
Common Features of Protein Unfolding and 
Dissolution of Hydrophobic Compounds 

Protein unfolding and the dissolution of hydrophobic compounds (including solids, 
liquids, and gases) in water are characterized by a linear relation between entropy 
change and heat capacity change. The same slope is found for various classes of 
compounds, whereas the intercept depends on the particular class. The feature 
common to these processes is exposure of hydrophobic groups to water. These 
observations make possible the assignment of the heat capacity change to hydrophobic 
solvation and lead to the description of protein stability in terms of a hydrophobic and 
a nonhydrophobic contribution. A general representation of protein stability is given 
by the heat capacity change and the temperature. 

T HE FORMATION AND STABILITY OF 

the structure of globular proteins is 
of importance in their role as cata- 

lysts and ligand transport molecules. Our 
understanding of the energetic features that 
determine structure is still at a relatively 
primitive state. We understand even less 
about the properties that control the highly 
cooperative nature of the formation of the 
native structure. The carell evaluation of 
the thermodynamics of the folding process 
is a first step in answering these questions. 
Scanning calorimetry (1-3) has provided 
basic information for the evaluation of 
changes in free energy (AG), entropy (AS), 
enthalpy (AH), and heat capacity (AC,, 
constant pressure) and the establishment of 
two significant states in the denaturation 
process. Some of the general features of 
protein stability curves have been described 
recently by Becktel and Schellman (4) for 
the situation of temperature-independent 
heat capacity change and by Franks, Hatley, 
and Friedrnan (5) for the more general case, 
including temperature dependence of the 
heat capacity change. 

Correlation of the thermodynamic prop- 
erties of protein folding with data on hydro- 
phobic model compounds has provided in- 
sight into the general importance of nonpo- 
lar interactions. One of the key features of 
nonpolar compounds dissolved in water is 
their unusually large heat capacity contribu- 
tion (6, 7). The heat capacity is directly 
proportional to the surface area or number 
of solvated water molecules in the first solva- 
tion shell (8). Various views have been 
developed concerning the role that hydro- 
phobic interactions play in determining the 
folded protein structure (9-1 1). 

Privalov has noted that both the denatur- 

*To whom requests for reprints should be addressed. 

ational enthalpy and entropy changes for a 
variety of globular proteins extrapolate to a 
common value (per unit residue) near 
110°C (1). Baldwin (10) recognized that this 
is the same temperature for which the entro- 
py of dissolution of liquid hydrocarbons 
(12) is zero. He suggested that the hydro- 
phobic contribution in stabilizing the native 
protein could be evaluated from the change 
in the heat capacity combined with tempera- 
ture parameters characterizing the dissolu- 
tion of liquid hydrocarbons. His observa- 
tion was consistent with a property noted by 
Sturtevant (13), that the ratio of the entropy 
change to the heat capacity change for &e 
dissolution of a variety of hydrophobic com- 
pounds is a constant. These features are also 
consistent with a general equation of state 
developed for the dissolution process of 
liquid hydrophobic compounds (14). 

The 110°C reference temperature is where 
hydrophobic interaction, j;dged by the free 
energy of dissolution of liquid hydrocar- 
bons, is at its maximum value and is deter- 
mined entirely by enthalpic contributions. 
Baldwin proposed that the hydrophobic free 
energy in proteins could be evaluated from 
these properties (10). On the other hand, 
Privalov and Gill suggested that the hydro- 
phobic free energy change could be more 
accurately delineated from the thermody- 
namic properties of protein denaturation, 
namely, from the heat capacity-dependent 
contribution to the free energy of protein 
unfolding (1 1, 15). Formally both proposals 
are based on the idea that the heat capacity 
change phenomenologically defines the hy- 
drophobic effect and that the change in heat 
capacity is due entirely to exposure of non- 
polar groups to the solvent water. However, 
these formulations lead to contrasting con- 
clusions concerning the effect of hydropho- 
bic interactions on protein stability: the 
liquid hydrocarbon model suggests that hy- 
drophobic interactions always lead to stabili- 
zation, whereas the analysis of general heat 
capacity effects found for globular proteins 
suggests that hydrophobic interactions lead 

