </ml g-’ Y3 @lny,/am,) 

0 0 0 0.9998 + 0.0001 
0.2 0.0714 0.209 1.0272 + 0.0002 0.600 1.038 0.177 
0.3 0.1095 0.320 1.0407 f 0.0002 0.602 1.058 0.177 
0.4 0.1493 0.436 1.0542 + 0.0001 0.603 1.080 0.177 
0.5 0.1909 0.558 1.0676 + 0.0001 0.604 1.104 0.177 
0.7 0.2804 0.819 1.0942 + 0.0001 0.606 1.156 0.177 

value indicates its deficiency in the domain of the 
protein, i.e., an excess of component 1, water. The 
corresponding preferential hydration parameter, 

(%l/%)r.~,,~LZ~ is given by [10,36,37] 

In molal units, preferential binding is given by 

(am,/amdT,,,,,~ = (M2/M3)(ag3/ag2)T.CL,.~L 

(4) 

where mi is the molality of component i and Mi is 
its molecular weight. The preferential binding pa- 
rameter is a direct expression of the mutual perturba- 
tion of the chemical potentials of components 2 and 
3 [38-401 

(aP*/a%)T.P,m2 = (+%/%)r.P.?nz 

= -(am,/am*),.,,,,,(a~,/am,),.,.,~ (5) 

= - (%/%)T,P,.P, 

x [ nRT/m3 + nRT(alny,/am,)T.P.mz] (6) 

where R is the universal gas constant, IZ is 1 for 
trehalose, and yi is the activity coefficient of compo- 
nent i. The values listed in Table 1 were calculated 
from osmotic coefficient data of Lin and Timasheff 
(to be published) using the relation 

lny, = (4, - 1) + /T3[(& - l)/m,]dm, (7) 

where & is the osmotic coefficient of the trehalose 
solution. The value of 

( alnW%) r.P+ 

was found to be constant at 0.177 for the entire 
trehalose concentration range used in this study. 

3. Results 

3.1. Thermal stabilization 

The thermal transition curves, both heating and 
cooling, of RNase A in varying amounts of trehalose 
at pH 2.8 (A and B) and pH 5.5 (C and D) are shown 
in Fig. 1. It is clear that addition of trehalose causes 
an elevation of the thermal transition temperature of 
RNase A. Taking the midpoint of the transition as 
the transition temperature CT,), it can be seen that 
the thermal transition temperature increased mono- 
tonely with trehalose concentration, as shown in 
Table 2, the increase being greater at pH 2.8 than at 
pH 5.5: at 0.9 M trehalose, the transition temperature 
was raised by 7.8”C at pH 2.8, but only by 5.5”C at 
pH 5.5. The curves of Fig. 1 were analyzed in terms 
of a two-state transition, N =+ D. The relative 
amounts of the protein in the native (cu) and un- 
folded states (1 - a) were estimated from the UV 
absorbance, following the procedure of Biltonen and 
Lumry [41], and the equilibrium constant 

K=a/(l-cu) 

was calculated at each trehalose concentration as a 
function of temperature. From these values, the en- 
thalpy of unfolding as a function of solvent composi- 
tion was obtained from fitting to a truncated form of 
the integrated Van’t Hoff equation [ 12,42-441 

lnK=a+b(l/T) +clnT 

AH”=R(cT-b) (8) 
ACp = Rc 
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Fig, 1. Thermal transitions of mase A. (A), pH 2.8, 0.04 M glycine buffer, heating. (B). same as (A), cooling. ((3, PH 5.5. 0.04 M sodium 
acetate buffer, heating. (D), same as (C), cooling. The trehalose concentrations are listed on the figure. 

Table 2 
Thermodynamic parameters of thermal denaturation of RNase A at pH 2.8 and pH 5.5 in trehalose-water systems 

Treha- T,/“C Heating T,/“C Cooling A Ho at T,,/ A Go (20”C)/ 8( A GO) (20”C)/ 6( A Co) (52”C)/ 
lose/M (unfolding) (refolding) kcal mol- ’ kcal mol - ’ kcal mol- ’ kcal mol - ’ 

pH 2.8 
0.0 40.9 + 0.3 40.5 f 0.4 82.7 * 5 5.51 + 0.3 0 * 0.3 0 f 0.3 B 
0.1 41.8 41.6 82.8 5.72 0.21 0.23 
0.2 42.2 42.0 83.6 5.92 0.41 0.37 
0.3 43.4 43.1 83.9 6.19 0.68 0.62 
0.4 44.1 43.8 84.5 6.43 0.92 0.83 
0.5 45.0 45.0 85.3 6.69 1.18 1.03 
0.6 45.9 45.9 86.8 7.04 1.53 1.25 
0.7 47.0 46.8 88.1 7.38 1.87 1.40 
0.8 47.7 47.6 89.8 7.75 2.24 1.72 
0.9 48.7 48.5 90.4 8.06 2.55 2.00 
pH 5.5 
0.0 60.7 f 0.3 59.4 f 0.4 108.3 * 4 13.15 f 0.4 0 f 0.4 0 f 0.4 a 
0.1 61.1 60.1 107.0 13.20 0.05 0.07 
0.2 61.7 61.1 108.4 13.47 0.32 0.34 
0.3 62.3 61.8 107.7 13.50 0.35 0.44 
0.4 62.9 62.1 106.0 13.71 0.56 0.67 
0.5 63.3 62.6 105.6 13.78 0.67 0.73 
0.6 64.0 62.9 104.7 13.86 0.71 0.92 
0.7 64.8 64.2 107.0 14.14 0.99 1.25 
0.8 65.4 64.8 106.9 14.30 1.15 1.42 
0.9 66.2 65.8 110.4 14.99 1.84 1.81 

a The values of A Go in water at 52°C were -2.91 at pH 2.8 and 2.81 at pH 5.5 
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where AH” is the standard enthalpy change for 
thermal unfolding. The values of AH” for RNase A 
appear to have little dependence on trehalose concen- 
tration both at pH 2.8 (A) and pH 5.5 (B), as shown 
in Table 2. There was no detectable curvature in the 
Van’t Hoff plots. This is similar to the results ob- 
tained for RNase A in sorbitol solutions at pH 2.0 
and pH 5.5 (Xie and Timasheff, manuscript in prepa- 
ration). The resulting thermodynamic parameters are 
summarized in Table 2. The stabilizing effect of 
trehalose was expressed by SCAG”) = 
AG” (sorbitol solution) - AC” (dilute buffer). It is 
seen that the values calculated at two temperatures at 
both pH 2.8 and 5.5 show a consistently significant 
stabilization that increases with an increase in tre- 
halose concentration. 

