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Abstract - What is the reason for the low solubility of non- 
polar substances in water? Is it true that it is water which 
expels them? Are the o i l  drop and the globular state of 
protein formed by water that avoids contact with non-polar 
groups or is it the interactions between the non-polar grouDs 
that are responsible for their compact packing in aqueous 
media? 

INTRODUCTION 

In studies of the reason for the low solubility of non-polar substances in 
water initiated at the beginning of the century, there have been several waves 
(see e.g. ref. 11, but the largest, which is still at its extreme, has been 
induced by the surprizing discovery that the solubility (X) of all these 
substances is a minimum at about room temperature (Fig. 1). This immediately 
led to the puzzling conclusion that although the transfer of an insoluble 
solute to water requires expenditure of a large work(i.e. the Gibbs energy of 
transfer is large and positive as AG=-RT In X and X is small), the 
enthalpy of transfer, AH, is zero at this temperature, T . This follows from 
the mathematical condition of the extremum of the solubiSfity constant: 

( a  In X)/BT = -(~AG/RT)/~T = AH/RT~ = o 
As AG=AH-TAS, the zero enthalpy, AH, where the Gibbs energy, G, is large and 
positive might only mean that the entropy of transfer of a non-polar substan- 
ce from the pure liquid state to water, AS, is large and negative (Table 1). 
Thus, it appears as if the low solubility of the non-polar solute in an 
aqueous solution is caused by an unfavourable entropy decrease resulting from 
transfer of this solute to water (refs. 4 - 6 ) .  
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Fig. 1. Typical temperature 
dependence of the solubility of 
a non-polar substance (benzene) 
in water. The example is taken 
from ref. 2, omitting experi- 
mental details. 

TABLE 1. Solubility, Gibbs energy, enthalpy, 
entropy and heat capacity increment of trans- 
fer of some typical non-polar substances from 
the pure liquid phase to water at 25OC 

AH AS Substance Solubility A~ 
and its in mole 
surface, - fractions (kJsmol-l) ( J-K-l.mol-l) 

area in XL x 104 
Benzene 

Toluene 

Ethylbenzene 

Cyclohexane 

Pentane 

Hexane 

240 4.01 i9,4 2.08 -58.06 225 

275 1.01 22.8 i,73 -70,7 263 

291 0,258 26.2 2.02 -81.0 318 

273 0,117 28.2 -0.10 -94,a 360 

272 0,095 28.7 -2.00 -102.8 400 

282 0.020 32.5 0 -109.1 440 

See refs. 2,3, 
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WATER ORDERING BY NON-POLAR SOLUTES 

The entropy decrease accompanying transfer of a non-polar substance to water 
was explained by the ordering of water in the presence of this substance. 
One of the arguments in favour of such an assumption arose from the observat- 
ion that the entropy decrease associated with the transfer of a non-polar 
molecule to water is proportional to the surface area of this molecule 
(Table 1). It agreed also with the finding that dissolution of non-polar 
substances in water results in a considerable heat capacity increase proport- 
ional to the surface area of the solute molecules (refs. 7 ,8 ) .  The heat 
capacity increment is just that which one would expect if an increase in 
temperature leads to the gradual melting of water ordered by the presence of 
non-polar molecules, In this case, the heat capacity increment should 
decrease with increasing temperature, as the influence of a non-polar sub- 
stance on the state of water should vanish at elevated temperatures (ref. 9). 
This was indeed found to be the case (Fig. 21, Calorimetric studies showed 
that the heat capacity increment associated with the transfer of various 
non-polar substances from the pure liquid phase to water decreases with 
increasing temperature, asymptotically approaching zero (ref. 10). 

The concept, according to which the hydrophobic effect results from the 
undesirable entropy decrease of water.(i.e. its ordering) in the vicinity of 
a non-polar solute and, thus, could be regarded as the expelling action of 
water on the solute molecules, has gained wide popularity. It has become 
conventional to regard the tendency of hydrophobic solutes to associate as an 
effect caused by the new independent type of molecular interaction in aqueous 
solutions (refs, 11,121, in spite of some feeling of discomfort induced by 
the fundamental difference of this hydrophobic interaction from all other 
types of known interactions. The situation where the entropy effect domina- 
tes the enthalpy one is indeed rather unusual, the more so that in the cases 
connected with water rearrangement these two effects are expected to compen- 
sate each other completely (ref, 13). Therefore, many attempts were under- 
taken to find some other source of the unfavourable entropy decrease upon 
mixing the molecules which differ in their size (refs. 14-18). 

