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me thermal unfold& of a-lactalbumin hasbeen studied by equilr%rium measurements of aromatic difference spectra, 
and by kinetic measurements of the Joule heating temperature-jump_ The unfolding at neutral pH is a reversible twortate 
tmnsition. Tne equiliirium transition curves are analyzed by the nonlinear least squares method, which @es correct values 
of thermodynamic parameters based on the data in a wide range of temperature. The results are discussed in relation to the 
previous studies on the unfolding by guarddine hydrochloride or by acid. The thermally unfolded state, a partially unfolder. 
species, is shown to he thermodynamically similar to but not identical with the acid state. The folding pathway deduced 
finm the kinetic results is essentially consistent with the foldiis model of a_IactaIbumin proposed previously. Large de- 
creases in entropy and in heat capacity doting the reversed activation suaest the packin, = of the folded segments by hydro- 
phobic interactions, while the forward activation shows a marked temperature dependence, probably caused by the disrup- 
tion of specific long-range interactions. 

The mechanism whereby proteins fold into their 
native three-dizensional conformations, under the 
direction of the amina acid sequence, has been a long 
sou@ after goal [ 1] . A direct way to observe the pro- 
tein folding is to measure the reversible transition to 
the native molecule from the structureless polypeptide 
produced by denaturation 12,3 J. As yet, the available 
data are not sufficient, however, to warrant any con- 
clusion on the mechanism of -ioldi.ng. Most denatura- 
tion processes are known to be so hifly cooperative 
[4--6] that the equilibrium measurements, represented 
by a simple two-state approximation, can give little in- 
formation about the folding pathway I?]_ In such 
cases, kinetic studies on the protein denaturation by 
means of rapid reaction techniques may constitute an 
effective approach to the above problem because much 
information about reaction pathways is available from 
the kinetic analysis of unfolding and refoldiug. 

As part of a search for the above problem, we have 
studied the equilibria and kinetics of the reversible un- 
folding of bovine and human cu-lactafbnmins by treat- 

ment with acid and with denaturants [S-l 5] _ One of 
the important features of denaturation has been found 
in the studies on the unfolding by guanidine hydro- 
chloride, which has demonstrated that the proteins in 
the denaturan+solution undergo a two-stage denatura- 
tion involving a stable intermediate i 10,14,15]. The 
quantitative analysis of the denaturation reactions has 
shown that the above intzrmediate is identical, in a first 
approximation, with the denatured stare by acid (the 
A state), which is a quasi-native species, i.e. not com- 
pletely unfolded, comparable in backbone secondary 
structures to the native (N) state but rather expanded 
[8,10]. The transition between the N and the A states 
was followed kinetically by the stopped-flow pH-jump 
method by measuring the rapid changes in absorbance 
193 I ,15] and in circular dichroism flZ,lS] _ On the 
basis of these experiments, the present authors have 

proposed a probable model of folding of or-lactalbumin, 

which can be divided into three steps [14,15] ; (i) the 
incipient formation of backbone helical structures 
dictated by local interactions, (ii) the packing of the 
helical segments accompanied with hydrophobic inter- 
actions, (iii) the final stabiIization by specific long-range 



interactions; and this model is also consistent with the 
theoretical predictions of protein folding presented by 
other researchers [16,173. 

The aim of the present study is to characterize the 
thermal unfolding of bovine cu-lactalbumin by means 
of equilibrium and kinetic measurements, and to use 
the results to discuss the protein folding in relation to 
the previous studies [S-I 53. 

2. MateriaIs and methods 

Bovine cu-factalbumin was prepared from fresh milk 
by the method described previously [lo]. All chemi- 
.cals were of analytica_l reagent grade. The protein con- 
centration was determined spectrophotometricahy by 
the use of a value of I@& of 20.1 at 280 m-n [18]. A 
molecular weight of 14,200 of &actaTbumin [I 93 was 
used to calculates molar quantities. 