3.2. Preferential interactions between trehalose and 
RNase A in the native and denatured states 

The contribution of the interaction of solvent 
components with a protein to its stabilization can be 
established by preferential binding measurements to 
the protein in the two states at identical temperature 

[45]. This, by necessity, requires that the two studies 
be carried out at different values of pH. The thermal 
transition data of Fig. 1 and Table 2 permitted the 
identification of such conditions as 52°C where 
RNase A is native at pH 5.5 and unfolded at pH 2.8. 
To ascertain the suitability of these conditions, it was 
necessary to establish first that the preferential inter- 
actions with the native protein are identical at the 
two pH values. This was done by carrying out 
dialysis equilibrium experiments with the native pro- 
tein at 20°C at pH 2.8 and 5.5. The results are 
presented in Tables 3 and 4 and Fig. 2A. It is quite 
clear that, at room temperature, the preferential bind- 
ing values, (JgJag,),,,,,,,, are essentially identical 
at pH 5.5 and 2.8. With the assumption that this 
identity of preferential interactions at room tempera- 
ture is also valid at 52°C it was possible to compare 
directly the measurements at the high temperature at 
the two pH values as those of the two states of the 
protein. This was further supported by the tempera- 
ture study described later in which the preferential 
interactions remained identical up to the onset of the 
unfolding at pH 2.8. 

Examination of Tables 3 and 4 shows that at 20°C 

Table 3 
Preferential interaction parameters of RNase A with aqueous trehalose solutions at pH 2.8 

Treha- 
lose/M G/ml g- ’ @q/ml g - ’ T,p,,p,/ 

(g/g) (mol/mol) (mol/mol) 

20°C 
0.2 
0.3 
0.4 
0.5 
0.7 
52°C 
0.2 
0.3 
0.4 
0.5 

0.700 * 0.001 0.713 * 0.001 - 0.0348 f 0.0027 + 0.487 f 0.037 - 1.39 + 0.11 +371 + 29 +4017 f 309 
0.700 f 0.001 0.722 f 0.001 - 0.06 13 + 0.0028 + 0.560 f 0.025 -2.45 +O.ll f426 f 19 +4711 f 214 
0.700 + 0.001 0.727 + 0.002 - 0.078 1 + 0.0043 + 0.523 f 0.029 -3.13 + 0.17 +398&22 + 4504 + 250 
0.700 * 0.002 0.736 & 0.003 - 0.1082 + 0.0075 + 0.567 f 0.039 - 4.33 + 0.30 +431 f 30 + 4967 + 345 
0.701 + 0.001 0.743 + 0.003 - 0.1364 + 0.0065 + 0.486 + 0.023 - 5.46 + 0.26 f370f 18 +4444 + 212 

0.703 * 0.003 0.703 * 0.003 0 0 0 0 0 
0.703 * 0.002 0.702 + 0.005 f0.0028 + 0.0098 - 0.026 + 0.089 +0.11 + 0.39 - 19 + 67 - 235 + 822 
0.704 * 0.002 0.696 f 0.006 +0.0232 + 0.0116 -0.155 + 0.078 + 0.93 & 0.47 -118+59 - 1484 + 742 
0.704 * 0.002 0.691 f 0.008 to.0391 + 0.0150 - 0.205 * 0.079 + 1.56 f 0.60 - 156 + 60 - 1984 + 763 

a cal (mol of trehalosej- ’ (mol of protein)-’ in 1000 g H20. 

r I p . m at 20°C: 2890, 1923, 1439, 1147 and 814 cal (mol of trehalosej-’ in 1000 g H,O for 0.2, 0.3, 0.4, 0.5 and z 

0.7 M trehalose solutions, respectively. And the values of at 52°C: 3206, 2133, 1596 and 1272 cal (mol trehalosej-* in 1000 T p . m 
* 

g H,O for 0.2, 0.3, 0.4 and 0.5 M trehalose solutions, respectiiely. 
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Preferential interaction parameters of RNase A with aqueous trehalose solutions at pH 5.5 

Treha- 
lose/M d’,o+l g- ’ 4l/rnl g- ’ +J / T,a,,w3/ 

‘fi,.lr> 
(g/d -’ (g/g) (mol/mol) (mol/mol) 

20°C 
0.2 0.699 k 0.001 0.712 k 0.001 - 0.0348 + 0.0027 + 0.487 k 0.037 - 1.39 f 0.11 +371+ 29 +4017 309 + 

0.3 0.698 kO.001 0.720 ~0.001 -0.0613 ~0.0028 +0.560* 0.025 -2.45 +O.ll +426 19 + +4711 214 + 

0.4 0.698 i- 0.001 0.724 f 0.002 - 0.0752 -f 0.0043 + 0.504 + 0.029 - 3.01 * 0.17 +383+22 +4331 250 f 

0.5 0.698 f 0.001 0.735 f 0.001 -0.1112~00030 +0.583+0.016 -4.45f0.12 +443 + 12 +5104 138 f 

0.7 0.698 f 0.002 0.740 rt 0.001 -0.1364 + 0.0049 +0.486 + 0.017 - 5.46 f. 0.20 +370* 13 +4444* 159 
52°C 
0.2 0.700 + 0.002 0.698 + 0.004 + 0.0054 + 0.0080 -0.075 + 0.112 +0.21 f 0.31 -57585 -673 1009 & 

