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ABSTRACT: The refolding kinetics of a-lactalbumin a t  different concentrations of guanidine hydrochloride 
have been investigated by means of kinetic circular dichroism and stopped-flow absorption measurements. 
T h e  refolding reaction consists of a t  least two stages, the instantaneous accumulation of the transient 
intermediate that has peptide secondary structure and the subsequent slow process associated with formation 
of tertiary structure. The  transient intermediate is compared with the well-characterized equilibrium 
intermediate observed during the denaturant-induced unfolding. (i) Stabilities of the secondary structures 
against the denaturant, (ii) affinities for Ca2+, and (iii) tryptophan absorption properties of the transient 
and equilibrium intermediates were investigated. In all of these respects, the transient intermediate is identical 
with the equilibrium one, demonstrating the validity of the use of the equilibrium intermediate as a model 
of the folding intermediate. Essentially the same transient intermediate was also detected in the folding 
of lysozyme, the protein known to be homologous to a-lactalbumin but whose equilibrium unfolding is 
represented as a two-state reaction. The  stability and cooperativity of the secondary structure of the 
intermediate of lysozyme are compared with those of a-lactalbumin. The results show that the protein folding 
occurring via the intermediate is not limited to the proteins that show equilibrium intermediates. Although 
the unfolding equilibria of most proteins are well approximated as a two-state reaction, the two-state hypothesis 
may not be applicable to the folding reaction under the native condition. Two models of protein folding, 
intermediate-controlled folding model and multiple-pathway folding model,  which are  different in view 
of the role of the intermediate in determining the pathway of folding, are  also discussed. 

Eluc ida t ion  of the mechanism by which proteins fold to their 
biologically active three-dimensional structures has been 
challenged by a number of investigators over the past two 
decades, and it has been suggested that protein folding is 
kinetically controlled with structural intermediates that occur 
on a limited number of the pathways uniquely determined by 
the primary sequence [reviewed in Kim and Baldwin (1982) 
and GhElis and Yon (1982)l. Thus, major problems in protein 
folding are how to identify and how to characterize the in- 
termediates populated kinetically but usually very unstable 
at  equilibrium. Although chemical trapping is an effective 
approach to study the folding reactions accompanied by di- 
sulfide intermediates (Creighton, 1978; Creighton & Gol- 
denberg, 1984), the effects of the chemical groups, introduced 
by the trapping reaction, on protein structure cannot be ne- 
glected (Goto & Hamaguchi, 1979; Chavez & Scheraga, 1980; 
White, 1982) [see also Kosen et al. (1983)l and very likely 
interfere with the structural characterization of the interme- 
diates. One way out of this difficulty is to find out proteins 
that show stable structural intermediates during the equilib- 
rium unfolding reactions so that the structures of the inter- 
mediates can be characterized at  equilibrium (Wong & 
Tanford, 1973; Robson & Pain, 1976; Kuwajima, 1977; Ad- 
ams et al., 1980; McCoy et al., 1980; Dolgikh et al., 1984; 
Mitchinson & Pain, 1985; Dalzoppo et al., 1985). However, 
general significance of such apparently exceptional cases has 
not yet been established, and a stringent test of identity of the 
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equilibrium intermediate with the folding intermediate must 
be required (Creighton, 1979; Denton et al., 1982; Lynn et 
al., 1984). 

Our previous studies have shown that there is a structural 
intermediate (A state) in the equilibrium unfolding of a-lac- 
talbumin induced by treatment with Gdn.HC1' (Kuwajima et 
al., 1976, 1981; Kuwajima, 1977; Nozaka et al., 1978; Ikeguchi 
et al., 1986). Recently, in the kinetic CD study on refolding 
of a-lactalbumin, a transient folding intermediate was also 
detected and this intermediate exhibits CD spectra similar to 
those in the A state (Kuwajima et al., 1985). 

In the present study, identity between the two intermediates, 
the A state and the transient intermediate of a-lactalbumin, 
is examined by investigating whether or not the secondary 
structure in the transient intermediate has the same stability 
and the same cooperativity of unfolding as does that in the 
A state. The experimental design to do this is as follows. 
Refolding from the unfolded (D) state is initiated by a con- 
centration jump of Gdn-HC1, and the resultant kinetics are 
followed by CD spectra. According to the previous study 
(Kuwajima et al., 1985), the transient folding intermediate 
accumulates at a sufficiently low concentration of Gdn.HC1 
(0.3 M) and has an appreciable amount of the backbone 
secondary structure with the unfolded-like aromatic CD 
spectrum. This accumulation of the intermediate is succeeded 
by the tertiary structure formation as indicated by a time- 