Fig. 1. Entropy change of dissolution versus heat 
capacity change at 25°C for apolar gases (x, rare 
gases; 0, saturated hydrocarbon gases), liquid 
hydrocarbons, and solid cyclic dipeptides. The 
elements and compounds are listed in the foot- 
note of Table 1. The solid lines are the least- 
squares fit of the data with a slope of ln ( 2 9 8 1 Q .  
The dotted line represents thermal denaturation 
data on 11 proteins as listed in Fig. 2A. 

to destabilization. In order to explore the 
differences in these proposals we have exam- 
ined the thermodynamic properties of disso- 
lution for a variety of compounds (gases, 
liquids, and solids) containing hydrophobic 
groups for which high-precision informa- 
tion, particularly values of the heat capacity 
change, is available. 

As noted, plots of enthalpy (per residue) 
of denaturation against temperature yield a 
common extrapolated value near 110°C (1) 
and the entropy of dissolution of liquid 
hydrocarbons gives a common extrapolated 
value near 112°C (10). An equivalent way of 
representing such data is to plot the enthal- 
py change or the entropy change versus the 
heat capacity change at a given temperature 
T for the group of compounds under con- 
sideration. If linear representation is ob- 
served, then the condition of a common 
reference temperature and intercept is met. 
Thus, if the heat capacity change at a tem- 
perature T for a given process has a value 
AC,, then the temperature dependence of 
the thermodynamic function, X ,  is described 
with reference to a hypothetical temperature 
T3: 

AH = AH* + AC, ( T  - T#) (1) 
AS = AS* + AC, In ( T I T 3  (2) 

Plots of AH versus AC, or AS versus AC, at 
a temperature Twill have a slope given by 
( T  - T#) or In( TIT,$) and an intercept of 
AH* or AS*. This linear representation has 
the advantage of removing the possible ef- 
fects of a temperature dependence of AC,. 

In Fig. 1 we show four sets of standard 
entropy data, based on high-precision calo- 
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rimetric and solubility studies, plotted by 
the use of this procedure: (i) dissolution of 
'liquid hydrocarbons (12), (ii) dissolution of 
saturated hydrocarbon gases (1 6-20), (iii) 
dissolution of rare gases (16, 21, 22), and 
(iv) dissolution of crystalline cyclic dipep- 
tides (diketopiperazines) (23, 24). In Fig. 2 
both entropy (A) and enthalpy (B) data are 
plotted versus heat capacity change for pro- 
tein denaturation at 25°C for 11 proteins 
that have been examined by scanning cal- 
orimetry (1 l ) .  The notable features of these 
plots are the linearity and the virtually iden- 
tical slopes. 

The slope of the entropy plots allows 
determination of T$ for the dissolution 
processes of model compounds and for the 
denaturation of proteins. The nearly parallel 
slopes observed for these processes allow 
them to be fitted simultaneously to straight 
lines under the condition that T3is the same 
for all of the data sets and yields a T$ of 

Fig. 2. Linear correlation of thermodynamic 
properties for denaturation at 25°C for the fol- 
lowing proteins as tabulated by Privalov and Gill 
[table 1 in (1 I)]: 1, ribonuclease A; 2, egg white 
lysozyme; 3, fragment K4 of plasminogen; 4, a- 
chymotrypsin; 5, P-trypsin; 6, papain; 7, Staphy- 
lococcus nuclease; 8, carbonic anhydrase; 9, cyto- 
chrome c; 10, pepsinogen; and 11, myoglobin. 
(A) Entropy of denaturation versus heat capacity 
change. (B) Enthalpy of denaturation versus heat 
capacity change. 

112" * 3°C. The results are summarized in 
Table 1. Temperatures in this range charac- 
terize molecuiar events of solvation process- 
es of apolar substances. I t  has been suggest- 
ed from thermodynamic features (25) and 
specific models (8, 26) that at this tempera- 
&re approximately one-half of the hydrogen 
bonds of water in the solvation shell are 
broken (27). 