HYDROPHOBIC INTERACTIONS IN PROTEINS 

Hydrophobic interactions have become especially popular among protein 
chemists who have actually coined this concept to explain the compactness of 
protein molecules (ref, 6). There are indeed many non-polar groups in 
protein macromolecules and many of them are clustered together as if avoiding 
contact with water. Therefore it was tempting to regard a globular protein 
in aqueous solution as an oil drop in water stabilized by hydrophobic inter- 
actions. 

This point of view was supported by the finding that the unfolding of a 
compact protein structure, i.e. the process which can be regarded as a 
transfer of internal non-polar groups of a protein to water, proceeds with a 
rather small enthalpy at room temperature (ref. 191, suggesting that the 
entropy factor might play some role in the stabilization of the compact 
state of a protein, 

No less impressive was the finding that the unfolding of a protein structure 
results in a significant heat capacity increase which cannot be explained by 
the gain of configurational freedom upon disruption of the rigid native 
structure (refs. 20-22). This heat capacity increment does not depend on the 
way by which the compact protein structure is disrupted when the protein is 
denatured (by the presence of high concentrations of denaturants, extreme 
pH's or temperature) but is very specific for a given protein and is 
proportional to the number of contacts between its non-polar groups (ref. 23). 
Calorimetric studies over a broad temperature range showed that the heat 
capacity difference between the native and denatured states of a protein is 
likely to decrease as the temperature is increased (Fig. 31, Extrapolating 
this tendency, one can assume that the difference drops to zero at about 
14OoC (Fig. 4 ) .  

Therefore the analogy between protein denaturation and dissolution of non- 
polar solutes in water is sufficiently close to suppose that the unfavourable 
entropy decrease resulting from the hydration of non-polar groups might be 
a factor determining the compact state of protein molecules. Thus, water 
ordering by non-polar groups appeared in proteins as a means of stabilizing 
the non-polar core of molecule, i.e. as a force responsible for the compact- 
ness and integrity of protein structures. 
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Fig. 2. Temperature dependence 
of the heat capacity increment 
of benzene at transfer from the 
pure liquid phase to water 
according to ref, 11. 
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Fig. 4. Denaturational increment of the 
partial specific heat capacity of pan- 
creatic ribonuclease A (RNase) and sperm 
whale myoglobin (Mb) . 

Fig. 3. Temperature depend- 
ence of the partial specific 
heat capacity of pancreatic 
ribonuclease A (RNase) and 
sperm whale metmyoglobin (Mb) 
in solution with pH 4.4. The 
dashed line corresponds to 
the function for a completely 
unfolded protein: RNase with- 
out S-S crosslinks and Apo-  
form of Mb in acidic solution 
(pH 2 . 2 )  (for details see 
ref. 2 7 ) .  

1.0 1 I 1 1 I 1 

20 40 60 a0 100 120 
T / OC 

This force was expected to be a long range one as the hydration effects 
should manifest at a distance of at least two water layers. One could 
then imagine that this feature might play an important role in directing the 
folding of a polypeptide chain towards a unique compact structure, In parti- 
cular, one might suppose that such a long range force could maintain the 
protein in a rather compact but disordered (non-rigid) state in which the 
amino acid residues are not tightly packed and can move searching for a 
proper adjustment, i,e, in liquid-like "molten globule" state (refs. 2 4 - 2 6 ) ,  

THE HYDROPHOBIC EFFECT AT ELEVATED TEMPERATURES 

The conclusion on the role of hydration in the hydrophobicity of non-polar 
solutes and in the stability of the compact protein state was based mainly on 
information obtained at room temperature. This is understandable since most 
of the available experimental data on the solubility of slightly soluble 
solutes and on the denaturation of proteins were obtained at room temperature, 
as this was the easiest to do experimentally and at this temperature the 
hydrophobicity of non-polar solutes is a maximum. Variation of temperature 
was used only to determine heat capacity increments upon transfer of non-polar 
solutes to water, the values of which were considered as an important argument 
in favour of the conception of water ordering by non-polar solutes, 
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However, the heat capacity increment provides evidence not only for the 
existence of additional ordering of water in the presence of a non-polar 
solute, but also that the extent of this ordering decreases as the temperature 
is increased, i,e. that the solvated water melts gradually on heating the 
solution. Correspondingly, one would expect that a temperature increase 
should result in a decrease of the absolute value of the negative entropy of 
transfer of the non-polar solute to water, and that at some sufficiently high 
temperature Ts it should become zero (Fig. 5). 