I Abbreviations: CD, circular dichroism; Gdn.HC1, guanidine hy- 
drochloride; c ~ ~ ~ . ~ ~ ~ ,  concentration of guanidine hydrochloride; N and D 
states, native and fully unfolded states, respectively; A state, intermediate 
state of a-lactalbumin. 
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concentration after the mixing to the preset value, an appro- 
priate amount of the denaturant was added to the diluent; the 
high dilution ratio was found to be necessary for rapid, efficient 
mixing. The position of the nozzle of the injector was also 
important for efficiency of the mixing. For the refolding 
experiments from the D state, the injected solution had a 
higher density than the diluent, and it was injected downward 
from the nozzle placed just above the surface of the diluent 
solution. On the contrary, for the unfolding experiments or 
the refolding from the A state, in which the density of the 
diluent was higher, the nozzle was immersed in the diluent 
and placed close to the spinning mixer that sat on the bottom 
of the cuvette, and the nozzle was made sufficiently thin to 
prevent diffusion of the solution before injection. With these 
cautions, a dead time of mixing less than a few seconds was 
readily achieved. 

The absorption kinetics a t  292 nm associated with the re- 
folding and the unfolding reactions of a-lactalbumin were 
measured on a Union Giken RA-1100 stopped-flow apparatus 
with a specific modification in its mixing compartment. The 
new mixing compartment, specially manufactured by Unisoku 
Co., Osaka, was designed to be efficient for mixing of the two 
solutions of very different densities (concentrated Gdn-HC1 
and water in this case) and also useful for a large concentration 
jump of the denaturant. The protein solution and the diluent 
were driven pneumatically, a t  about 5 kg/cm2 pressure of 
nitrogen gas, through an eight-jet mixer. The dilution ratio 
of the protein solution and the diluent was made variable by 
means of a regulating needle valve that interposes resistance 
to the flow in the line from the reservoir of the protein solution 
to the mixer; 10-fold dilution of the protein solution was used 
in most cases. The protein solutions before mixing were the 
same as used in the kinetic C D  measurements, except that a 
higher concentration of the protein was needed in the ab- 
sorption measurements. The dead time of the stopped-flow 
measurement was determined by the method of Tonomura et 
al. (1978). The shortest dead time attained in the present 
experiments, a t  5 kg/cm2 driving pressure and with a IO-mm 
path length observation flow cell, was 6 ms. For the reactions 
having time constants longer than 20 s, the mixing device used 
in the kinetic C D  measurements was also used, and the ab- 
sorption change at 292 nm was monitored with a Union Giken 
SM-401 spectrophotometer. 

In all the kinetic experiments, the data acquisition, storage, 
averaging, and analyses were made in a Sord M222 or a Sord 
M223-Mark-I1 microcomputer. 

RESULTS 
Equilibrium Unfolding. Equilibrium unfolding reactions 

of apo-a-lactalbumin and lysozyme under the conditions used 
in the present study have been reported previously (Kuwajima 
et al., 1985). In the present study, the unfolding of a-lac- 
talbumin induced by Gdn-HCI in the presence of excess Ca2+ 
(1 mM) at 4.5 "C was investigated by analysis of the ellipticity 
changes a t  270 and 222 nm. In contrast to the three-state 
unfolding observed previously in apo-a-lactalbumin and 
holo-a-lactalbumin without excess Ca2+, the unfolding tran- 
sition curves measured a t  the different wavelengths were 
coincident with each other, suggesting that the unfolding re- 
action in the presence of 1 m M  Ca2+ occurs between the two 
states. This result is essentially the same as that obtained 
previously by Ikeguchi et al. (1986) at 25 "C, and details of 
such an effect of Ca2+ on the equilibrium unfolding have been 
discussed therein. 

Refolding Kinetics Followed by the Peptide CD Spectrum. 
Refolding kinetics from the D state were measured at different 

dependent change in the aromatic C D  spectrum, and con- 
comitant rearrangement of some secondary structure also 
occurs as indicated by a small change in the peptide C D  
spectrum. Because the formation of the transient intermediate 
is instantaneous in comparison with the dead time of the 
present C D  measurement and also with the subsequent folding 
process, extrapolation of the time-dependent part of the C D  
change to zero time gives the ellipticity value of the folding 
intermediate. The refolding experiments are carried out a t  
different values of final c ~ ~ ~ . ~ ~ ,  (Gdn-HCI concentration). 
Dependence of the ellipticity extrapolated to zero time on the 
final CGdn.HCI gives a GdmHCI-induced unfolding curve of the 
transient folding intermediate. This unfolding curve is com- 
pared with the transition curve between the A and D states, 
which has been obtained from equilibrium experiments. 

In order to reinforce the identification of the A state with 
the folding intermediate, the refolding kinetics of a-lactalbumin 
are further investigated by the tryptophan absorption spectrum. 
In the previous studies, comparison of the Gdn-HCI-induced 
unfolding curve with the curve of transition between the native 
(N) and A states, both followed by the absorption a t  293 nm, 
has shown that the difference in extinction coefficient between 
N and A is half that between N and D (Sugai et al., 1973; 
Kita et al., 1976; Kuwajima, 1977), and this may be useful 
for identification of the folding intermediate. 

