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ABSTRACT: High-sensitivity differential scanning calorimetry has been used to characterize the energetics 
of the molten globule state of apo-a-lactalbumin. This characterization has been possible by performing 
temperature scans at  different guanidine hydrochloride (GuHCl) concentrations in order to experimentally 
define the temperatureGuHC1 stability surface of the protein. Multidimensional analysis of the heat capacity 
surface has allowed simultaneous resolution of the energetics of the unfolded and molten globule states. 
These experiments indicate that the intrinsic enthalpy difference (Le., excluding additional contributions 
such as those arising from differential GuHCl binding) between the unfolded and native states is 3 1.8 kcal/mol 
a t  25 “ C  whereas that of the molten globule and native states is only 7.7 kcal/mol. At the same temperature, 
the entropy changes are 99.2 and 23.7 cal/K-mol and the heat capacity changes are 1821 and 326 cal/K.mol, 
respectively. Analysis of the thermodynamic data indicates that in passing from the native to the molten 
globule state only - 19% of the hydrogen bonds are broken. In addition, the magnitude of ACp for the molten 
globule suggests that water does not largely penetrate into the interior of the molten globule, implying that 
significant hydrophobic interactions are still present in this state. These parameters provide precise energetic 
constraints io the allowed structural confo;mations of 

R o t e i n  folding/unfolding is generally a highly cooperative 
process in which only the completely folded and unfolded states 
become significantly populated. Under certain circumstances, 
however, several proteins have been shown to exhibit a folding 
intermediate known as a “molten globule” (Kim & Baldwin, 
1982, 1990; Kuwajima, 1989; Baum et al., 1989; Hughson et 
al., 1990; Christensen & Pain, 1991; Ewbank & Creighton, 
1991). The molten globule state of apo-a-lactalbumin (MW 
= 14 200) is the most extensively characterized and has been 
shown to be stable at low ionic strength, low pH, or in the 
presence of intermediate concentrations of denaturants (Ku- 
wajima et al., 1976, 1989; Semisotnov et al., 1987; Baum et 
al., 1989; Jeng et al., 1990). The molten globule intermediates 
found for different proteins appear to have some common 
features, primarily a native-like secondary structure, a high 
degree of compactness, and a disrupted tertiary structure 
(Ohgushi & Sugai, 1983; Ptitsyn, 1987; Kuwajima, 1989). 
The CD spectrum of the molten globule state of apo-a-lac- 
talbumin is similar to that of the native protein in the far-UV 
region but nearly absent in the near-UV region, consistent with 
an almost intact secondary structure but disrupted tertiary 
structure (Dolgikh et al., 1985; Kuwajima, 1989). The molten 
globule state has also been shown to exhibit a rotational 
correlation time and viscosity close to that of the native state, 
indicating that the molten globule is highly compact (Dolgikh 
et al., 1981). Ewbank and Creighton (1991) have recently 
shown that the molten globule state is compatible with a va- 
riety of disulfide bonding pairings, suggesting the absence of 
many specific tertiary structure interactions. 

Even though a significant number of experimental ap- 
proaches have been used to characterize the molten globule 
state, until now the energetics of this state have not been 
experimentally addressed. To the best of our knowledge, this 
paper presents the first direct differential scanning calorimetric 
characterization of the energetics of the molten globule state 
of a protein. 

Supported by Grants RR04328 and NS24520 from the National 
Institutes of Health. 

the molten globule. 