It is interesting that this temperature TSI at which the entropy of transfer 
of a non-polar substance from the pure liquid phase to water becomes zero, is 
universal for all the substances studied and is about 14OoC, if the heat 
capacity increment of their transfer to water decreases with increasing tem- 
perature in the same way as for benzene (refs. 3 and 27). However, this in 
itself is not as surprising as it seems to be, because the entropy and the 
heat capacity of transfer of a non-polar solute to water are both proportion- 
al to the surface area of the solute, i.e, their ratio, AS/AC , which actual- 
ly determines the temperature at which the entropy becomes zego, is a 
universal constant for all non-polar substances studied (ref. 22). 

Why is this temperature Ts so important? Because the entropy is a temperature 
derivative of the Gibbs energy, aAG/AT = -AS, and, if the entropy of transfer 
is zero, this means that the Gibbs energy of transfer has an extremum at this 
temperature. Thus, the Gibbs energy of transfer of a non-polar substance from 
the pure liquid state to water is maximum at Ts which is the universal tempe- 
rature for all known non-polar substances (Fig. 6). As is clear, this maximum 
value of AG is provided only by the enthalpy of transfer. At the temperature 
Ts the enthalpy of transfer of a non-polar molecule from the pure liquid phase 
to water, AH(Ts), is not zero as it is at TH, but is large and positive (Table 
2). Unfortunately not in all cases this enthalpy can be determined with good 
enough accuracy. Being obtained by extrapolation of the value obtained at room 
temperature its accuracy depends essentially on the precision of the heat ca- 
pacity determination which decreases with decrease of the solubility of studied 
solute. It is especially low for the aliphatic hydrocarbons as are pentane 
and hexane with their too low solubility. But even from the very preliminary 
data which are presented in Table 2 one can see the close correspondence be- 
tween the enthalpy of transfer and the enthalpy of vaporization of the non- 
polar substances at 140°C. This shows that the maximal hydrophobic interaction 
between non-polar molecules which takes place at TS is mainly due to van der 
Waals interaction between the non-polar molecules in the liquid phase (ref.27). 

It follows then that at this temperature Ts water does not solvate the non- 
polar solute, i.e. the solute molecules are not hydrated. At all temperatures 
below Ts there are clear signs of hydration of the non-polar solute (the nega- 
tive entropy and the lower enthalpy of transfer and the significant heat capaci- 
ty increment), and all these signs are more evident as the temperature decreases. 
It becomes clear that the decrease of the Gibbs energy of transfer whichoccurs 
at temperatures below Ts, is caused by the hydration of the non-polar solute. 
Without hydration, and without the heat capacity increment caused by hydra- 
tion, the Gibbs energy of transfer would not change as the temperature is de- 
creased belaw Ts. This means that the Gibbs energy of hydration of a non-lar solute 
is negative: it equalszero at Ts and increases in magnitude as the tempera- 
ture decreases (for details see ref. 27). 
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Fig. 5. Temperature dependence of the 
entropy of transfer of various non-polar 
substances from the pure liquid phase to 
water according to ref. 27. 
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Fig. 6. Temperature dependence 
of the Gibbs energy of transfer 
for various liquid hydrocarbons 
to water according to ref.27. 
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TABLE 2. Enthalpy of transfer from the pure liquid phase to water 
and enthalpy of vaporization from this phase for some non-polar 
substances at 140'C 