The unfolding curve of the transient folding intermediate 
of lysozyme is also analyzed by the kinetic C D  spectra. This 
protein is known to be homologous to a-lactalbumin (Shewale 
et al., 1984). Although the equilibrium unfolding of lysozyme 
in the transition zone is well represented as a two-state reaction 
without intermediates, the existence of a transient intermediate, 
similar to the intermediate of a-lactalbumin, in the kinetic 
folding process of lysozyme has been demonstrated (Kuwajima 
et al., 1985). Thus, the stability and cooperativity of unfolding 
of the transient folding intermediates are compared between 
the two proteins. 

MATERIALS AND METHODS 
Materials. All the materials used were the same as reported 

in the previous paper (Kuwajima et al., 1985). Details of 
preparation of solutions and of determination of the concen- 
trations of the proteins, Gdn-HCI, and Ca2+ have also been 
given previously (Kuwajima et al., 1985). 

Methods. All measurements were made a t  4.5 "C. The 
compartments that were directly in contact with the solutions 
for measurements, such as a mixing compartment, an obser- 
vation cell, and reserviors of the apparatus used, were equipped 
with water jackets to control temperature by circulating water. 

Equilibrium C D  measurements were carried out as described 
previously (Ikeguchi et al., 1986). Difference absorption 
spectra were measured in a Hitachi Model 124 spectropho- 
tometer with a pair of quartz cells of a 5-mm path length. 

Kinetic C D  measurements were carried out on a Jasco 
J-500A spectropolarimeter as described previously (Kuwajima 
et al., 1985). For the refolding experiments from the D state, 
the protein was originally unfolded in concentrated Gdn-HCI 
(>3 .5  M), and for the unfolding experiments from the N state, 
the protein was originally dissolved in a buffer solution a t  0 
M Gdn.HC1. Concentration jump of GdmHCI was performed 
by rapid mixing of the protein solution that was injected from 
an injector with the diluent that had been prepared in a IO-mm 
path length optical cuvette set in the spectropolarimeter, using 
a mixing device given in the previous paper (Kuwajima et al., 
1985), and the C D  change associated with the refolding or 
the unfolding was measured. The dilution of the protein so- 
lution was kept 20- or 40-fold, and to adjust the denaturant 
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FIGURE 1: Kinetic progress curves of refolding of a-lactalbumin 
measured by the CD changes at 222 nm (4.5 "C). Vertical arrows 
indicate the zero times at which the refolding reactions were initiated 
by mixing the unfolded protein solutions in 6 M Gdn.HC1 with the 
buffer solutions that contained appropriate amounts of Gdn-HCI to 
give the final folding conditions. The signal before the zero time shows 
the zero in elli ticity. Final conditions: (a) 0.30 M Gdn.HC1 in the 
absence of C$+; (b) 1.02 M Gdn-HCI in the absence of Ca2+; (c) 
1.77 M Gdn.HC1 at 1 mM Ca2+; (d) 2.52 M Gdn-HCI at 1 mM Ca2+. 
The protein concentration after the mixing was 2.9-4.3 pM. All 
solutions contained 50 mM cacodylate-50 mM NaCl (pH 7.0, [Na'] 
= 0.1 M). 

values of CGd,,.HCI by means of the C D  changes a t  222 nm. The 
results for a-lactalbumin are shown in Figure 1.  Similar 
refolding curves were also observed in lysozyme, except for 
dependence of the refolding rate on Ca2+ concentration ob- 
served only in the a-lactalbumin folding (see below). The 
refolding reactions of the two proteins occur in the two stages, 
the instantaneous change in ellipticity occurring on initiation 
of the refolding (the first stage) and the subsequent slow 
process occurring in an  observable time range (the second 
stage) (Figure 1). As shown in the previous study of the 
refolding reactions at 0.3 M GdmHCI (Kuwajima et al., 1985), 
the first stage corresponds to formation of the transient in- 
termediate that has folded secondary structure but has un- 
folded tertiary structure. With increasing CGdnHCI, however, 
the magnitude of the change in the peptide ellipticity observed 
in the first stage decreases and concomitantly the proportion 
of the change observed in the second stage to the total dif- 
ference in ellipticity between the D and N states increases 
(Figure 2). Thus, a t  a high CGdnHCI, the transient intermediate 
begins to unfold and the tertiary interaction becomes important 
for stabilization of the peptide secondary structure. On the 
other hand, when the unfolding reaction from the N state was 
monitored by the C D  change at 222 nm, only a single reaction 
was observed for both the proteins, and the observed CD 
change in the kinetics was in fair agreement with the difference 
in ellipticity between the D and N states expected from the 
equilibrium unfolding curve, indicating that there is no de- 
tectable intermediate in the unfolding reaction (data not 
shown). 