The similar slopes found for the entropy- 
heat capacity plots (Fig. 1) indicate the 
dominant role that water plays in determin- 
ing the thermodynamics- of hydration of 
these compounds. The intercept values cor- 
respond to the process involving no change 
in heat capacity and can be regarded as the 
nonhydrophobic contribution b f  the entro- 
py change. The observed difference in the 
entropy of dissolution between liquids and 
gases of 80 J mol-' K-' corresponds to the 
general prediction of Trouton's rule (28). 
The correspondence between the model sol- 
id compounds and the proteins reflects the 
inherently similar melting and solvation fea- 
tures that are common to these processes 
and supports the contention that the protein 
core is described by properties of organic 
solids (29-31). 

The plots of enthalpy and entropy versus 
heat capacity change for protein unfolding 
(Fig. 2, A and B) are linear and give essen- 
tially the same value for the convergence 
temperature. In marked contrast, liquid hy- 
drocarbons do not show the same conver- 
gence temperature for both the enthalpy and 
entropy functions; the enthalpy of dissolu- 
tion is zero near room temperature, whereas 
the entropy of dissolution is zero near 
112°C. These differences in the properties of 
globular proteins and liquid hydrocarbons 
lead to the two different views about the role 
of hydrophobic effects in stabilizing pro- 
teins. This can be seen in terms of the 
standard free energy change AGO: 

AGO = AH* - TAS* 

The heat capacity term represents the hydro- 
phobic contribution to the free energy 
change, namely, 

Although other contributions to the heat 
capacity change in protein denaturation 
have been suggested (13), the model com- 
pound studies suggest that these other con- 
tributions are largely insignificant. 

In the liquid hydrocarbon case this is the 
only term that contributes to the free energy 
of dissolution and furthermore is always 
positive at practical experimental tempera- 

Table 1. Linear representation and entropy 
change versus heat capacity change at 25°C for 
protein denaturation and dissolution processes of 
model compounds with hydrophobic groups. Er- 
rors shown are 1 SD of fit for a given parameter. 

Process AS* for 
'lope Ts = 112°C 

Protein -0.25 ? 0.01 18 ? 1 
denaturation 

Liquid ' -0.24 * 0.01 -0.5 * 3.1 
hydrocarbon 
dissolution* 

Gas dissolution, -0.28 * 0.01 -78.5 * 2.5 
rare gases,? 
and alkanes* 

Solid -0.23 ? 0.04 16 ? 1 
dissolution 
(hydrophobic 
cyclic dipep- 
tides) § 

*Compounds include benzene, toluene, ethylbenzene, 
cyclohexane, pentane, and hexane. tNeon, argon, 
krypton, and xenon. $Methane, ethane, ropane 
butane, and isobutane. ~ ~ ~ c l o - ( ~ l y c y l - ~ l y c y ~ ,  cyclol 
(alanyl-glycyl), cyclo-(alanyl-alanyl), cyclo-(leucyl-gly- 
cyl), and cyclo-(valyl-valyl). 

tures. For proteins, however, and are 
equal and AGgyd is always less than or equal 
to zero. Thus within proteins the hydropho- 
bic effect, by this thermodynamic descrip- 
tion and with currently available data on 
globular proteins, is found to be destabiliz- 
ing as suggested (1 1) in a less comprehensive 
analysis. The liquid hydrocarbon properties, 
used by Baldwin as a measure of hydropho- 
bic interactions in proteins (lo), now seem 
inappropriate. The close similarity of prop- 
erties of solid model compounds (24) to 
those found in proteins suggests that the 
solid nature of the protein core plays a 
significant role in the formation of the fold- 
ed state. 

From Eq. 3 one can obtain a general view 
of protein stability in terms of temperature 
and hydrophobicity as represented by the 
heat capacity change. A contour plot, nor- 
malized to the number of amino acid resi- 
dues, of the stability of globular proteins as a 
function of T and AC, is shown in Fig. 3. 
This plot is based on a standard state refer- 
ence pH = 7.0 in the absence of denaturants 
or other ligands. Inclusion of these effects 
will shift the contours of the free energy 
surface primarily in a vertical manner 
through general ligand linkage contribu- 
tions. This surface, when applied to a specif- 
ic protein with n amino acids, retains the 
same contour line features but the spacing 
between contour levels is multiplied by a 
factor of n.  The bold line, where AGOln is 
zero, remains unchanged. 