MATERIAL AND METHODS 
Proteins. Bovine apo-a-lactalbumin was purchased from 

Sigma (St. Louis, MO) and reconstituted in 10 mM borate 
buffer, 0.2 M NaCl, and 1 mM EDTA, pH 8.0. The protein 
solution was dialyzed overnight against 4000 volumes of the 
same buffer at 4 OC. Protein concentrations were determined 
spectrophotometrically using a value of El$ of 20.1 at 280 nm 
for a 1-cm path length (Kornman & Andreotti, 1964). Hen 
egg white lysozyme was also purchased from Sigma and 
dialyzed against 15 mM acetate and 0.2 M NaCl, pH 4.5. 
Lysozyme concentrations were determined spectrophotomet- 
rically using a E,% value of 26.9 at 280 nm (Pfeil & Privalov, 
1975). GuHCl stock solutions were prepared in the appro- 
priate protein buffers, the pH was checked and adjusted, and 
the concentration was determined by refractive index mea- 
surements (Pace, 1986; Ramsay & Freire, 1990). The purity 
of the proteins was checked by SDS-polyacrylamide gel 
electrophoresis. 

Differential Scanning Calorimetry. All calorimetric scans 
were performed with a Microcal MC-2 differential scanning 
calorimeter. The calorimetric unit was interfaced to an IBM 
PC microcomputer using an A/D converter board (Data 
Translation DT-2801) for automatic data collection and 
analysis. The samples were degassed for 15 min at room 
temperature prior to being scanned at rates of 60 OC/h. On 
occasion, scans were also run at 90 OC/h to check the absence 
of kinetic effects. The protein concentration for these ex- 
periments was 3-4 mg/mL. Excess heat capacity functions 
were obtained after baseline subtraction, as described previ- 
ously (Freire & Biltonen, 1978; Freire, 1989; Ramsay & 
Freire, 1990). 

Data Analysis. All data analysis was performed on a 
Hewlett-Packard 835 Turbo SRX superminicomputer. 
Nonlinear least-squares analysis was performed by using the 
Marquardt (Marquardt, 1963) and the Simplex minimization 
algorithms (Nelder & Mead, 1965) using software for mul- 
tidimensional analysis (Ramsay & Freire, 1990) developed 
in this laboratory. This software implements the linkage be- 
tween the folding/unfolding equations and the denaturant 
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FIGURE 1 :  Heat capacity function versus temperature for apo-a- 
lactalbumin in 10 mM borate buffer, 0.2 M NaCl, and 1 mM EDTA, 
pH 8.0. The calorimetric scan was performed with a protein con- 
centration of 3 mg/mL at a scanning rate of 60 "C/h. The reversibility 
of this and all the scans in this paper was better than 95%. The dotted 
line represents the characteristic sigmoidal baseline associated with 
proteins exhibiting a AC, for the transition (see the text for details). 
The excess heat capacity function is obtained after subtracting the 
baseline from the heat capacity function. 

binding equations, thus permitting a global analysis of the 
calorimetric scans as a function of several independent vari- 
ables. By analyzing simultaneously the heat capacity surface 
defined along the temperature and denaturant concentration 
axis, the analysis permits the determination of a unique set 
of thermodynamic parameters for the entire set of protein 
folding/unfolding data. Error analysis of the fitted parameters 
was performed with the program NONLIN developed by Dr. 
Michael Johnson at the University of Virginia. This program 
implements a modified Gauss-Newton nonlinear least-squares 
algorithm for the determination of the most probable model 
parameter values and estimates nonlinear asymmetric joint 
confidence intervals for all variable model parameters by an 
approximate nonlinear support plane method (Johnson, 1983; 
Johnson & Frasier, 1985). In addition to the intrinsic fitting 
confidence intervals, the reported errors in this paper include 
potential errors arising from protein concentration determi- 
nations. To include this source of error in the data analysis, 
a simulated f5% error in concentration was introduced at  
random into each curve and the global analysis performed 
again. 