Extrapolation of the time-dependent part of the refolding 
curve to zero time has been made by the method shown in the 
previous study (Kuwajima et al., 1985). Dependence of the 
extrapolated value of ellipticity on the final CGdn.HCI g' ives an 
unfolding transition curve of the transient folding intermediate. 
Such transition curves for the two proteins are shown in Figure 
2 and compared with the unfolding curves a t  the final equi- 
libria. The transition of the intermediate is less cooperative 
than the equilibrium unfolding transitions. At 1.8 M GdneHCl 
for a-lactalbumin a t  1 m M  Ca2+, and a t  1.5 M Gdn.HC1 for 
lysozyme, the ellipticity change in the first stage of refolding 
is only 30-40% of the difference in ellipticity between the D 
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FIGURE 2: Unfolding transition curves of the transient folding in- 
termediates (solid curves) of a-lactalbumin (a) and lysozyme (b), which 
were obtained from the dependence on cGdn.HCI of the ellipticity at 
222 nm extrapolated to zero time of the refolding curve, shown in 
comparison with the equilibrium unfolding curves (broken curves and 
a dot-dash curve). (a) a-Lactalbumin in the absence of Ca2+ (open 
symbols) and in the presence of 1 mM Ca2+ (filled symbols). Ellipticity 
values: (0, 0 )  obtained by extrapolation of the refolding curves to 
zero time; (A, A) obtained by the equilibrium measurement. In the 
equilibrium measurements, protein concentration is 3.0-3.2 or 30-37 
pM. Other experimental conditions are the same as in Figure 1. (b) 
Lysozyme at 4.5 OC and pH 1.5. Ellipticity values: (0) obtained 
by extrapolation of the refolding curves to zero time; (A) values from 
the equilibrium measurement. Protein concentration is 3.1-3.4 WM 
in the kinetic experiments and is 3.0 or 45 pM in the equilibrium 
experiments. All solutions contain 0.07 M NaC1, and the pH is 
adjusted by a dilute HCI solution. In (a) and (b), [e], and, [ e ] ,  
represent the ellipticity values in the N and the D states, respectively, 
obtained by linear extrapolations of the dependence of the values on 
cGdn.Ht-I before and after the transition. 

and N states although the refolding reactions of the two 
proteins under these conditions are essentially complete. It 
should also be noted that the transition curve of the transient 
intermediate of a-lactalbumin a t  1 m M  Ca2+ coincides well 
with that at 0 M Ca2+, and this forms a contrast to remarkable 
dependence of the apparent equilibrium unfolding curve on 
Ca2+ concentration. This behavior of the intermediate is 
analogous to the independence of the A * D transition on 
Ca2+ concentration observed previously (Ikeguchi et al., 1986) 
and suggests that there is no detectable Ca2+ binding to the 
transient folding intermediate. 

The rate constants of refolding in the second stage have also 
been calculated, and they are shown in Figure 3, together with 
some unfolding rate constants and, for cy-lactalbumin, also with 
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FIGURE 3: Dependence of the apparent rate constants (in s-') of 
refolding and of unfolding on cGdn.HCIr in a-lactalbumin (a) and 
lysozyme (b). Open symbols refer to the refolding reactions, and filled 
symbols, to the unfolding reactions. (a) Apparent rate constants: of 
the apo protein measured by the ellipticity changes at 222 nm (A, 
A) and by the absorption changes at 292 nm (0,O); of the holo protein 
at 1 mM Ca2+ measured by the ellipticity changes at 222 nm (V, '(r) 
and by the absorption changes at 292 nm ( 0 ,  0, 0, W). Diamonds 
and hexagons indicate the rate constants of the fast- and the slow- 
refolding phases, respectively, observed at low values of CGd,,.HCI. In 
the measurements of the absorption kinetics, the protein concentration 
after the mixing is 20-35 KM. Other experimental conditions are 
the same as in Figure 1. (b) Apparent rate constants: of the fast- 
(A) and the slow-refolding (0) phases at low values of CGdn.HCI; of 
the single-phase refolding at COdnHCI values >1.6 M (0) and of the 
unfolding (0). The data for lysozyme are from the kinetic CD 
measurements at 222 nm. The conditions are the same as in Figure 
2b. 