cyclO- Pentane Hexane Benzene benzene hexane Substance 

AHtrans/kJmol-l 25 28 35 36 39 46 
AHVap/kJmol-l 24 32 36 29 21 26 

The Gibbs energy of transfer of non-polar molecules from the pure liquid 
phase to water is in fact the only measure of the expulsion of these molecules 
from aqueous solution, i,e. a measure of the hydrophobic interaction between 
the non-polar molecules. It follows from the above, that the hydrophobic 
interaction results from the van der Waals interactions between the non-polar 
molecules, while the hydration of these molecules has only a negative effect - it increases the solubility of these solutes in water (refs. 27-29), 
This conclusion concerning the mechanism of the hydrophobic interaction dis- 
agrees with the conventional point of view, which was considered above. The 
widely spread misinterpretation of the role of hydration of non-polar solutes 
seems to arise from the confusion between the hydrophobicity and the hydropho- 
bic interaction. Intuitively, these two notions seem almost similar. In 
fact, they differ qualitatively as the first one is measured in solubility 
units, i.e. in mole fractions, and the second one is measured in Gibbs energy 
units. Correspondingly, the maximum hydrophobicity is achieved at a tempera- 
ture TH, i.e. at about 20%, while the maximum hydrophobic interaction is 
achieved at Ts, which is about 140OC. A proper choice between these two very 
different temperatures as a reference temperature for a thermodynamic analysis 
of the dissolution of non-polar substances in water is essential, because it 
actually determines the efficiency of the analysis. The choice of TH as a 
reference temperature does not permit the evaluation of the thermodynamic 
parameters of the components of this complex process, namely the dissociation 
of non-polar molecules in the liquid phase and their association with water, 
i.e. their hydration, As has been shown above, this can be done successfully 
only using Ts as a reference temperature and, what is important, this does not 
require any assumptions about the molecular mechanism of the process consider- 
ed (for details see ref. 27). 

It should be noted that the Gibbs energy of hydration of non-polar solutes is 
in itself an integral quantity consisting, as one can imagine, of many compo- 
nents, e.g. the work associated with cavity formation in the solvent, the 
energy of the solute-solvent interaction, the work involved in the rearrange- 
ment of the solvent molecules (water ordering) around the cavity, etc. One 
can evaluate these components only by using some molecular model. Thus, 
according to the scaled particle theory for hard spherical molecules, the 
Gibbs energy of cavity formation in the solvent is positive, depends on the 
relative size of the solvent and solute molecules and increases with increas- 
ing temperature (refs. 15,18). This component is expected to be especially 
large in water which has the smallest molecules of any solvent. Nevertheless, 
as we have seen, in aqueous solution the total Gibbs energy of hydration of a 
non-polar solute is negative. This means that upon dissolution of a non-polar 
solute in water, the other components of the hydration process more than 
compensate for the work required for cavity formation. 

STABILIZATION OF PROTEIN STRUCTURE 

Let us consider now the temperature dependence of the thermodynamic functions 
describing the transition of a protein from the native to the denatured state. 

The main consequence of the denaturational heat capacity increase is that the 
enthalpy and entropy of protein denaturation increase as the temperature 
increases, approaching some constant level at about 14OoC (Fig. 7). These 
levels have been found to be the same for all compact globular proteins 
studied (refs. 23 and 27). 

One can notice a clear similarity and some distinct differences between the 
enthalpy and entropy functions of protein denaturation and these for the 
transfer of a non-polar substance to water. In both cases these functions 
are increasing and in both cases figures the same temperature 14OQC which, as 
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discussed above, is the temperature at which water does not solvate the non- 
polar groups. Thus, the enthalpy and entropy of protein denaturation at 
14OoC do not include the effects of hydration but they correspond to the 
conformational transition of the polypeptide chain involving disruption of 
intermolecular bonds (primarily hydrogen and van der Waals) maintaining the 
compact protein structure, The principal difference between these two pro- 
cesses is in the entropy value: while the entropy of transfer of a non-polar 
solute to water is zero at 14OoC, the entropy of protein denaturation at this 
temperature is large and positive (refs. 23 and 27). 

The difference in the entropy value, at a temperature when hydration effects 
are absent, might only mean that the protein interior is not a liquid-like 
non-polar phase but is a crystal-like phase, which is specified by a definite 
positive melting entropy, The main thermodynamic consequence of this speci- 
ficity of a protein molecule is that the entropy of protein transition from 
the native to the denatured state becomes zero at a much lower temperature 
than the entropy of transfer of n n-polar substances from the liquid phase to 
water, 
degrees higher than the temperature Ti, at which the enthalpy of protein 
denaturation becomes zero. For most of the known proteins, this temperature 
is between O°C and 30°C, and at this temperature the compact native protein 
structure is most stable (Fig. 8). This follows from the fact that the Gibbs 
energy difference between the native and denatured states of a protein is a 
maximum at the temperature at which the entropy difference of these states is 
zero, since, as has been stated, it is the condition for the extremum of the 
AG function. 