RESULTS 
Differential Scanning Calorimetry. The heat capacity 

function of apo-a-lactalbumin measured at  pH 8.0 and 0.2 
M NaCl is shown in Figure 1. The transition is fully reversible 
as demonstrated by repeated scans of the same sample. As 
shown in the figure, the thermal unfolding of apo-a-lactal- 
bumin is characterized by a single peak centered at 43.26 OC. 
Analysis of the excess heat capacity function obtained after 
baseline subtraction as indicated in the figure yields a calor- 
imetric enthalpy (AHaI) of 66 f 3 kcal/mol and a van't Hoff 
enthalpy (AHVH) of 58 f 2 kcal/mol. Under these conditions, 
the transition is characterized by a AHvH/AHa, ratio of 0.88, 
which is slightly, but significantly, smaller than 1. AH,, is 
equal to the area under the curve, and AHvH is obtained with 
the standard formula 

where C,,,,, is the maximum of the excess heat capacity 
function, T,  is the transition temperature defined as the 
temperature location of C,,,,, and R is the gas constant. The 

I 
I I L \ \ I 

-40 -20 0 20 40 60 80 
Temperature ( deg.C) 

FIGURE 2: Excess heat capacity function versus temperature for 
apo-a-lactalbumin at increasing GuHCl concentrations. From top 
to bottom the concentrations are 0,0.2,0.35,0.5,0.7,0.85, !.O, and 
1.5 M. The dots are the experimental data, and the solid lines are 
the theoretical curves predicted by the threestate molten globule model 
in Figure 4 and the parameters in Table 1. For illustration purposes, 
the predicted cold denaturation curves have been included in the figure 
even though they are beyond our experimental limits. The curves 
have been shifted in the vertical axis for presentation purposes. 
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FIGURE 3: Temperature dependence of the calorimetric (open symbols) 
and van? Hoff enthalpy changes (solid symbols) associated with the 
thermal unfolding of apo-a-lactalbumin (squares) and hen egg white 
lysozyme (circles). 

thermal unfolding of apo-a-lactalbumin is characterized by 
a AC, of 1.9 kcal/K.mol. These values are in excellent 
agreement with the T, of 43.5 OC, the AHa, of 65 kcal/mol, 
and the ACp of 1.5 kcal/K.mol previously obtained by Pfeil 
and Sadowski (1985). 

Figure 2 shows the excess heat capacity function of apo- 
a-lactalbumin obtained at increasing concentrations of GuHCl 
ranging from 0 to 1.5 M. Baselines were subtracted as in- 
dicated in Figure 1 and under Material and Methods. The 
addition of GuHCl destabilizes the native conformation as seen 
by a decrease in T, at increasing GuHCl concentrations. The 
enthalpy change for the transition also decreases at higher 
GuHCl concentrations; however, the measured decrease in the 
calorimetric enthalpy is much larger than the decrease ex- 
pected from the AC, associated with the transition. This point 
is illustrated in Figure 3, where the calorimetric and van't Hoff 
enthalpies for apo-a-lactalbumin obtained at different GuHCl 
concentrations have been plotted as a function of temperature. 
For comparison, the results obtained with the structurally 
homologous protein lysozyme are also shown in the figure. It 
is clear from this figure that the observed decrease in the 
calorimetric enthalpy of apa-lactalbumin is much larger than 
the decrease in the van't Hoff enthalpy and much larger than 
the observed change for lysozyme. Also, in this latter case 
the calorimetric and van't Hoff enthalpies are nearly equal 
to each other at all GuHCl concentrations. On the contrary, 
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for apo-a-lactalbumin, the van’t Hoff to calorimetric enthalpy 
ratio increases upon increasing GuHCl concentrations due to 
the large decrease in AHcal. 