the rate constants measured by changes in the tryptophan 
absorption spectrum (see below), as a function of CGdpHCI. For 
a-lactalbumin a t  1 m M  Ca2+ and for lysozyme, the second 
stage of refolding is further composed of two first-order phases 
a t  a low CGdnHCI (C1.5 M )  and the faster phase of the two 
phases has a larger kinetic amplitude. This behavior was 
discussed in our previous study (Kuwajima et al., 1985) and 
also in the studies by Kat0 et al. (1982). With increasing 
CGdn.HCI, for all the cases, the apparent refolding rate decreases 
up to the value a t  the midpoint of the corresponding equilib- 
rium transition curve, and the apparent unfolding rate increases 
beyond the midpoint. The rate constant profile for lysozyme 
is essentially the same as that reported in earlier published 
work, although the data in the earlier work have been based 
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FIGURE 4: Equilibrium unfolding transition curves of a-lactalbumin, 
at 0 M (broken curve) and 1 mM Ca2+ (dot-dash curve), and the 
unfolding transition curve of the transient folding intermediate (solid 
curve), as measured by the tryptophan absorption at 292 nm, at pH 
7.0 and 4.5 OC. Equilibrium data (open symbols) were obtained from 
the difference absorption measurements, in which protein concentration 
was 65-80 fiM. The data are represented as the difference molar 
extinction coefficients, taking the N state in the absence of Gdn.HC1 
as the reference state. Filled symbols indicate the difference molar 
extinction coefficients in the transient folding intermediate, which 
were estimated by subtracting the kinetic absorption change, in the 
refolding, from the corresponding equilibrium value of the difference 
absorption on the transition curve. Squares and circles represent the 
data for the apo protein in the absence of Ca2+ and for the holo protein 
in the presence of 1 mM Ca2+, respectively. A dotted line shows the 
difference molar extinction coefficient expected for the pure A state, 
AtA, which was obtained by linear extrapolation of the dependence 
of the difference absorption of the A state on CGdn.HCI between 0 and 
0.5 M at acid pH (pH 2.0). AtN and AtD denote the difference molar 
extinction coefficients of the N and the D states, respectively, obtained 
by linear extrapolations from the regions before and after the transition. 

on changes in tryptophan absorption (Tanford et a]., 1973; 
Kat0 et al., 1982). Comparison of the results in Figure 3 with 
those in Figure 2 shows some correlation between the decrease 
in the apparent folding rate and the decrease in population 
of the transient intermediate both brought about by an increase 
in CGdnHCI, while such dependence of the folding rate on CGd,,.HCi 

can be interpreted also in terms of a change in stability of the 
activated state lying along the pathway of the second stage 
of refolding (see Discussion). The other remarkable result in 
Figure 3 is that the refolding rate of a-lactalbumin is strongly 
dependent on Ca2+ concentration. About a 100-fold increase 
in the rate is observed at 1 m M  Ca2+, although the unfolding 
rate does not show such dependence. More detailed descrip- 
tions of the Ca2+-dependent folding of the protein will be 
presented elsewhere, however. 

Unfolding Equilibrium and Refolding Kinetics of a-Lac- 
talbumin Followed by the Tryptophan Absorption Spectrum. 
Equilibrium unfolding curves of the holo form at 1 mM Ca2+ 
and the apo form of a-lactalbumin measured by the tryptophan 
absorption at 292 nm are presented in Figure 4. By assuming 
linear dependence of the difference molar extinction coefficient 
in the D state, AcD, on CGd,,.HCI, the A c D  a t  0 M Gdn.HC1 is 
estimated to be -4.0 X IO3 M-I cm-I. This value agrees well 
with the value obtained in the previous study (Sugai et al., 
1973). On the other hand, AcA in the A state is known to be 
-1.9 X lo3 to -2.1 X lo3 M-' cm-' , evaluated from the acid 
transition curve (Kronman et al., 1972; Kita et al., 1976; 
Kuwajima, 1977); the acid state has been shown to be identical 
with the A state (Kuwajima et al., 1976, 1981). The broken 



F O L D I N G  O F  a - L A C T A L B U M I N  A N D  L Y S O Z Y M E  V O L .  2 5 ,  N O .  2 2 ,  1 9 8 6  6969 

assumption is valid because the A state is known to have the 
ellipticity approximately the same as that in the N state at 
222 nm (Kuwajima et al., 1976, 1981). 

The solid line in Figure 5 shows a theoretical curve of the 
A D transition, which is derived from the equilibrium 
unfolding data of apo-a-lactalbumin at  4.5 OC using a 
three-state analysis [see Ikeguchi et al. (1986) for details of 
the analysis]. Excellent coincidence between the theoretical 
curve for the A + D transition and the experimental points 
for the transition of the transient intermediate is found. This 
is strong evidence for identity between the transient inter- 
mediate and the A state of a-lactalbumin. 

From Figure 5 ,  the Gibbs energy change at 0 M Gdn-HC1, 
AGHzo, and the cooperativity index, m, for the transient in- 
termediate of lysozyme are estimated by assuming the two- 
state transition of the intermediate to the D state and the linear 
dependence of the Gibbs energy change on CGd,,.HC] (Ikeguchi 
et al., 1986). The AGHzo value (0.86 kcal/mol) is a little 
smaller than the corresponding value for a-lactalbumin (1 -33 
kcal/mol). Since the A state of a-lactalbumin has been known 
to be slightly more stable at acid pH than at neutral pH 
(Kuwajima, 1977), the stability of the intermediate in a- 
lactalbumin is higher than that in lysozyme. On the other 
hand, the m values show an agreement between a-lactalbumin 
and lysozyme (0.91 and 0.89 kcal/mol per M, respectively), 
indicating that the transient folding intermediates of the two 
proteins are similar to each other. 