2.2. Merhods 

The temperature-induced difference spectra were 
measured on a Hitachi Perkin-Elmer 124 spectropho- 
tometer, which is equipped with two separate cell 
holders for controlling the temperature in sample and 
reference cells, respectively. The reference cell was 
kept at 25OC while the sample ceh was brought to 
various temperatures. The temperature of solution in 
the sample cell, controlled within tO.l°C, was deter- 
mined by dipping a thermistor in the cell with a Takara 
thermistor thermometer, type SPD Ol-IOA. The opti- 
cal path used was 10 mm= 

The kinetic measurements of temperature-jump (T- 
jump) were carried out in a rapid reaction analyzer, 
Union Giken model U-1 100. The Joule heating tem- 
perature pulse [20] was applied to a sample solution 
of iow electrical resistance, contain&g a suitable amount 
of electrolyte, by discharging a capacitor in a high- 
voltage supply (Union Giken, RA-410). A cylindric~ 
quartz cell of 2 mm inner diameter was used. The en- 
tire cell was placed in a metal thermostat, which was 
in thermal contact with the solution and connected 
with a ground electrode. Rapid changes in transmit- 
tance caused by T-jump of the solution were memorized 
and accumulated several times in a microcomputer for 

processing kinetic data (Union Giken, RAICSO). The 
calibration of tie apparatus was carried out using a 
test sdution, I.4 X 30W5M phenol red in 1.0 M Tris-HCI 
(pH 7.9), which exhibits approp.riate changes in absor- 
bance at 559 mu and at 423 mn with varying tempera- 
ture_ 

Au the protein solutions for difference spectra and 
T-jump me~rements coritahred 0.1 M KC% were buf- 
fered with 0.01 to O-02 M potassium phosphate, and 
were filtered throu& a membrance filter (a Pore diam- 
eter of 0.45 Mm) prior to use. The pH values given in 
the text are indicated values (Hitachi-Horiba model 7 
pH meter) at room temperature. 

The numericaT calculations in the feast squares fit 
for equilibrium transition curves were carried out on 
a digital computer (FACfB!l230-75, Hokkaido Univer- 
sity Computing Center). 

3_ Results 

Difference absorption spectra for the unfolding of 
o-lactalbumin by heating in water at pH 6.82 in the ab- 
sence of denaturants, are shown in fig. 1, which are 
quite similar to the spectra for the acid denaturation 
[213 _ Three major extiema are observed at 284 nm, 
at 292 mn and at 303 m, indicating that the aromatic 
residues buried in the N state are transferred to polar 
environment during the thermal unfolding. The values 
of difference extinction coefficients at these extrema 
are plotted against temperature in fTg_ 2, The transi- 
Sons observed were found to be completely reversibIe, 
so that thermodynamic treatment of the data is justi- 
fied. 

It is known that the changes in several physical prop- 
erties of o-lactalbumin are parallel during the thermal 
unfolding as expected for a two-state transition [22- 
24 J _ As given in the next section, kinetic data from fi 
jump experiments also demonstrate a two-state mecha- 
x&n. Thus, the experimental data in fig. 2 are analyzed 
by assuming the two-state denatnration, i.e., 

where H refers to the thermally unfolded state. The 
equi%ibrinm constant, Km, of the reaction can be de- 
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Fig. 1. The temperature-induced difference absorption spectra 
of a-lactalbumin at pH 6.82 in the absence of denaturants. 
Reference solution is kept at Z.S”C, sample solutions are at 
54.0°C and at 67.0°C, and these solutions contain 3.22 
X lo-‘LX dactalbumin. 

rived from the spectrophotometric data, as 

K 
AE - AEN 

=-p 
NH AE~ - Ae- (2) 

Here, AE represents the experimental extinction coef- 
ficient at a given temperature, and AeN and AE, are 
the extinction coefficients of the rI and the H states, 
respectively, which can be usually assumed to vary 
linearly with temperature, as 

AEN =k,T+k2, AE~ = k3T+7c4, (3) 

where k, , kz, k3 and k4 are temperature-independent 
extrapolation parameters, and T denotes absolute tem- 
perature. As demonstrated by Privalov and 
Khechinashvili [25], the heat capacity change of ther- 
mal unfolding seems to be almost independent of tem- 
perature, and then the temperature dependence of the 
equilibrium constant is expressed by 

1”fLH =A ln(T/T,)+(AT, +3)(1/T- l/T,), (4) 
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Fig_ 2. Transition curves for the thermal unfolding of orlact- 
albumin measured at three different wavelengths (284 nm, 
292 run and 303 nm). Reference temperature, pH and protein 
concentration are the same as in fig. 1. Fiied circles shovf re- 
versals from high temperature. Dashed lines represent *he hypc- 
theticalvaluesofAe~and AEH. 

where T, denotes the transition temperature at which 
inKNH= 0, and A and B are temperature-independent 
parameters. Once these parameters are determined, the 
thermodynamic quantities, enthalpy, entropy and heat 
capacity changes (AHNH, ASNH and ACpN~, respec- 
tively), of the reaction can be calculated, and at T, 
they are as follows 

A.Hm(Tm) = -RCa In K,,/a(l /293)T= T, = --RB, 

(5) 

~&Trn) = ~NH(Tm)/Tm = - m/7’-, , 

AcpNH = a AH&T)/a T=RA, 

where R denotes the gas constant. 