At increasing GuHCl concentrations (see Figure 3), the 
AHvH/AHcal ratio for apo-a-lactalbumin increases monoton- 
ically to values larger than 1. For lysozyme, the AHvH/AHcal 
ratio remains approximately equal to 1 at all GuHCl con- 
centrations studied (0-3 M), indicating that under these 
conditions the thermal unfolding of this protein conforms 
closely to the two-state mechanism. As shown in Figure 3, 
the increase in the AHvH/AHal ratio occurs due to a decrease 
in the measured calorimetric enthalpy rather than to an in- 
crease in the van’t Hoff enthalpy, arguing against protein 
oligomerization as a possible explanation for this behavior. In 
addition, experiments performed at different protein concen- 
trations (1-10 mg/mL) yielded identical results. The calor- 
imetric data are consistent with the notion that the addition 
of GuHCl shifts an increasing fraction of protein molecules 
to a state which appears not to undergo a cooperative or a 
significantly enthalpic unfolding transition, being therefore 
beyond the limits of calorimetric detection. Under those 
conditions, the observed calorimetric peak contains predom- 
inantly the contribution from the fraction of molecules still 
in the native state. Since the data are normalized to the total 
protein concentration, this behavior results in a reduced cal- 
orimetric enthalpy for the observed transition peak. This is 
the behavior expected for the molten globule state (Kuwajima, 
1989). 

In order to test the above idea, calorimetric experiments at 
different GuHCl concentrations were performed in the pres- 
ence of excess Ca2+ (40 mM) (data not shown). Under these 
conditions, formation of the molten globule state is suppressed 
even at high GuHCl concentrations (Tkeguchi et al., 1986). 
In the presence of 40 mM Ca2+, the thermal unfolding of 
a-lactalbumin was centered at 71.3 OC and characterized by 
a AHcal of 80 kcal/mol, a AC,, of 1.6 kcal/K*mol, and a 
AHvH/AHcal of 1.05. This ratio remains very close to 1 (1.07 
f 0.03) even at the highest GuHCl concentration studied (1 
M) in the presence of Ca2+. This result is consistent with 
previous studies indicating that under conditions of excess Ca2+ 
the unfolding transition closely conforms to the two-state 
mechanism even in the presence of GuHCl (Ikeguchi et al., 
1986). On the contrary, at 1 M GuHCl, the AHvH/AHcal for 
apo-a-lactalbumin is already equal to 2.2 and deviates very 
significantly from the two-state mechanism. 

For apo-a-lactalbumin, the apparent AC,, calculated from 
the temperature dependence of the van’t Hoff enthalpy (1.9 
kcal/K-mol) obtained at different GuHCl concentrations is 
similar to the one determined directly (Figure I), whereas that 
obtained from the calorimetric enthalpy is about 2.2 times 
larger (4.15 kcal/K*mol). For lysozyme, the AC,, values de- 
termined directly (data not shown) or from the temperature 
dependence of the van’t Hoff and calorimetric enthalpies are 
all equal (1.8 kcal/K-mol). 

Thermodynamic Analysis. The calorimetric data presented 
above indicate that, upon increasing the concentration of 
GuHCl, an increasing number of apo-a-lactalbumin molecules 
are shifted to a state that contributes significantly less to the 
unfolding transition, thus triggering a significant decrease in 
the calorimetric enthalpy. This conclusion is consistent with 
the CD data reported by Kuwajima (1977) indicating that the 
presence of moderate GuHCl concentrations, such as those 
studied here, induces the formation of the molten globule state. 
The view that emerges from these experiments is that, in the 
absence of GuHCl, the molten globule state is not largely 
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FIGURE 4: Schematic representation of the states, free energies, and 
statistical weights associated with the folding/unfolding equilibrium 
of apo-a-lactalbumin. The state F is the folded, native state (taken 
as the reference state in this paper), the state A is the molten globule, 
and the state U is the unfolded state. ACOA, K O A  and AGO,, K O U  

are the Gibbs free energies and stability constants of the A and U 
states in the absence of denaturant. Xis  the activity of the denaturant 
(GuHCl or urea), Kb is the binding constant of the denaturant, and 
An, and Anu are the differences in the number of binding sites between 
the molten globule and folded states and the unfolded and folded states, 
respectively. 

populated at any temperature. At increasing GuHCl con- 
centrations, the molten globule state becomes progressively 
populated even at temperatures below the transition region. 
Under those conditions, the transition is characterized by the 
presence of three significantly populated states, the native or 
folded state, the molten globule state, and the unfolded state. 
The calorimetric data in Figure 2 permit a rigorous evaluation 
of the thermodynamic transition mechanism. 