DISCUSSION 
The aim of the present study is to compare the equilibrium 

unfolding intermediate (the A state) and the transient folding 
intermediate of a-lactalbumin to establish the identity between 
them. The results obtained are summarized as follows: (i) 
Both intermediates show the same stability and the same 
cooperativity in the Gdn-HC1-induced unfolding (Figure 5). 
(ii) The transient folding intermediate has no binding capacity 
for Ca2+, and this is consistent with the lack of the binding 
capacity in the A state (Ikeguchi et al., 1986). (iii) The 
tryptophan absorptions at 292 nm are identical for both the 
states. (iv) In accord with rapidity of the A + D transition 
(Kuwajima, 1977), the transient folding intermediate is formed 
rapidly within the stopped-flow dead time. Similarity of the 
two intermediates with regard to their CD spectral features 
has also been shown previously (Kuwajima et al., 1985). These 
results may be sufficient to make the identification of the A 
state with the folding intermediate convincing, and the validity 
of the use of the equilibrium unfolding intermediate as a model 
of folding intermediate is demonstrated. a-Lactalbumin is 
known to be fully in the A state at acid pH or by removal of 
the bound Ca2+ in the absence of other metal ions at neutral 
pH (Kuwajima et ai., 1976; Mulqueen & Kronman, 1982; 
Segawa & Sugai, 1983). Thus, it is now experimentally 
feasible to isolate the folding intermediate at equilibrium and 
to characterize its structure. Some of the uniqueness of the 
structure in the A state was discussed in the previous paper 
(Ikeguchi et al., 1986). 

The present study also shows that essentially the same 
transient intermediate accumulates in lysozyme folding. In 
accord with the homology of the two proteins, the cooperativity 
index in the Gdn.HC1-induced unfolding of the intermediate 
of lysozyme is essentially the same as that of a-lactalbumin. 
The apparent difference in their equilibrium unfolding has been 
shown to be ascribable to a difference in the intrinsic stability 
of the N state between the proteins (Ikeguchi et al., 1986). 
Therefore, folding processes of these two homologous proteins 
may be similar to each other. The protein folding occurring 
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FIGURE 5 :  Normalized unfolding curves of the transient folding 
intermediates of a-lactalbumin (0, e) and lysozyme (O), as compared 
with the equilibrium A == D transition (solid curve) for a-lactalbumin. 
Symbols are the same as in Figure 2. The apparent fractional extent 
of unfolding,f, , for the transient folding intermediate of each protein 
was calculated%om the data in Figure 2, on the assumption that the 
ellipticity in the intermediate is the same as that in the N state. The 
solid line is a theoretical curve of the A D transition, obtained on 
the basis of the three-state analysis of the unfolding equilibria of 
a-lactalbumin. 

line in Figure 4 shows dependence of A c A  on CGdnHCI, which 
has been obtained by linear extrapolation of the dependence 
of the A c A  in the acid state observed at low CGdnHC1 values. 

The refolding and unfolding kinetics of the protein were 
followed by absorption measurements a t  292 nm. The rate 
constants of the reactions are shown in Figure 3a, and they 
show excellent agreement with the rate constants obtained by 
the CD measurements. Also in accord with the results of the 
C D  kinetics, the refolding from the D state has been found 
to be composed of at least two stages: namely, the instanta- 
neous absorption change occurring within the dead time and 
the subsequent time-dependent absorption change. Thus, the 
transient intermediate has an intermediate absorption between 
those of the N and D states. On the other hand, the unfolding 
from the N state has been found to be a single reaction that 
has a kinetic absorption change comparable to the absorption 
difference expected from the equilibrium unfolding curve. The 
unfolding transition curve of the transient folding intermediate, 
represented by dependence of the AC extrapolated to zero time 
on CGdn.HCI, has been obtained in the same manner as described 
above, and it is also shown in Figure 4. The transition curve 
is roughly coincident with the curve measured by the ellipticity 
at 222 nm (Figure 2a), although scattering of the data points 
from the absorption measurement does not allow us to make 
a more quantitative comparison. At a low CGd,,.HCI, the AC of 
the transient intermediate has a value of -2.0 X lo3 M-' crn-', 
which is in good agreement with AcA. The result supports the 
proposal that the transient folding intermediate is identical 
with the A state. Since the present stopped-flow measurement 
had a dead time of several milliseconds, it is also concluded 
that the formation of the transient intermediate is complete 
within the millisecond time range. 