0.3 0.700 f 0.004 0.695 + 0.003 +0.0139 f 0.0098 - 0.127 f 0.089 + 0.56 + 0.39 -97+67 -1194+836 

0.4 0.699 + 0.003 0.684 zt 0.005 + 0.0434 + 0.0116 -0.291 k 0.078 + 1.74 + 0.47 -221+ 59 - 2777 740 + 

0.5 0.699 f 0.003 0.674 f 0.009 + 0.0752 f 0.0180 - 0.394 f 0.094 + 3.01 f 0.72 -300572 - 3829 919 + 

a cal (mol of trehalose)- ’ (mol of protein)-’ in 1000 g H20. 

b The values of i %3 1 x T.P.m2 at 20°C: 2890, 1923, 1439, 1147 and 814 cal (mol of trehalose)-* m 1000 H,O g for 0.2, 0.3, 0.4, 0.5 and 
3 

0.7 M trehalose solutions, respectively. And the values of 

1000 H,O for g 0.2, 0.3, 0.4 and 0.5 M trehalose 

at 52°C: 3206, 2133, 1596 and 1272 cal (mol of trehalose)-* in 

the preferential interactions assume progressively (%/am2)T,,,,,3 is - 1.4 moles sugar per mole 
negative values with an increase in trehalose concen- protein and decreases to -5.46 moles sugar per 
tration, the values at the two pH values remaining mole protein at 0.7 M trehalose. At 52”C, however, 
essentially identical. Thus, at 0.2 M trehalose, the interaction is one of preferential binding at all 

0.12 

, 
I I I I 

B 5.5(20?) 

0 

\ 2.6(520c) 1, , 5.5(5Z°C) 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.05 0.10 0.15 0.20 0.25 0.30 

93 (9/d 93 (g/g) 

Fig. 2. Trehalose concentration dependence of: (A) the preferential binding of co-solvent to RNase A; (B) the preferential hydration of 
RNase A. (0) pH 5.5, 20°C; (0) pH 2.8, 20°C; (v) pH 5.5, 52°C; (V ) pH 2.8, 52°C. 
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trehalose concentrations. The binding is stronger to 
the native protein than to the unfolded form. At 0.5 
M trehalose, it has values of 3.0 moles of sugar per 
mole protein at pH 5.5 and 1.56 moles sugar per 
mole protein at pH 2.8. Comparison of the interac- 
tions in terms of preferential hydration, shown in 
Fig. 2B, demonstrates strikingly that the protein 
maintains a level of preferential hydration which is 
identical at pH 2.8 and 5.5 and does not vary signifi- 
cantly with trehalose concentration. The value of the 
preferential hydration (0.49-0.58 grams water per 
gram protein) is similar to values determined by Bull 
and Breese [46] and Kuntz [47] for a number of 
proteins. Its constancy indicates essentially total ex- 
clusion of trehalose from contact with the native 
protein. Quantitatively, this can be expressed by the 
relation between preferential binding and site occu- 
pancy by water and co-solvent [37,48-501 

where Ai is the amount of component i that is 
bound to (occupies sites on) component 2 as a time 
average, expressed in grams of i per gram of compo- 
nent 2. Thermodynamically, A, and A, are related 
by the exchange equilibria implicit in 

(%/%)T,P,.jLLZ [45,51-531. The linear plot, shown 
in Fig. 2A extrapolates to A, = 0.005 grams tre- 
halose per gram of protein, i.e. to essentially no 
binding. At high temperature the situation is different 
as the data do not fall on a straight line. At all 
trehalose concentrations the preferential hydration is 
negative, more so for the native protein than for the 
denatured form. This indicates that the immediate 
domain of the protein is richer in trehalose than the 
bulk solvent. In molecular terms, some sugar 
molecules make non-thermodynamically neutral con- 
tacts with loci on the protein surface, with the num- 
ber of contacts being diminished relative to those 
with water when the protein unfolds. The formation 
of such contacts does not imply any kind of specific 
interaction at sites or complexation of the sugar to 
the protein molecule. The interactions remain very 
weak. Preferential interactions at loci on a protein 
mean exchange with weakly interacting water 
molecules [5 1,521. The exchange equilibrium con- 
stants are of the order 0.02 m-’ and the correspond- 
ing free energies of interaction per site are < 1 0.051 
kcal mol-’ [45,53]. Therefore, a minor shift in the 

relative affinities of water or trehalose for some loci 
on the protein surface (by N 0.05 kcal mol-‘) can 
lead to a shift in the measured preferential interac- 
tions including a change in sign. 

3.3. Transfer free energy 

The free energy of interaction between protein 
and co-solvent, with water as reference state, is the 
transfer free energy, Apz = 
pL2 (solvent of a given composition) - j+ (water). 
This is obtained by integration of the preferential 
interaction parameter, (+~Jdm~)r,~,~~, which is re- 
lated by Eq. (5) to the binding measured by dialysis 
equilibrium 

= -/~,m’(am~/am2)T,,,,,1 

x G4-%/~m,)T,P,m2dm, (10) 

The values of the preferential interaction parame- 

ter? (ak%/am3)T,p,m27 presented in Fig. 3, were fitted 
to quadratic forms in trehalose concentration and 
integrated according to Eq. (10). The resulting data- 
fitting equations are listed: 

Native protein (pH 2.8, 20°C): 

(at%/am3)T,p.mz=3.i3 +5.57m3 

- 4.31m:(r.c.:0.99) 

A /-% N = 3.13m, + 2.79m: - 1.44m: 

Native protein (pH 5.5, 20°C): 

(ak/am3)T.p,mz= 3.80+ 1.309 

+ 1.53m2,(r.c.:0.99) 

A p,y = 3.%Om, + 0.65m: + 0.5lm: 

Native protein (pH 5.5, 52°C): 

( a&+) T,P,m* = 0.53 - 3.78m, 

- 7.46mz(r.c.:0.99) 

A p! = 0.53m, - 1.89mz - 2.49mi 

Denatured protein (pH 2.8, 52’C): 

(ak/amS)T.P,m,= 1.02-3.769 

- 3.18m:(r.c.:0.99) 

A py = l.O2m, - 1.88m: - 1.06m: 

(11) 

( 12) 

(13) 

( 14) 
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Fig. 3. Variation of the preferential interaction parameter, ($.~,/am,),,,,~, with trehalose concentration for RNase A. (0) pH 5.5, 20°C; 
(0) pH 2.8, 20°C; (v) pH 5.5, 52°C; (v) pH 2.8, 52°C. 