Figure 4 schematically represents the three states associated 
with the apo-a-lactalbumin transition as well as their free 
energies and statistical weights. According to those definitions, 
the folding/unfolding partition function can be written as 

= 1 + KOA( 1 + KbaGuHCl)AnA + KO,( 1-k KbaGuHCl)AnU 
(1) 

where KOA and KOU are the stability constants of the A and 
U states in the absence of GuHCl, Kb is the binding constant 
of GuHCl, and AnA and Anu are the difference in the number 
of binding sites between the molten globule and folded states 
and the unfolded and folded states, respectively. These pa- 
rameters are defined in Figure 4. The activity of GuHCl 
(uGuHCI) was calculated using the mean ion activity coefficients 
published by Pace (1986) using the standard formula aGuHC1 

= (aJ2. The population of folded (PF), molten globule (PA), 
and unfolded states (Pu) are given by 

1 

p F =  e 
+ KbaGuHC1)CLnA 
Q P A  = 

‘ U  Q 
The average excess enthalpy is 

where 
(AH) = P A A H A  + PuAHu 
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Table I: FoldinalUnfoldinn Energetics of ADO-a-lactalbumin" 
AHo (25) ASo (25) ACpo 

state (kcal/mol) (cal/K.mol) (cal/K.mol) An A& (kcal/mol) (cal/K.mol) 
A 7.7  f 0.1 23.7 f 0.2 326 f 2 18 f 0.5 -2.62 f 0.03 -9.23 f 0.08 
U 31.8 * 0.1 99.2 f 0.4 1821 f 1 26 f 0.7 -2.62 f 0.03 -9.23 f 0.08 

'The values in the table correspond to pH 8.0 and 0.2 M NaCI. The quoted errors are the estimated uncertainties corresponding to one standard 
deviation. They include uncertainties in concentration determination as well as the correlated uncertainties in the model parameters estimated by 
NONLIN (see the text for details). 

where AHb is the binding enthalpy of GuHCl. AHo, and 
AHo" are the intrinsic enthalpy changes for the molten globule 
and the unfolded state, respectively. AHA and AH, are the 
observed apparent enthalpy changes for the molten globule 
and the unfolded state, respectively. The remaining terms in 
eqs 2-4 are defined in Figure 4. The heat capacity measured 
by differential scanning calorimetry is the temperature de- 
rivative of the excess enthalpy function 

The above equations were used to perform a global nonlinear 
least-squares analysis of the entire family of calorimetric data 
as a function of temperature and GuHCl concentration. The 
results of the analysis are summarized in Table I. The solid 
lines in Figure 2 are the theoretical excess heat capacities 
predicted by the parameters in Table I. For illustration 
purposes, the predicted cold denaturation portions of the curves 
have also been plotted in the figure even though those tem- 
perature regions are outside our experimentally accessible 
range. The cold denaturation of apo-a-lactalbumin has been 
experimentally demonstrated before by circular dichroism 
(Kuwajima, 1977). For comparison, the same analysis was 
performed assuming a two-state transition mechanism. This 
model yielded curves that adjusted poorly to the data as in- 
dicated by the variance of the fit, the F-statistics for the 
two-models, and the presence of systematic deviations in the 
residuals. 

The thermodynamic values in Table I completely describe 
the folding/unfolding equilibrium as a function of temperature 
and GuHCl concentration. As mentioned above, the ther- 
modynamic parameters in the absence of GuHCl are similar 
to those observed before by Pfeil and Sadowski (1985). The 
thermodynamic parameters for the binding of GuHCl agree 
with recent measurements by Makhatadze and Privalov 
(personal communication), also indicating a binding enthalpy 
of -2.6 kcal/mol and a binding constant of 0.6 - 0.7 at 25 "C. 
Also, Okuda and Sugai ( 1  977) have previously estimated 
values of 23 and 10 for An, and AnA, respectively. The ex- 
cellent agreement between those parameters that have been 
measured independently with those obtained from the mul- 
tidimensional analysis provides additional support to the va- 
lidity of the approach used in this investigation. It should also 
be noted that the confidence intervals of the fitted parameters 
obtained from the global analysis are significantly better than 
those that can be obtained from the individual analysis of each 
curve. This is due to a more robustly defined variance space 
resulting from the introduction of a second independent var- 
iable. 