Comparison of the Unfolding Transition of the Transient 
Folding Intermediate with the A + D Transition. Normalized 
transition curves, given by the apparent fractional extents of 
unfolding,&,, as a function of CGdnHCl, for the transient folding 
intermediates of the two proteins are shown in Figure 5, and 
they have been calculated from the results of the ellipticity 
at 222 nm (Figure 2). A prerequisite for making such a 
transition curve is knowledge of the ellipticity in each pure 
state (the intermediate or the D state) in the transition region 
as a function of CGdnHCI. For the D state, this is explicit as 
shown in Figure 2. For the transient intermediate, we have 
assumed that the ellipticity value is the same as that in the 
N state. If the intermediate is identical with the A state, this 
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via the transient intermediate is not limited to the proteins that 
show equilibrium intermediates, and the two-state hypothesis 
is not applicable to the kinetic folding under the native con- 
ditions. 

A number of models of protein folding have been presented 
either theoretically or experimentally, and in general it has 
been postulated that structural segments of the native or other 
ordered structures are present before the tertiary structure 
assembles (Anfinsen & Scheraga, 1975; Tanaka & Scheraga, 
1977; Kuwajima, 1977; Crippen, 1978; Lim, 1978; Karplus 
& Weaver, 1976, 1979; Ptitsyn & Finkelstein, 1980; Lesk & 
Rose, 1981; Kim & Baldwin, 1982; Gh6lis & Yon, 1982; Go, 
1983, 1984). On the one hand, it is also assumed that the 
incipient structures of folding must be very unstable, and the 
folding intermediates have been considered to be not readily 
detected even kinetically (Anfinsen & Scheraga, 1975; Karplus 
& Weaver, 1976). This assumption of instability of folding 
intermediates primarily results from a logical solution of the 
requisite of the two-state hypothesis of the folding transition 
[reviewed by Go (1983)l. On the other hand, in an alternative 
model, the folding occurs in a unique and definite sequence 
of steps under suitable folding conditions, and the presence 
of well-populated structural intermediates has been demon- 
strated (Kim & Baldwin, 1982; GhBlis & Yon, 1982; Brems 
& Baldwin, 1985; Kim, 1985). The results in the present study 
support the latter model and show that the intermediate is 
stable enough to detect kinetically or even at equilibrium in 
some cases. 

Denton et al. (1982) and Lynn et al. (1984) have shown that 
ribonuclease A in concentrated LiC104 has a structure similar 
to that in the A state of a-lactalbumin and have suggested that 
this partially ordered state is not the intermediate that con- 
tributes to the pathway of folding, on the basis of the fact that 
some of the ordered structure in LiC10,-denatured ribo- 
nuclease A becomes disordered instantaneously on initiation 
of the refolding. This behavior is apparently in contrast with 
the refolding behavior of a-lactalbumin under a strongly native 
condition at 0.3 M Gdn.HC1 (4.5 "C). Under such a con- 
dition, the state identical with the A state is accumulated 
instantaneously, whether the refolding has been started from 
the D state or from the A state [see Kuwajima et al. (1985)l. 
In this context, however, it is worthy to be considered what 
is expected in the refolding under a marginally native condition 
where the folding intermediate is relatively unstable; such cases 
are found in the refolding of a-lactalbumin at 1.8 M Gdn-HCI 
in the presence of 1 mM Ca2+ and in the refolding of lysozyme 
at 1.5 M GdnSHCl. Under these conditions, the ellipticity 
change at 222 nm occurring in the first stage of the refolding 
from the D state is only 30-40% of the total difference between 
the D and N states (Figure 2). Therefore, if the refolding 
begins with the pure A state that has the same ellipticity as 
in the N state at 222 nm (this is attainable in a-lactalbumin), 
the CD intensity is expected to be first decreased instanta- 
neously to the value attained in the first stage of the refolding 
from the D state and then to be increased to the initial value 
during the second stage of the folding; the refolding curve of 
a-lactalbumin from the A state is shown in Figure 6, and the 
result accords with this expectation. This behavior is the same 
as what has been observed by Denton et al. (1982) in their 
ribonuclease folding studies. Obviously, there are two ex- 
planations for the above phenomenon, and distinction between 
them is important in assessing significance of the A state as 
a folding intermediate. In the following, the two models that 
are distinctive in this respect are discussed. 

I -- Ot-.  I 

I 1  
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FIGURE 6: Kinetic progress curve of the refolding of a-lactalbumin 
from the A state, under a marginally native condition at  pH 7.0 in 
the presence of 1.8 M Gdn.HC1 and 1 mM CaZ+, at 4.5 OC, measured 
by the CD change at  222 nm. The protein solution in the pure A 
state at pH 1.7 in the absence of Gdn-HC1 was mixed with the diluent 
that contained appropriate amounts of alkali and Gdn.HC1. The 
ventrical arrow indicates the zero time a t  which the refolding was 
initiated, and the horizontal arrow indicates the ellipticity in the A 
state. The signal before the zero time shows the zero in ellipticity. 
The protein concentration after the mixing is 3.1 /AM. 