(6) 

(7) 

In the usual way to estimate these quantities, the 
logarithmic values of KNH, evaluated from eq. (2) by 
the aid of the prior extrapolation of LeN and Aen to 



the transition region, are plotted against l/T(van’t 
Hoff plot), and the slope and the curvature of this plot 
may give the vahres of ABsH and ACnm, respectively. 
Nevertheless, but in the present case, accurate experi- 
mental values of K,, can be obtained over a narrow 
temperature interval crf only about 10” (fig. 2), be- 
cause of the sharpness of the transition brought about 
by the high degree of cooperativity. Such a limitation 
causes nontrivial errors in estimating the thermodyna- 
mic quantities especialiy in estimating ACpMrI that de- 
pends extensively on the predete~jnation of k, - kd_ 
l%us, it is necessary to use some alternative method to 
evaluate the above quantities. Hence, we combine 
eqs, (2)--(4), and an expression for the extinction CO- 
efficient as a function of ah the above parameters can 
be obtained, which wXll be applicable not only in the 
narrow range of the transition but also at the extreme 
temperatures where the almost pure states exist [26], 
i.e., 

Ae ={@,T + k$+ (k3 T + k4) exp [A ln(T/T,) 

X {I + exp[A In(T/T*) 

*(AT, i-B)(l/T- l/T,)]}-? (8a) 

The fitting of this model function to ali the experimen- 
tal points in fig. 2 makes it possible to obtain values of 
parameters, A, B and T, , and simultaneously +he values 
ofk, - k4 by using the nonlinear least squares method 
(the Gauss-Newton method) based on iterative adjust- 
ment 127,283. in practice, ‘Jle following alternative 
function, equivalent to eq. (Sa), has been used for the 
sake of convenience in the initial guess of the extrapola- 
tion parameters 

Air= {[k,(T- 298) +k’2] 

+ [k3(T- 343) + ki] exp[A In(T/Tm) 

*(AT,, -iB) (l/T- l/T&]] 

X { 1 + exp [A In(T/T,) 

i-(AT, +B) (l[T- l/Tm)])-f. (gb) 

The iterative procedure has been applied until the resi- 
dual sum of squares between the experimental and the 
analytical values of Ae has been minimized. The full 
adjustment of the parameters, however, not infrequently 
resulted in an increase in the residual sum of squares, 
and in such cases, sequential halving of the adjustment 
could give rise to satisfactory convergence [27,28]. 

The solid curves in fig. 2 &GW the andytkd values 
of AE, calculated independently at three different wave- 
lengths, according to eq. (8b). The best fit dues of 
thermodynamic parameters are shown in table 1 to-_ 
gether with the unbiased estimates of probable errors 
for the parameters, which could be calculated from the 
standard deviation of Ae and the variance-covariance 
matrix elements, The values of the parameters at dif- 
ferent wavelengths agree reasonably well with each 
other, and this shows the applicability ofthe present 
procedure. 

Kinetic experLments were performed by the T-jump 
method by following the absorbance change at 292 mn. 
At sufficiently high temperatures (temperature after 
T-jump > 6O”C), all the relaxation curves associated 
titb the unfolding were observed in a very short time 
interval as a single exponential decay term (fig. 3a), as 

A‘-4(t)=A1 t A2 exp(-ka#> (PI 

where M(t) is an observed change in absorbance at 
time t, and k, is the apparent first-order rate constant. 
At rather lower temperatures, on the other hand, the 
process of temperature returning slightly overlapped 
the kinetic process ofthe thermal unfolding, and in ap- 
pearance, it was seen as if two kinetic phases were ob- 
served (fig. 3b). Because temperature returning can be 
approximated to obey an exponential decay process 
(Newton’s law of cooling), the overall change in ab- 
sorbance is expressed in terms of two exponentail de- 
cay terms, given by 

A4(t)=AI exp(-k’t) +A, exp[--fk,p -f k’)t] (10) 

where exp(-k’t) corresponds to the term for the tem- 
perature decay process. In the present case, the ap- 
plied temperature pulse is less Lhan IO”, and kap is lar- 
ger than 8.9 s-’ at all the temperatures employed, 
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WMe 1 
llmnnodynamic parameters for unfolding of bovine cr-lactalbumin at neutral pH 