Figure 5 shows the population of states as a function of 
temperature and GuHCI. At zero GuHCl and below the 
transition temperature region, the molten globule never reaches 
more than 16% of the total population of molecules. During 
the transition, however, it reaches approximately 30% of the 
total population. At intermediate GuHCl concentrations 
(1-1.5 M), the molten globule is maximally populated, 

reaching a total of 83% at 10 "C and 1 M GuHCI. At higher 
GuHCl concentrations (>2 M), the unfolded state becomes 
the most significantly populated state at all temperatures. 
These results agree with CD measurements obtained as a 
function of GuHCl concentration (Ikeguchi et al., 1986). 
According to their CD measurements, at 25 OC and 1.5 M 
GuHCl the molten globule population is approximately 47%. 
The population predicted by the parameters in Table I is 42%. 

DISCUSSION 

The molten globule state of apo-a-lactalbumin as well as 
other proteins is thought to be a compact conformation with 
a secondary structure content similar to that of the native state 
but a poorly defined tertiary structure. Recently, it has been 
shown that the molten globule is compatible with a variety of 
disulfide bond pairings, suggesting that it does not exist in a 
single preferred conformation (Ewbank & Creighton, 1991). 
The experiments presented here provide rigorous energetic 
constraints to the possible conformations of the molten globule. 

It has been shown that the enthalpy change associated with 
protein thermal unfolding contains primarily contributions 
arising from the solvent exposure of buried apolar groups in 
the protein as well as the rupture of secondary and tertiary 
structure hydrogen bonds (Privalov & Gill, 1988). Recently, 
the existence of convergence temperatures for the enthalpy 
and entropy changes of globular proteins has been observed 
(Baldwin, 1986; Privalov & Gill, 1988). It has been argued 
that at these temperatures, TH* zz 100 OC and Ts* 112 OC, 
respectively, the hydrophobic contributions to the enthalpy and 
entropy change are zero (Murphy & Gill, 1990, 1991). At 
100 "C the measured enthalpy change is primarily due to the 
disruption of hydrogen bonds. At this temperature, AHA is 
32 kcal/mol and AH, is 169 kcal/mol, suggesting that the 
passage of the native state to the molten globule involves the 
rupture of only -19% of all the hydrogen bonds in the 
molecule. Dolgikh et al. (1985) have shown spectroscopically 
that the a-helix and 6-sheet content of the native and molten 
globule states do not differ by more than 10% and 576, re- 
spectively. Analysis of the crystallographic structure of a- 
lactalbumin indicates that it has a total of 84 hydrogen bonds, 
of which 69 are secondary structure bonds and 15 are tertiary 
structure hydrogen bonds. It is interesting to note that the 
number of tertiary structure hydrogen bonds is similar to the 
number of hydrogen bonds estimated to be broken in the 
molten globule. 