The transfer free energies of RNase A from water 
to the sugar solution, Ali,2 = ~~~~ - l~,*,~, are pre- 
sented in Fig. 4 as a function of trehalose concentra- 
tion. It is evident that at 20°C the interactions of the 

0 

-1 

-2 

(N) 
-3 - 

I I I 

0.0 0.2 0.4 0.6 0.6 1 .o 

Fig. 4. Chemical potential change of RNase A on transferring it 
from water to an aqueous solution of trehalose. (0) pH 5.5, 20°C; 
(0) pH 2.8, 20°C; (v) pH 5.5, 52°C; (v) pH 2.8, 52°C. 

native protein with trehalose solutions at both pH 
values are thermodynamically unfavorable relative to 
pure water, as ApZ assumes progressively increas- 
ing positive values with increasing sugar concentra- 
tion. At the high temperature, however, 52”C, the 
situation is reversed. For the native protein (pH 5.51, 
Ap2 is essentially zero up to 0.3 M trehalose, which 
means that the protein is thermodynamically indiffer- 
ent to contact with water or sugar solution. Above 
this solvent composition, the transfer free energy 
becomes negative, and attains a value of -5.1 kcal 
mol-’ at 0.9 M, i.e., contact between the protein and 
aqueous trehalose becomes highly favorable. The 
unfolded protein, however, exhibits a less favorable 
pattern of interactions with the sugar solutions. In 
fact, after assuming a pattern of weak repulsion, 
Ap2 = 0.1 kcal mol-’ at 0.3 M trehalose, the inter- 
action becomes increasingly favorable above 0.45 M, 
but attains a value of only -2.6 kcal mol-’ at 0.9 M. 
It is this less favorable interaction of trehalose with 
denatured than with native protein which causes it to 
stabilize proteins against unfolding, when water is 
taken as the reference state. 

3.4. Temperature dependence of preferential interac- 
tions 

The measurement of the transfer free energies of 
the protein in the native and denatured states into a 
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cosolvent system of a given composition gives the 
stabilizing ability of the given co-solvent. A full 
understanding of the thermodynamic mechanism also 
requires knowledge of the corresponding enthalpic 
and entropic parameters. This requires that the pref- 
erential interactions be measured as a function of 
temperature. Such measurements were, therefore, 
performed on the interactions of RNase A with 0.5 
M trehalose at pH 2.8 and 5.5. The thermal transition 
data of Fig. 1 show that at pH 5.5, the protein was in 
the native state at temperatures below 54°C (the 
transition takes place between 54.O”C and 72.4”C). 
However, at pH 2.8, denaturation set in above 35°C 
(the transition region is between 34.2”C and 54.8”C). 
Therefore, dialysis equilibrium experiments were 
carried out on RNase A in 0.5 M trehalose between 
4.O”C and 58.O”C at both pH values. At the high pH 
this gave values of the preferential interactions with 

native protein as a function of temperature. At pH 
2.8, however, the preferential interaction measure- 
ments scanned over the transition of the protein, 
native below 34°C and denatured above 52°C after 
passing through the zone of transition. 

The results of these measurements, presented in 
Table 5, show that at isomolal conditions, the appar- 
ent partial specific volume remains essentially in- 
variant with temperature at pH 5.5. At pH 2.8, it also 
was constant below the zone of transition, but in- 
creased slightly as the protein unfolded. At isopoten- 
tial conditions, this parameter, +I?“, changed drasti- 
cally with temperature, as its value decreased sharply. 
As shown in Fig. 5A, the decrease in 4;” was 
stronger at pH 5.5 than at pH 2.8. At low tempera- 
ture, the values of 4;” were identical at the two pH 
values up to 30°C. Above this temperature, #Zo of 
the native protein started to decline sharply. At the 

Table 5 
Temperature dependence of the preferential interaction parameters of RNase A with 0.5 M trehalose solutions at pH 2.8 and pH 5.5 

Tempera- 
Wml g-’ @/ml g- ’ T,e,+3/ ture/‘C 

k/d (mol/mol) (mol/mol) 
pH 2.8 

4 
15 
20 
25 
35 
45 
48.5 
52 
58 
pH 5.5 

4 
15 
20 
30.5 
37 
43 
47.5 
52 
58 

0.700 f 0.00 1 0.737 * 0.00 2 -0.1112*0.0045 + 0.583 + 0.024 - 4.45 + 0.18 +443 + 18 f4824 + 196 
0.700 f 0.001 0.736 5 0.003 - 0.1082 f 0.0060 + 0.567 + 0.03 1 - 4.33 + 0.24 +431 + 24 +4880+271 
0.700 * 0.002 0.736 f 0.003 - 0.1082 * 0.0075 + 0.567 + 0.039 - 4.33 + 0.30 +431+ 30 + 4967 k 345 
0.701 f 0.001 0.736 + 0.003 - 0.1052 f 0.0060 + 0.55 1 + 0.03 1 - 4.21 + 0.24 +419 + 24 +4913 * 281 
0.702 f 0.002 0.735 f 0.005 - 0.0992 + 0.0105 + 0.520 f 0.055 - 3.97 + 0.42 +395 +42 + 4788 k 508 
0.702 f 0.002 0.734 f 0.008 - 0.0962 k 0.0150 + 0.504 + 0.079 - 3.85 + 0.60 +384+60 + 4793 f 749 
0.703 + 0.002 0.726 + 0.005 - 0.0692 k 0.0105 + 0.362 f 0.055 - 2.77 + 0.42 +276+42 + 3485 f 530 
0.704 * 0.002 0.691 + 0.008 +0.0391 * 0.0150 - 0.205 f 0.079 + 1.56 + 0.60 - 156 k 60 - 1984 f 763 
0.704 f 0.002 0.661 + 0.005 +0.1293 f 0.0105 - 0.677 + 0.055 + 5.17 f 0.42 -516k42 - 6700 f 545 