IIhe parameters for the thermal unfolding fN * HI 
calculated from the data at three different wavelengths 

The parameters for the transitions 
between the three states cailsed by 
guanidine hydrochloride and acid a) 

a) The values at 330.7 K, calculated from the data in ref. [ 141. 

while *&e apparent value of k’ is 0.4 - 0.8 s-l _ We 

could apply eq. (10) in a good approximation to the 
data at lower temperatures (temperature after T-jump 
between 5Z” and 60°C). In these calculations, the first 
term in eq. (10) was evaluated from the absorbance 
measurement in a long time interval. This term was sub- 
tracted from the total absorbance changes, and the val- 
ue of kap was estimated from the initial portion of the 
resultant relaxation curve after subtraction in a suffi- 
r’ v .short time interval (-200 ms), where k, can 
be ,ag-lrdzd nearly as a constant. Typical examples of 
relax&on curves are shown in fig. 3, and all of the re- 
sults are summarized in table 2. These results show that 
the time ccmrse associated with the ‘&err&t unfolding 
process per se can be expressed as a single exponential 
decay term, and that the kinetic amplitude of absor- 
bance change for the unfolding is in a good agreement 
with that expected from the equilibrium transition 
curve. These are the strong evidence that the thermal 
unfolding of or-la&albumin is a two-state transition.. 

On the basis of the two-state mechanism, the micro- 
scopic rate constants for the forward and the reversed 
processes, kf and k,, can be evaluated from the equili- 
brium constant KNH (=kf/k,) and the apparent rate 
constant kap (=kf + k,), and they are plotted against 
1/T in fig. 4, On the assumption that the heat capacity 
changes in the activation processes are independent of 
T, the temperature dependence of k, and k, are given by 

ln(h/kT)k,=df lnfTITo) -tBf(l/T- l/To) J- Cp (11) 

In(h/kT)k, =drln(T/To) +B,(l/T- l/T,,) + C,, (12) 

where Iz and k denote the Planck and the Boltzman 
constant, respectively, d,, B,, Cf, A,, B, and C, are 
temperature-independent parameters, and To is an arbi- 
trary constant for excluding round off errors (in this 
case, a value of 335 K is used). The best fit of the ex- 
perimental data to each of the above equations was ob- 
tained by the simple linear lest squares method- and is 
shown as a solid curve in fig. 4. The free energy, en- 

thalpy, entropy and heat capacity changes for each of 
the activation processes can be derived from the best 
fit values of A, - Cr> and they are shown in table 3. 

4. Discussion 

The values of thermodynamic parameters derived 
from the present analysis are compared with those 
values for the transitions of cw-lactalbumin between the 
three states, the N, the A and the fully unfolded (D) 
states, shown in the previous studies (table 1) [ 11,14]- 
The similarity in the parameters is found between the 
thermal unfolding and the N * A transition, and sug- 
gests that the H state is a partially unfolded species as 
well as the A state [IO]. Takesada et al. [23] have 
shown that the H state of or-lactalbumin has an appre- 
ciable amount of folded structures on the basis of the 
backbone circular dichroism spectra. The aromatic dif- 
ference spectra also support the similarity between the 
H and the A states (fig. 1). However, nontrivial differ- 
ences also exist in the spectral details of far ultraviolet 
circular dichroism [10,23] ; e.g., the spectral intensity 
around 222 nm is about 20% smaller in H than in A. 
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Fig. 3. Tj@cal relaxation curves (tmusmfttance versus time) of the thermal unfolding of e-lactalbumin at pH 6.82 in tie absence 
of denaturants. protein concentration is: 3.13 X IO-‘M_ A 10 mV of output voltage corresponds to a traasmittance change of 0.19% 
of the total transmittance of the solution. (a) A 6 times averaged curve and the T-jump from 59.0° to 68.3OC, and (b) a 3 times 
averagedcurve and from 50.5°t058.20C_ Heavy soli~cu~vesaretheo~eticdydrawntith thebestfittoiheobse~~cunres,ac- 
coding to eq. t9) (a) and to eq. (IO) (b). A dashed line in &) represwts the temperature decay term. 

Thus as a conclusion, the H state, a partidy unfolded 
species involving a concjderable amount of backbone 
ordered structures, is thezmodynam3caBy similar to 
rather than identical with the A state. 