It is notable that if protein denaturation were to proceed without a heat 
capacity increase, i,e, without hydration of non-polar groups, the enthalpy 
and entropy of protein denaturation would not depend on temperature, being 
AHo and ASo, respectively, and the Gibbs energy difference between the native 
and denatured states (AG-AHO-TASO) would be a linearly decreasing function of 
temperature. This is because the dissipative force of the thermal motion 
(TASO) is proportional to temperature (Fig. 9). However, when protein 
denaturation proceeds with a heat capacity increase, i.e. with hydration of 
the non-polar groups exposed upon unfolding, then the Gibbs energy difference 
between the native and denatured states deviates from linearit 41. The correc- 
tion of the Gibbs energy function resulting from hydration, AG ydl is always 
negative and increases in magnitude with decreasing temperature (ref, 27). 
As a result, at some sufficiently low temperature the stability of the 
native state of a protein can decrease to zero and the protein can denature. 
This cold denaturation process has been demonstrated f o r  a number of globular 
proteins (see e.g, refs. 31,321. In contrast to heat denaturation, cold 
denaturation of proteins proceeds with a release of heat, i.e. with a 
decrease in the enthalpy and entropy, showing that it is accompanied by 
extensive hydration of the non-polar groups exposed upon denaturation 
(Fig, 10). 

Usually the temperature Ti for protein denaturation is only few 

CONCLUDING REMARKS 

It turns out, therefore, that the hydration of non-polar groups is not the 
means by which the compact state of a protein molecule is stabilized and is 
not the reason that the solubility of non-polar solutes in water is low. 
Just the opposite: the hydration of non-polar groups increases the solvat- 
ion tendency of these groups in water and destabilizes the compact protein 
structure which is in fact stabilized by the van der Waals and hydrogen 
bonding of the tightly packed amino acid residues. This destabilizing 
action of water solvation is zero at about 14OoC and increases as the 
temperature decreases, 

Assuming under the "hydrophobic interaction" the cumulative effect of the van 
der Waals interactions between non-polar groups and of the hydration of these 
groups, one can see that this integral effect should increase with increasing 
temperature. However, the hydrophobic interaction increases due to the 
decrease in the hydration contribution at increasing temperature (and not to 
its increase as was believed earlier) because these two contributions differ 
in their sign. 

An important consequence of the fact that the van der Waals and hydration 
effects are contributing to the hydrophobic effect with the opposite sign is 
the biphasic character of this integral effect, Indeed, since the van der 
Waals interaction is a short range one and the hydration effect is a long 
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Fig, 8, The Gibbs energy dif- 
ference of the denatured and 

a native states of myoglobin and 
ribonuclease A under the same 
conditions as indicated in Fig.7, - -1 
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Fig. 7, Temperature dependen- 
ces of the molar enthalpy 
(a) and entropy (b) of denatu- 
ration of myoglobin and ribo- 
nuclease A (per mole of amino 
acid residues) in solutions 
providing maximal stability 
of these oroteins. 
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Fig. 9, Contributions of the dis- 
sipative force, TASO, and water 
solvation effect, AGhYd, to the 
stabilization of an abstract globu- 
lar protein consisting of about 
200 amino acid residues (for 
details see ref. 30) 
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Fig. 10. Microcalorimetric recording of 
the heat effect upon cooling and subsequent 
heating of an aqueous solution of apomyo- 
globin (pH 4,8). The low temperature peaks 
correspond tothe release of heat upon cold 
denaturation and to the heat absorption upon 
renaturation of the protein at subsequent 
hea t ing ; theh igh tempera tu repeakcor re sponds  
to heat absorption upon heat denaturation 
(for details see ref. 3 2 ) .  
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range one, it is evident that the "hydrophobic interaction" should be attract- 
ive at short distances and repulsive at long distances (exceeding the size 
of a water molecule). This might be one of the reasons for the extreme co- 
operativity of a tightly packed native protein domain which is disrupted in 
an all-or-none way and always involves penetration of water inside the prote- 
in structure (ref. 23). This would also explain the failure of all attempts 
to discover the hypothetical liquid-like "molten globule" state of proteins 
in which the amino acid residues are proposed to be held together only by the 
long range interactions which were supposed to be the hydrophobic interact- 
ions (see e.g. ref, 33). 