0.698 f 0.001 
0.698 + 0.001 
0.698 f 0.001 
0.698 + 0.002 
0.698 f 0.002 
0.699 f 0.002 
0.699 zt 0.002 
0.699 f 0.003 

0.735 * 0.002 
0.735 f 0.002 
0.735 * 0.001 
0.734 f 0.001 
0.725 + 0.004 
0.714 * 0.007 
0.692 f 0.008 
0.674 of: 0.009 

-0.1112+0.0045 
-0.1112f0.0045 
- 0.1112 f 0.0030 
- 0.1082 f 0.0045 
- 0.08 12 f 0.0090 
-0.0451 * 0.0135 
+0.0210 f 0.0150 
+ 0.0752 f 0.0180 

+ 0.583 f 0.024 
+0.583 f 0.024 
+0.583 + 0.016 
+ 0.567 f 0.024 
+ 0.425 f 0.047 
f0.236 f 0.071 
- 0.110 + 0.079 
- 0.394 + 0.094 

-4.45 f 0.18 
-4.45 f 0.18 
-4.45 + 0.12 
-4.33 + 0.18 
- 3.25 + 0.36 
- 1.80 + 0.54 
+ 0.84 k 0.60 
+ 3.01 * 0.72 

+443 + 18 
+443 f 18 
+443k 12 
+431 f 18 
+324+36 
+ 140 f 42 

-84k60 
-3OOk72 

t4824 + 196 
+5015 + 196 
+5104 + 138 
+5144 + 214 
+ 3946 + 438 
+ 2227 + 668 
- 1054 + 753 
-3829 + 919 

0.699 f 0.003 0.638 f 0.009 +0.1834 f 0.0180 - 0.961 + 0.094 + 7.34 zt 0.72 -731 f 72 -9513 f 936 

a cal (mol of trehalose)-’ (mol of protein)-’ in 1000 g H,O. 

were 1084, 1127, 1147, 1167, 1188, 1206, 1214, 1237, 1245, 1255, 1258, 1272 and 1296 cal (mol of 

0.5 trehalose at 4, 15, 20, 25, 30.5, 35, 37, 43, 45, 47.5, 48.5, 52 and 58°C respectively. 
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Fig. 5. Temperature dependence of: (A) the apparent partial specific volume of RNase A at dialysis equilibrium; (B) the preferential binding 
of co-solvent to RNase A in 0.5 M trehalose solution. (0) pH 5.5; (0) pH 2.8. 

acid pH, this decline set in only above 45”C, i.e. 
after the onset of the unfolding transition. 

The preferential interaction parameters deduced 
from these measurements are presented in Table 5. 
An identical pattern of a decrease in preferential 
exclusion and preferential hydration with rising tem- 
perature is quite evident. The preferential trehalose 
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binding, (ag3/~g2),,,,,,l, is compared for the two 
pH values in Fig. 5B. The values are negative and 
identical at the two pH values below 35°C where 
they are essentially constant. Above this temperature 
they diverge as the values measured at pH 5.5 start 
increasing and become positive at temperatures above 
45°C. The same is true at pH 2.8, but only above 

0.30, , , , , , , 

0.25 - 

0 10 20 30 40 50 60 70 

Temperature (‘C) 

Fig. 6. Temperature dependence of: (A) the preferential hydration of RNase A in 0.5 M trehalose solution; (B) the total binding (site 
occupancy) of co-solvent to RNase A in 0.5 M trehalose solution. (0) pH 5.5; (0) pH 2.8. 
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52°C. This means that the interaction of the co- 
solvent with the protein is greater with the native 
protein than with the denatured form. Expressed in 
terms of preferential hydration, shown in Fig. 6A, 
these results indicate that hydration of the protein 
remains constant below 35°C. Analysis in terms of 
Eq. (9) gives the results of Fig. 6B. These show that 
below 35°C there is total exclusion of trehalose from 
the immediate domain of the protein. Using a value 
of 0.49 grams water per gram protein for A,, which 
is the average measured at 20°C (Tables 3 and 4), 
results in a slightly negative value of the total bind- 
ing of trehalose to RNase A. Above 35°C however, 
there sets in a sharp increase for the native protein 
which at 52°C attains a value of A, of 0.17 grams 
trehalose per gram protein for the native protein, i.e. 
6.8 molecules of trehalose penetrate the hydration 
layer and enter into contact with the protein even 
though the hydration remains at a constant high 
value. For the denatured protein, pH 2.8, at 52°C A, 
attains a value of only 0.13 grams trehalose per gram 
protein, or 5.3 molecules of trehalose that make 
contact with one molecule of protein. 

3.5. Thermodynamic parameters of the preferential 
interactions 

The transfer free energy, A pz, which is the change 
in the partial molal free energy, c2, of the protein 
when transferred from water to the co-solvent sys- 
tem, is the sum of the contributions of the partial 
molal enthalpy, Zz, and the partial molal entropy, 
3,. Therefore, knowledge of the concentration de- 
pendence of the preferential interaction parameter as 
a function temperature should permit the deduction 
of the necessary entbalpy and entropy parameters, 
since 

= ( a&/am3)T,P,,+ - T( &/+)r,P,mz (15) 

The temperature dependence of ($+/am,>, P.m, 
at the two pH values is given in Fig. 7. Its analysis in 

terms of Eq. (81, in which 1nK is replaced by 

yields (8~,/am,),,,.,2 and 

(~p,2/~m3)T,i,m . The results of the calculations for 
native RNase A pH 5.5) are shown in Fig. 8. Panel < 

A gives the Van’t Hoff plot of the preferential 
interaction parameter, while Fig. 8B gives the tem- 
perature dependence of the variation of the partial 
molal enthalpy with trehalose concentration obtained 
by applying Eq. (8) to the data of Fig. 8A. This 
parameter is found to increase with temperature, with 
values of -87 kcal mole2 at 4°C and 236 kcal 
mole2 at 58°C which gives a strongly positive value 
of the variation with co-solvent concentration of the 
partial molal heat capacity, 6.0 kcal degg’ (mol 
prot)-’ (mol co-solvent)-‘. It is interesting to note 
that these values are similar to those reported for the 
closely related osmolyte sorbitol. At 25°C the value 

of (Wam&-,,,,Z for the interaction of 0.5 M 
trehalose with RNase A is 30 kcal mol-*. For 30% 
sorbitol, it is 28 kcal mol-’ when the protein is 
RNase A (Xie and Timasheff, to be published), and 
48 kcal mole2 when the protein is bovine serum 
albumin [53a]. 