On the other hand, in our previous study on the 
unfolding of human ar-factalbumin [ 1 S] , we have de- 
tected another partially ur&o3ded species, havhig more 
fo3ded backbone structures t&m the A state, at ph 
lower (pH < 3) than required for the N + A transition. 

Thus, there are at least three partially unfolded species, 
of which aromatic difference or aromatic circular dich- 
ro3sm spectra are very sim33ar to each other, but differ- 
ent 3n the degree of folding of backbone structures. 
Such vtition in the partially unfolded species may 
arise from the lack of extensive cooperation of long- 
range specific intemctions to stab*e the intermediate 
structures. ‘Ihe folding process from t&c+ I) to fhe par- 
tially fo3ded structure has been &own to be dominared 
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Table 2 
Temperature-jump kinetics for the fiermal unfolding of 
bovine a-k&albumin at pH 6.82 - 

Temperature Temperature kap 
<s-l> 

52.4 8.0 8.93 0.97 
53.2 5.8 9.06 1.00 
533 9.1 8.35 1.07 
55.1 4.8 9.51 0.93 
55.3 8.0 9.46 0.92 

56.1 5.8 12.8 1.08 
57.0 9.8 14.2 1.09 
58.2 8.0 15.8 1.04 
58.2 8.0 17.4 1.23 
58.4 5.8 13.3 0.97 

62.8 3.8 31.8 0.98 
63.6 9.1 46.1 1.00 
63.6 9.1 40.6 1.03 
63.6 9.1 465 1.08 
63.6 9.3 39.3 0.94 

63.6 9.1 47.4 0.96 
64.0 6.9 48.6 0.93 
64.8 5.8 58.8 1.01 
65.5 4.8 72.0 0.89 
66.1 9.1 74.1 0.98 

66.2 9.1 77.0 1.01 
67.0 8.0 78.9 1.00 
67.6 6.9 101 0.75 
68.1 9.1 143 0.95 
69.8 9.3 179 0.91 
69.8 9.1 208 0.75 

a) The ratio of the observed kinetic ampljtude to that expected 
Corn the equiIibtium transition curve in tig. 2. 

by local interactions and may be approximated as a 
one-dimensional transition system such as the coil-to- 
helix transition, while the transition between the N 
and the partially folded states can be interpreted in 
terms of a cooperative two-state mechanism [ 14,151. 
In such a system, the partially unfolded state ob- 
served is a macroscopic species distributed over a large 
number ofmicroscopic states, and the lack of the co- 
operation of the long-range interactions makes the 
distribution so broad and motile that the average dis- 
tributional properties of the species are expected to 

Table 3 
Kinetic parameters for the thermal unfolding of bovine P- 
lactalbumin a) 

Forward Reversed 
activation activation 

AC+ 
Aa+ 
As+ 

(kJ - M-l) 75.9 f 0.05 75.9 f 0.05 
OCJ-hi-') 235 *4 1024 
(J - M-‘K-‘) 480 *12 -200*12 

AC5 (-kJ - hl-‘K-l) 2 f 1.0 -4* 1.0 

a) At pH 6.82 and 330.7 K. 

be significantly affected by temperature or by PH. 
The kinetic results from the T-jump experiments 

are essentially consistent with the folding model of 
a-lactalbumin proposed previously [ 141. The large en- 
tropy loss and the large decrease in heat capacity are 
associated with the reversed activation process (table 3), 
and suggest that the partially folded segments such as 
a-helical segments existing in the H state may pack to- 
gether by the aid of hydrophobic interactions. This 
packing process is analogous to the reversed activation 
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process of the N * A transition [ 113 and brings about 

the entropic feature of the activation. On the other 

hand, the forward activation process of the unfolding 

shows a marked temperature dependence (fig- 4) and 

involves large enthalpic factors (table 3) as well as the 

forward activation of the N += A transition [l I]. These 

schemes for the folding and unfolding are also in accord- 

ance with the experimental findings from the kinetics 

of unfolding of other globular proteins, cbymotrypsino- 

gen A [29] and lysozyme [30]. The precedence of hy- 

drophobic inreractions in the folding process from the 

H state may arise from the non-specific features of the 

interactions, and then the final stabilization of molecu- 

lar structures may be brought about by the specific 

long-range interactions such as the formation of charge 

pairs and hydrogen bonds between residues, which 

cause the marked enthalpic barrier for the forward ac- 

tivation [14.15]_ 
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