One can notice that this alternative to the conventional concept of the 
hydrophobic effect brings us back to the twenties when the hydrophobicity of 
non-polar solutes was explained by their "like to like" attraction (ref, 34), 
But as cyclicity is a general princiFle in the evolution of science, one can 
consider the presented above as the next wave in our comprehension of the 
hydrophobic effect. 

REFERENCES 

1, 

2. 

3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

11. 

12 0 

13 

14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 

C. Tanford, The Hydrophobic Effect: Formation of Micells and Bio 
Membranes, Wiley Interscience, New York - London (1980). 
S.J. Gill, N.F. Nichols and I. Wadso, J. Chem. Thermodynamics 8 ,  
(1976). 
R.L. Baldwin, Proc. Natl. Acad, Sci., USA 83, 8069-8072 (1987). 
H.S. Frank and M.W. Evans, J. Chem. Phys. 13, 507-532 (1945). 
H.S. Frank and W.Y. Wen, DiScuss. Faraday SOC. 24, 133-140 (1957) 
W. Kauzmann, Adv. Protein Chem. 2, 1-63 (1959). 
JOT. Edsall, J. Amer. Chem. SOC. 57, 1506-1507 (1935). 
S.J, Gill and I. Wadso, Proc. NatlTAcad, Sci,, USA 12, 2955-2958 
S.J, Gill, S.F. Dec, G. Olofsson and I. Wadso, J. Phys. Chem. 89, 
3761 (1985). 

1 - .ogical 

445-452 

(1976). 
3758- 

G.I. Makhatadze and P.L. Privalov, J. Chem. Thermodynamics 20, 405-412 
(1988) 
F. Franks and D.S. Reid, in Water. A Comprehensive Treatise (F. Franks, 
ed.), vo1.2, pp.323-661, Plenum Press, New York - London (1973). 
F. Franks, Farad. Symp. Chem. SOC. 17, 7-12 (1982). 
R. Lumry and ROB. Gregory, in The Fluctuating Enzyme (C.R. Welch, ed.), 
Wiley Interscience (1986). 
R.A, Pierotti, J. Phys. Chem, 67, 1840-1845 (1963). 
M. Lucas, J. Phys. Chem. 80, 359-362 (1976), 
L.W, Pratt and D. Chandlec J. Chem. Phys. 67, 3683-4212 (1977). 
A. Ben-Naim, Hydrophobic Interactions, Plenum Press, New York (1980). 
B. Lee, Biopolymers 24, 813-823 (19851, 
J. Hermans, Jr. and G. Rialdi, Biochemistry.f?, 1277-1281 (1965). 
P.L.Privalov, Biofizika (USSR) 8, 308-316 (1963). 
J.F. Brandts, J. Amer. Chem. SOC. 86, 4291-4301 (1964). 
J.M. Sturtevant, Proc. Natl. Acad. Sci., USA 2, 2236-2240 (1977). 
P.L. Privalov, Adv. Protein Chem. 11, 167-241 (1979). 
E.I. Shakhnovich and A,V. Finkelstein, Dokl. Akad. Nauk SSSR 267, 1247- 
1250 (1982). 

25, O.B. Ptitsyn, D.A. Dolgikh, R.I. Gilmanshin, E.I. Shakhnovich and A.V. 

26. N. Saito, T. Shigaki, Y. Kobayashi and M. Yamamoto, Proteins (in press). 
27. P.L. Privalov and S.J. Gill, Adv. Protein Chem. 40 (1988). 
28. K. Shinoda, J, Phys. Chem. 81, 1300-1302 (1977). 
29. A. Hvidt, Acta Chemica Scandinavica E ,  99-103 (1983). 
30. P.L. Privalov, Adv. Protein Chem. 2, 1-104 (1982). 
31. P.L. Privalov, Yu,V. Griko, S.Yu. Venyaminov and V.P. Kutyshenko, 

32. Yu.V. Griko, P.L. Privalov, S.Yu. Venyaminov and V.P. Kutyshenko, 

33. P.I. Bendzko, W.A. Pfeil, P.L. Privalov and E.I. Tiktopulo, Biophys. Chem. 

34. X W .  McBain and C.S. Salmon, J. Amer. Chem. SOC. 42, 426-436 (1920). 

Finkelstein, Molekularnaya Biologiya (USSR) 17, 569-576 (1983). 

J. Mol. Biol. 190, 487-498 (1986). 

J. Mol. Biol. (in press). 

29, 301-307 (1.988). 