The transfer enthalpy, Ap2,m,, and transfer en- 
tropy, A$, ,,,3 can be calculated by integrating 
(a??2/am,),,,,,l over dm,, since 

A%,tr = Ag2,m, = z2,m, - E2.w 

dm, 

TA%mz = Af72.m, - b2,tr 

15000 

10000 

E” d 5000 

G 
-A 
E 0 

? 

y” z -5000 

-10000 

-15000 

/ I I I I I 

0 10 20 30 40 50 60 70 

( 16a) 

Fig. 7. Temperature dependence of the preferential interaction 
parameter, (4~~ /%)T,P.m2. in 0.5 M trehalose solution, CO), 
pH 5.5; (a), pH 2.8. The dotted line is the parameter calculated at 
52°C for the denatured protein (see text). 
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Fig. 8. Thermodynamics of the preferential interactions of aqueous trehalose solutions with native RNase A. (A) Van’t Hoff plot of the 
transfer free energy variation with trehalose concentration: ( v ) 0.2 M trehalose; (v ) 0.3 M trehalose; (0) 0.4 M trehalose; (0) 0.5 M 
trehalose. (B) Temperature dependence of the variation of the transfer enthalpy with trehalose concentration at 0.2 M ( v 1, 0.3 M (v ), 0.4 
M CO), 0.5 M (0) trehalose. The numbers on the figure are the slopes, which represent (%?~.z/am,),,,,,~ in cal deg- ’ (mol prot)- ’ (mol 
co-solvent)-‘. C. Dependence on trehalose concentration of the transfer enthalpy variation with trehalose concentration at 20°C and 52°C. 
The dotted line is the parameter calculated at 52°C for the denatured protein. D. Dependence of the transfer enthalpy on trehalose 
concentration at 20°C and 52°C. The dotted line is the parameter calculated at 52°C for the denatured protein. E. Temperature dependence of 
the variation of the transfer entropy with trehalose concentration at 0.5 M trehalose. F. Dependence of the transfer entropy on trehalose 
concentration at 20°C and 52°C. 

In the absence of detailed measurements of the 
temperature dependence of preferential interactions 
at several co-solvent concentrations, an approximate 
calculation was carried out with the assumption that 
the form of the temperature dependence of 

($~,/~m,> is th e same at all co-solvent concentra- 
tions. To that end the data at 20°C and 52°C at 0.2, 
0.3 and 0.4 M trehalose were plotted in a manner 
similar to Fig. 8A and subjected to the Van’t Hoff 
analysis of Eq. (8). The resulting values are shown in 
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Fig. 8B as a function of temperature and in Fig. 8C 
as a function of trehalose concentration. Integration 
according to Eq. (16a) gave the values A HZ. lr 
presented in Fig. 8D. Application of Eq. (16b) to the 
data of Fig. 7 and Fig. 8B, as well as those of Fig. 
8D and Fig. 4 gave the entropy parameters of Fig. 
8E and F. While the numbers shown in Fig. 8C, D, 
and F are highly approximate and should be regarded 
as indicative of trends, nevertheless they are useful 
in permitting some qualitative conclusions. With this 
caution, it can be stated that the transfer of RNase A 
from water into aqueous trehalose at high tempera- 
ture is accompanied by large concentration-depen- 
dent positive changes in enthalpy and entropy which 
are close to compensating, while at room tempera- 
tures these changes are much smaller, reflecting the 
positive value of Acp,*. 

4. Discussion 

In the absence of some non-identified and non-de- 
tected, highly reproducible artifact or secondary ef- 
fect, which mimics exactly the linkage between pro- 
tein unfolding and changes in preferential interac- 
tions, the current results give a full, even though in 
parts highly approximate, description of the thermo- 
dynamics of the stabilization of a protein (RNase A) 
by an osmolyte (trehalose) in thermal unfolding. Let 
us examine this in terms of the linkage concept 
taking as reference state first the solvent of a given 
composition and then dilute aqueous buffer, i.e. wa- 
ter. 

4.1. Wyman analysis of the stabilization 

The effect of a ligand on any equilibrium at a 
given concentration of ligand, which is the reference 
state, is expressed by the Wyman linkage equation 
[45,53-561 

where a3 is the activity of component 3, the co- 
solvent, and D and N refer specifically to the denatu- 
ration equilibrium N G= D. Therefore, the slope of a 