At a given temperature the stability of 
proteins decreases with increasing hydro- 
phobicity, indicated by increasing AC, val- 
ues. For a protein with AC, greater than 50 
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Temperature ('C) 

Fig. 3. Generalized map of the free energy change 
of protein stability per unit amino acid residue as 
a function of heat capacity change and tempera- 
ture. The bold solid line represents the level at 
which AGOln is zero for the denaturation reaction 
of the native protein (N + D). The spacing 
between contour lines is 100 J mol-', with solid 
lines indicating positive values and dotted lines 
indicating negative values. The contour map was 
generated from Eq. 3 with AH* = 6.4 kJ (mol- 
residue)-', AS* = 18.1 J K-' (mol-residue)-', 
and T-k = 112'C. The solid line labeled AGO,,, 
indicates where AGO for a protein with a given 
AC, goes through its maximum value as the 
temperature is raised. 

J K-' (mol-residue)-', the stability rises to a 
maximum value and then decreases with 
increasing temperature. The decrease in sta- 
bility with decreasing temperature is a direct 
manifestation of increased hydrophobic sol- 
vation at lower temperatures and gives rise 
to the phenomenon of cold denaturation. At 
high temperatures, a decrease in stability 
occurs as a result of the dominance of the 
nonhydrophobic entropy contribution, ex- 
pressed in TAS*. The standard state stabil- 
ity surface given in Fig. 3 summarizes the 
universal thermodynamic features found in 
proteins and provides a first-order represen- 
tation of the thermal stability of globular 
proteins. 

REFERENCES AND NOTES 

1. P. L. Privalov, Adv. Protein Chem. 33, 167 (1979). 
2. J.  M. Sturtevant, Annu. Rev. Phys. Chem. 38, 463 

(1987). 
3. E. Freire and R. L. Biltonen, Biopolymers 17, 463 

(1978). 
4. W. J. Becktel and J. A. Schehan, ibid. 26, 1859 

(1987). 
5. F. Franks, R. H. M. Hatley, H. L. Friedman, 

Biophys. Chem. 31, 307 (1988). 
6. J. T. Edsall, J. Am.  Chem. Soc. 57, 1506 (1935). 
7. H. S. Frank and M. W. Evans, J. Chem. Phys. 13, 

507 (1945). 
8. S. J.  Gi, S. F. Dec, G. Olofsson, I. Wadso, J. Phys. 

Chem. 89, 3758 (1985). 
9. W. Kauunann. Adv. Protein Chem. 14. 1 (1959). 

10. R. L. ~ a l d w i ,  Proc. Natl. Acad. ~c i . '  u.'s.A. 83, 
8069 (1986). 

11. P. L. Privalov and S. J. Gill, Adv. Protein Chem. 39, 
191 (1988). 

12. S. J.  Gill, N. F. Nichols, I. Wadso, J. Chem. 
Thermodyn. 8, 445 (1976). 

13. J. M. Sturtevant, Proc. Natl. Acad. Sci. U.S.A.  74, 
2236 (1977). 

14. S. J. G i  and I. Wadso, ibid. 73, 2955 (1976). 
15. P. L. Privalov, Annu. Rev. Biophys. Biophys. Chem. 

18, 47 (1989). 
16. E. Widhelm et al., Chem. Rev. 77, 219 (1977). 
17. S. F. Dec and S. J. Gill, J. Solution Chem. 13, 27 

(1984). 
18. H. Naghibi, S. F. Dec, S. J. Gill, J. Phys. Chem. 90, 

4621 (1986). 
19. , ibid. 91, 245 (1987). 
20. H. Naghibi, D. W. Ownby, S. J. Gill, J. Chem. Eng. 

Data 32, 422 (1987). 
21. S. F. Dec and S. J. Gill, J. Solution Chem. 14, 417 

(1985). 
22. G. Olofsson, A. A. Oshcdj, E. Qvamstrom, I. 

Wadso, J. Chem. Thermodyn. 16, 1041 (1984). 
23. K. P. Murphy and S. J. Gill, Themrochim. Acta 139, 

279 (1989). 
24. , J. Chem. Thermodyn. 21, 903 (1989). 