The transition enthalpies in Table I are consistent with the 
notion that in the molten globule state the secondary structure 
is almost intact but the tertiary structure is highly disrupted. 
Also, it is important to note that these enthalpy values are 
intrinsic enthalpy values. The experimentally measured values 
contain additional contributions particularily those arising from 
the differential GuHCl binding. For example, at 25 OC and 
1.5 M GuHCl the effective apparent enthalpy difference be- 
tween the molten globule and the unfolded state is only - 10 
kcal/mol, i.e., a value too small to yield a sharp, highly 
"cooperative" transition. The absence of such cooperative 
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FIGURE 5:  Calculated population of molecules in the folded (panel 
A, top), molten globule (panel B, middle), and unfolded (panel C, 
bottom) states of apa-lactalbumin as a function of temperature and 
GuHCl concentration. 

unfolding of the molten globule state has been observed before 
by other authors (Kuwajima, 1989). A somewhat similar 
situation is expected to occur with the molten globule state 
obtained at very low pH. In this case, the transition from the 
molten globule to the unfolded state is coupled to the pro- 
tonation of several ionizable groups (Kuwajima et al., 1981) 

that contribute to the observed enthalpy. 
The heat capacity change associated with the unfolding of 

proteins contains a large positive contribution due to the ex- 
posure of previously buried hydrophobic groups to water and 
a smaller negative contribution associated with the rupture 
of hydrogen bonds (Murphy & Gill, 1990, 1991; Privalov & 
Makhatadze, 1990). On the basis of solid model compound 
studies, Murphy and Gill (1990, 1991) have estimated these 
contributions as 6.69 cal/K.mol of apolar hydrogen exposed 
to water and -14.3 cal/K.mol of hydrogen bond and have 
shown that these values accurately predict the values obtained 
for globular proteins. These values also predict the observed 
AC, for apo-a-lactalbumin with high accuracy (1.93 kcal/ 
K-mol compared to the experimental value of 1.8 kcal/K.mol). 
Using this approach, we estimate that approximately 16-2076 
of the total number of buried apolar groups become exposed 
to water in the molten globule state. 

The picture that emerges from these studies is that the 
molten globule state is energetically compatible with an almost 
intact secondary structure in agreement with CD, infrared, 
and NMR data (Dolgikh et al., 1985; Baum et al., 1989). 
However, the magnitude of the observed AC, is not abnormally 
high, suggesting that the molten globule exposes only a small 
fraction of the total number of buried apolar groups. This 
observation indicates that water does not significantly penetrate 
into the interior of the molten globule and that, therefore, the 
hydrophobic interactions within the molten globule state are 
still substantial. This conclusion is consistent with the view 
expressed recently by Kuwajima that the molten globule "may 
be characterized as a nonspecific assembly of secondary 
structure segments brought about by nonspecific hydrophobic 
interactions" (Kuwajima, 1989). Previous estimates of the 
AC, for the molten globule have been somewhat higher (-850 
cal/K.mol rather than 326 cal/K.mol) (Pfeil et al., 1986). 
However those experiments were performed for the acidic 
molten globule at pH 2. Whether this is a real difference 
between the two forms of the molten globule awaits further 
experimentation. 

The results presented in this paper for bovine apo-a-lac- 
talbumin are also in agreement with results obtained for the 
molten globule state of other proteins. For example, Chen et 
al. (1989) concluded that the AC, between the molten globule 
transition state and the native state of T4 lysozyme is -500 
cal (K.mol)-' compared to the ACp of -2200 cal (K.mol)-' 
between the unfolded and native states. These values are close 
to the ones in Table I. Recently, Mitaku et al. (1991), using 
fluorescence spectroscopy, also concluded that the molten 
globule state of bovine carbonic anhydrase B is stabilized 
primarily by hydrophobic interactions. 

The absence of a significant number of tertiary structure 
hydrogen bonds coupled to the presence of significant hy- 
drophobic interactions is consistent with the known structural 
features of the molten globule state. Since structures stabilized 
by the apposition of purely hydrophobic surfaces lack the rigid 
geometric constraints created by hydrogen bonds at specific 
locations in the molecule, they have a larger conformational 
entropy. It is conceivable that this gain in conformational 
entropy compensates the loss of tertiary structure hydrogen 
bonds, resulting in the stabilization of the molten globule state. 
This larger entropy is also consistent with the recent obser- 
vation that the molten globule is consistent with a variety of 
disulfide bond pairings (Ewbank & Creighton, 1991). 
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