log-log plot of the equilibrium constant versus the 
activity of the co-solvent, trehalose in the present 
case, gives the change in preferential binding of the 
ligand to the protein that accompanies the transfor- 
mation of the protein. A plot of the data of Fig. 1 in 
terms of Eq. (17) is given in Fig. 9. Values of slopes 
are written on the figure. The negative values show 
that denaturation of RNase A in the presence of 
trehalose is accompanied by a decrease in the prefer- 
ential binding of trehalose to the protein, and that 
this effect increases with trehalose concentration. 
Specifically, at 52°C for 0.5 M trehalose, the slope 
has a value of - 1.40 + 0.05 moles trehalose per 
mole protein. This should be equal to the difference 
between the preferential bindings measured directly 
on the two end states of the reaction. The data of 
Tables 3 and 4 give values of (dm,/dm,),,,,,3 of 
3.01 moles trehalose per mole protein for the native 
protein (pH 5.5) and 1.56 moles of trehalose per 
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Fig. 9. Linkage plots of the effect of trehalose on the thermal 
denaturation of RNase A at (A) pH 2.8 and (B) pH 5.5. The 
numbers on the figures are the slopes at the given points. 
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mole of protein for the unfolded form (pH 2.8). 
Their difference, 1.56 - 3.01 = - 1.45 moles tre- 
halose per mole protein, is essentially identical with 
that given by the Wyman slope. This identity shows 
that stabilization of RNase A by trehalose is modu- 
lated by general weak protein-co-solvent interac- 
tions, expressed through preferential binding. The 
small value of the change in preferential interactions 
in fact reflects the change in the actual number of 
trehalose-protein contacts which have much greater 
numerical values. Coming back to the decomposition 
of the preferential interactions into total protein sur- 
face occupancy by water and trehalose, as expressed 
through Eq. (91, gives (A: - A:) = 5.32 - 6.76 = 
- 1.44 molecules of trehalose occupying sites on a 
protein molecule. The much larger values of A, than 

@mJam*)r,,,.,, reflect the fact that the latter is a 
pure thermodynamic number that encompasses wa- 
ter-trehalose exchange at loci on the protein surface, 
as well as non-exchangeable water [45,51-531. In 
addition to A,, (drn,/&~,),,,,,,~ contains some 450 
molecules of water that occupy sites on the protein 
surface. On the other hand, site-occupancy values are 
non-thermodynamic quantities that reflect protein- 
ligand contacts that may be detected by some partic- 
ular techniques, such as calorimetry or spectroscopy, 
but which, by neglecting exchange with water, do 
not provide a measure of the global interactions of 
the protein surface with its environment [45,53]. 
Finally, the results of the present study clearly 
demonstrate that stabilization of the native protein 
structure does not require preferential exclusion of 
the co-solvent from the protein surface. In the pre- 
sent example, at 52°C trehalose is preferentially 
bound to both the native and denatured proteins. 
What provides the stabilization is the difference be- 
tween these two quantities. Preferential binding to 
the denatured protein is smaller than that to the 
native form. Hence, there is stabilization. At lower 
temperatures, trehalose is preferentially excluded 
from native protein. For example, at 43°C the pref- 
erential interaction with native protein (pH 5.5) is 
- 1.80 moles of sugar per mole of protein. Wyman 
analysis gives a slope of - 1.72 moles sugar per 
mole of protein. This predicts that the preferential 
interaction with denatured protein would be one of 
exclusion at a level of - 3.5 moles of sugar per mole 
of protein. The finding that at low temperature stabi- 

lization is determined by an increase in preferential 
exclusion of trehalose on denaturation of RNase A, 
while at 52°C it is determined by a decrease in 
preferential binding of trehalose to the protein, does 
not imply in any way a change in the mechanism of 
stabilization. These observations are a trivial conse- 
quence of the fact that preferential interaction, exclu- 
sion or binding, is simply a measure of the gradient 
with co-solvent concentration of the transfer free 
energy (see Eq. (5) and Eq. (10)). Preferential inter- 
action indicates, therefore, whether ApZ is increas- 
ing or decreasing at the given co-solvent concentra- 
tion. Stabilization with respect to water, which is the 
commonly sought parameter, is given by the differ- 
ence between the transfer free energies of the dena- 
tured and native proteins. (For a detailed discussion, 
see Refs. [45,53]). 

4.2. Stabilization relative to pure aqueous medium 

Integration of the Wyman equation (Eq. (17)) 
shows that, with water as the reference state, stabi- 
lization expressed as the increment of the standard 
free energy of denaturation in a given medium over 
that in pure water, 6AG” = AG,” - AG&,, is equal 
to the increment in transfer free energy upon denatu- 
ration, 8Ap2 = Apy - Apy, i.e. 

6AG” = AG; - AG”w = A/$ - A/L; = 6Aj+ 

(18) 

The thermal unfolding results given in Fig. 1 and 
Table 2 were combined with the transfer free ener- 
gies calculated for native and denatured protein at 
52°C from the preferential interaction data of Tables 
3 and 4 with the use of Eq. (13) and Eq. (14). The 
results are summarized in Table 6. It is seen that, at 
all trehalose concentrations, the two sides of Eq. 
(181, after rearrangement into a thermodynamic box, 
are identical within experimental error. Therefore, 
the change in transfer free energy is sufficient to 
account for the stabilization. This means that there is 
no need to invoke any specific interactions, such as 
binding of the sugar at particular structure stabilizing 
loci, to account for its action. General, non-specific 
thermodynamic interaction is sufficient. 
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Table 6 
Closing of the thermodynamic box, (A GG + A py)= (A Gp + 
A my), in the stabilization of RNase A by trehalose at 52°C 

Trehalose/ A G; + A j.$/ 
M kcal mol- ’ 

0.1 - 2.9 1 + 0.08 = - 2.8 
0.2 -2.91 +0.12 = -2.8 
0.3 -2.91+0.10= -2.8 
0.4 - 2.91+ 0.00 = - 2.9 
0.5 -2.91-0.20=-3.1 
0.6 - 2.91-0.52 = - 3.4 
0.7 - 2.91- 1.01 = - 3.9 
0.8 -2.91-1.69=-4.6 
0.9 - 2.91 - 2.62 = - 5.5 

AG,O+A/$/ 
kcal mol- ’ 
- 2.68 + 0.03 = - 2.7 
- 2.54 + 0.01 = - 2.5 
-2.29-0.11 = -2.4 
- 2.08 - 0.34 = - 2.4 
- 1.88 - 0.73 = - 2.6 
-1.66-1.33=-3.0 
-1.51-2.20=-3.7 
- 1.19-3.44 = -4.6 
-0.91 -5.12 = -6.0 

pH 2.8 to the low temperature zone. This extrapola- 
tion was based on two assumptions: 1) that 
(dm,/am,)~,,,,, - (~m,/am,)~,p,+ is independent 
of temperature, and 2) that, in the transition region, 
the preferential interactions are the weighted average 
of the parameters for the native and denatured states 
of the protein, i.e. 