25. K. Shinoda, J. Phys. Chem. 81, 1300 (1977). 
26. N. Mullet, J. Solution Chem. 17, 661 (1988). 
27. The recently highly successful continuum model for 

water by S. A. Rice and M. G. Sceats [J. Phys. 
Chem. 85,1108 (1981)l and by A. R. H e m  and W. 
Kauzmann [ibid. 93,3770 (1989)l does not involve 
changes in the number of hydrogen bonds, nor has 
it been applied to the effect of inserting apolar 
molecules into water. Thus a quite different interpre- 
tation of the empirical 7W value may evolve from 
this model. 

28. I. Prigogine and R. Defay, Chemical Thermodynamics 
(Longmans Green, London, 1954). 

29. B. Lee and F. M. Richards, J. Mol. Biol. 55, 379 
(1971). 

30. C. Chothia, Annn. Rev. Biochem. 53, 537 (1984). 
31. J.  Bello, Int. J. Peptide Protein Res. 12, 38 (1978). 
32. We acknowledge helpful comments from J. ScheU- 

man and J. Edsall. Supported under NSF grant 
CHE 8611408. 

3 October 1989; accepted 28 November 1989 

Activation of Proto-Oncogenes: An Immediate Early 
Event in Human Cytomegalovirus Infernon 

A rapid increase in the RNA levels of the proto-oncogenes crfos, c-jun, and c-myc was 
detected after human cytomegalovirus infection. Neither inactivation of viral infectiv- 
ity with ultraviolet irradiation (with or without psoralen), nor inhibition of translation 
with cycloheximide or anisomycin adversely affected the enhanced expression of proto- 
oncogenes, even though these treatments substantially reduced or eliminated the 
detection of immediate early viral antigens. The increase in the RNA levels of the 
proto-oncogenes was prevented in the presence of a-amanitin or actinomycin D. Thus, 
expression of these oncogenes appears to be induced by events occurring before the 
onset of viral protein synthesis, perhaps by the interaction of viral particles with the cell 
surface. 

H UMAN CYTOMEGALOVIRUS, A VI- 

rus with demonstrated oncogenic 
potential in vitro ( I ) ,  has long 

been recognized for its ability to stimulate 
cellular DNA synthesis and cell proliferation 
(2). Infection with human cytomegalovirus 
(HCMV) generates cellular responses simi- 
lar to those described for activation of cells 
by growth factors such as platelet-derived 
growth factor (3) including: increased cellu- 
lar levels of the secondary messengers inosi- 
to1 trisphosphate (IP3) and 1,2-diacylgly- 
cerol (DG), Ca2+ influx, increased cytosolic 
Ca2+ activity, and increased cellular levels of 
adenosine 3 ' ,5 ' -monophosphate (CAMP) 
[reviewed in (4)]. It has also been demon- 
strated that HCMV particles that have been 
inactivated and appear to be incapable of 
giving rise to the synthesis of either immedi- 
ate early (IE) or early viral antigens play an 
important role in the stimulation of 
HCMV-induced cell proliferation (5) .  These 

findings suggest that defective or inactivated 
HCMV particles have the capacity to initiate 
cellular replication. 

The molecular interactions associated 
with the activation of cell proliferation have 
been the subject of extensive recent studies 
through analysis of the induction of proto- 
oncogenes in quiescent cells stimulated to 
proliferate by the addition of serum or 
growth factors. From the temporal pattern 
of their expression, it has been suggested 
that proto-oncogenes play a pivotal role in 
the regulation of cell proliferation (6). Since 
stimulation of proto-oncogene expression 
could be involved in cell activation by 
HCMV as previously described (4), we 
wished to determine whether HCMV infec- 
tion affected the expression of selected 
proto-oncogenes. We now show that one of 
the consequences of HCMV infection is a 
striking increase in the levels of RNA de- 
rived from the proto-oncogenes c-fos, cjun, 
and c-myc. 

Department of Microbiology, The University of Texas Quiescent human embryonic lung (LU) 
Medical Branch, Galveston, TX 77550. cells infected with HCMV demonstrated a 
"Permanent address: Department of Microbiology, rapid, transient increase in the levels of 
Medical University of Debrecen, Debrecen H-4012, RNA for the proto~oncogenes cjun, c-fos, Hungary. 
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