The stabilization, expressed by the change in 
transfer free energy upon denaturation, is a resultant 
of such changes in the transfer enthalpy and transfer 
entropy during denaturation, since 

~4%tr = Ai?&, - TA$.,, - AH& + TAS;,, 

(19) 

The analysis described in Fig. 8 has given approx- 
imate A& tr and AS, tT values for the native protein. 
For denatured protein, data are even more scarce. 
Nevertheless, approximate values for the denatured 
protein below the transition temperature were gener- 
ated by extrapolating the (dpZ/8m3)T,P,m2 curve at 

where fN and fn are the fractions of the protein in 
the native and denatured states. The resulting calcu- 
lated temperature dependence of (~p,/dm,>~,,,,, 
for the denatured protein below the transition is 
shown by the dotted line of Fig. 7. Construction of a 
Van’t Hoff plot, given in Fig. 10A and application of 
Eq. (8) permitted the calculation of the temperature 
dependence of the partial molal enthalpy and entropy 
variations with trehalose concentration. The results 
are plotted in Fig. 10B and C. Both parameters are 
seen to increase with temperature, as had been found 
for the native protein. While the highly approximate 
nature of these calculations requires that the resulting 
numbers be considered only as estimates, neverthe- 
less it would seem that the thermodynamic parame- 
ters for denatured RNase A follow a dependence on 
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Fig. 10. Temperature dependence of the variation with trehalose concentration of the calculated transfer free energy (A), transfer enthalpy 
(B) and transfer entropy (C) of denatured RNase A in 0.5 M aqueous trehalose solution. 
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Table 7 
Transfer enthalpies of native and denatured RNase A at 52°C in aqueous trehalose solutions 

Trehalose/M m,/(mol/lOOO g HzO) A H,,o - A H,o a.~ A$,, a A& a,' 

0.2 0.209 0.1 (0.8) 23.3 23.4 (24.1) 
0.3 0.320 -0.6 (1.2) 39.6 39.0 (40.8) 
0.4 0.436 -2.4 (1.8) 59.2 56.8 (61.0) 
0.5 0.558 -3.3 (2.5) 82.3 79.0 (84.8) 

a AR- 2,~~ 
( am )T,P,m2 "c 

127.4(1;.6) 
147.4c161.9) 
168.3(184.1) 
190.3(207.4) 

a kcal mol protein- ’ 
b kcal mol protein- ’ mol trehalose- ’ 
’ The numbers listed are at pH 5.5; numbers in parentheses are at pH 2.8. 

trehalose concentration that is qualitatively similar to 
that of the native protein. 

Finally, the availability of these values, even 
though estimated and therefore highly approximate, 
has permitted us to evaluate the magnitude of the 
contribution of interactions with the co-solvent to the 
measured standard enthalpy and entropy of denatura- 
tion. This contribution can be expressed by relations 
similar to Eq. (18) for the free energy. For the 
standard enthalpy change, the increment, SAH”, is 
given by 

SAH” = AH;“, - AH; = AZ,,, - A& 

= 6A?$iD (21) 

The calculations are summarized in Table 7, where 
Al?&, was calculated from (AH,“, - AH; + AH&) 
(Eq. (21)), using the data of Table 2 and Fig. 8D. 
The corresponding values of the slope, e.g. 199 & 10 
kcal mol protein-’ mol trehalose-’ at 0.5 M tre- 
halose, agree well with those calculated from the 
extrapolated values of (+,/am,>, P ml, namely 196 
kcal mol protein- ’ mol trehalose-” ,- presented in 
Fig. 10B. 

Examination of the values of the various mea- 
sured and calculated (even though very approxi- 
mately) parameters leads to the observations that: 1) 
the increments of the transfer free energy during 
denaturation are of the same magnitude as the values 
of Ap2 u of the native or denatured proteins; for 
example, at 52”C, 0.5 M trehalose, Ap2,tr has values 
of -0.73 and -0.20 kcal (mol protein)-’ (mol 
trehalosej-’ at pH 5.5 and 2.8, respectively, and a 

stabilizing contribution (SAG”) of 1.0 + 0.3 kcal 
mol-‘). 2) The corresponding enthalpic contribu- 
tions, however, differ greatly. At the same condition, 
A$ has a value of 82.3 kcal (mol protein)- ’ (mol 
trehalosej- ’ and AH” of denaturation has values 
85.3 and 105.6 kcal (mol protein)- ’ (mol 
trehalose)-’ at pH 2.8 and 5.5 respectively. The 
enthalpy increment during denaturation, however, is 
very small, 6AH” = 0 f 3 kcal mol-‘. This leads to 
the conclusions that: 1) The very small free energy 
values result from frequently large enthalpies that 
must be close to compensated by equally large en- 
tropic contributions, which for the transfer parame- 
ters are shown in Fig. 8. 2) The enthalpic contribu- 
tions of interactions with the co-solvent system to 
the stabilization during denaturation are very small 
relative to the standard enthalpy change in the ab- 
sence of the stabilizer, as well as to the absolute 
values of the transfer enthalpies. This means that, on 
denaturation, the interactions with the newly exposed 
structural elements of the protein must be similar in 
nature to those with the surface of the native protein. 
This is consistent with recent analysis by Liu and 
Bolen [57] of the interactions of osmolytes with 
amino acid side chains and peptide groups. These 
authors have shown that sucrose and sarcosine have 
a weak affinity for both polar and some non-polar 
residues, but a lower affinity than water for peptide 
groups. Since protein unfolding exposes to contact 
with solvent a large number of previously buried 
peptide groups, this report leads to the anticipation 
that, in the presence of osmolytes, preferential inter- 
action should be less positive (lower binding or 
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higher exclusion) with unfolded protein than with its 
native form. This is exactly the observation made in 
the present study and permits the reduction in prefer- 
ential binding on unfolding to be ascribed to the 
exposure of peptide groups previously not available 
to solvent molecules. 
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