(i) Intermediate-Controlled Folding Model. In this model, 
we assume that the A state is an obligatory intermediate 
existing on the reaction pathway at  an early stage of folding. 
Interconversion between the A and D states is much faster than 
the subsequent folding in the second stage, and hence rapid 
preequilibrium between A and D is attained before the second 
stage. However, there must be some activation barrier between 
A and D because the two different states are macroscopically 
distinguishable. The total folding reaction is written by 

rapid kf 
D e A - N  (1) 

The decrease in the CD intensity at the first stage in the 
refolding from the A state, under a marginally native condition 
observed above, is due to a shift of the equilibrium between 
A and D under such a folding condition but not due to partial 
disruption of a localized region of the secondary structure in 
the molecule. Thus, the observation by Denton et al. (1982) 
can also be interpreted simply in terms of the A-like state of 
ribonuclease A being less stable than the A state of a-lac- 
talbumin under the folding condition. This model predicts that 
the apparent folding rate in the second stage, k,,, is decreased 
with decreasing the stability of the A state and represented 
as kapp = [ K D A / ( ~  +- &A)]kf, where KDA is the equilibrium 
constant of the D + A reaction and kf is the intrinsic folding 
rate of the second stage. Therefore, according to this model, 
the decrease in kapp with increasing CGdn.HCI shown in Figure 
3 must, at least in part, result from destabilization of the A 
state caused by an increase in CGdnHCI. The present results 
show that there is some cooperativity in the transition between 
the D state and the transient intermediate as evidenced by 
sigmoidal transition curves in Figure 5 and also show that the 
transition of the intermediate measured by the tryptophan 
absorption is approximately coincident with that measured by 
the CD at 222 nm. Apparently, these are consistent with the 
intermediate-controlled folding model, but not sufficient to 
justify its validity. 

(ii) Multiple-Pathway Folding Model. In this model, we 
assume that the structure of the transient folding intermediate 
is highly sensitive to the final folding condition, and hence there 
are multiple pathways of folding depending on the intermediate 
structure formed at  the first stage. The transition between 
the A and D states is not a cooperative two-state reaction, but 
in its extreme case, it is represented as a one-dimensional 
transition, being analogous to helix-coil transitions of homo- 



F O L D I N G  O F  a - L A C T A L B U M I N  A N D  L Y S O Z Y M E  V O L .  2 5 ,  N O .  2 2 ,  1 9 8 6  6971 

poiypeptides (Brandts, 1969; Poland & Scheraga, 1970), and 
the macroscopic state of the transient intermediate is an av- 
erage of various microscopic structural species. The folding 
reaction in this model is expressed by 

(2 )  

The averaged conformation of the microscopic species enclosed 
by parentheses above has spectral features of the A state at  
0 M Gdn.HC1 andd has those of the D state in concentrated 
Gdn.HC1, and hence there is essentially no distinct energy 
barrier between the two subsets, each of which is averaged over 
a number of the microscopic species that belong to the same 
conformational ensemble. Therefore, the decrease in the CD 
intensity at the first stage in the refolding from the A state 
is due to a shift in the average of the species usually accom- 
panied by disruption of some localized part(s) of the secondary 
structure in a particular molecule. The kapp in this model 
cannot be expressed explicitly using the stability of the in- 
termediate structural state but may rather be better repre- 
sented by the stability of the activated state lying on the 
pathway that depends on the final folding condition. As ev- 
ident from the assumption, the model also predicts extreme 
rapidity of the first stage of refolding, being in accord with 
the rapidity of the A D transition observed experimentally. 
This model has been discussed in our previous studies as an 
explanation for the presence of multiple unfolded states in 
human a-lactalbumin and also for diffuse thermal transition 
of the A state (Nozaka et al., 1978; Kuwajima & Sugai, 1978; 
Kuwajima et al., 1985). However, the compact globularity 
of the molecule in the A state requires a deviation from the 
one dimensionality of the A + D transition (Kuwajima et al., 
1975; Dolgikh et al., 1981; Izumi et al., 1983), because the 
interactions other than the short-range interactions must be 
taken into account in interpreting the stabilization of the 
compact structure in the A state. 

At present, which of the mechanisms represented by the 
above two models is predominant remains to be clarified, and 
it might also be plausible that both of them contribute to the 
real folding reaction. Since we can investigate the D F= A 
transition, equivalent to the first stage of folding, by various 
structural probes at equilibrium, the time has been set to settle 
this problem. 
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ABSTRACT: Dipalmitoylphosphatidylethanolamine (DPPE) and dipalmitoylphosphatidylcholine (DPPC), 
15N-labeled in the polar head group, were synthesized. The  proton-decoupled 15N spectra of DPPC and 
DPPE in aqueous dispersion have exactly the form anticipated for powder line shapes governed by an axially 
symmetric shielding tensor. The  chemical shift anisotropy (Au) of DPPC is lower than 0.4 ppm a t  30 OC 
and vanished when the temperature or the half-height line width is increased; DPPE always exhibits an  
asymmetric line shape, and 15N N M R  spectra of DPPE are obtained at  various temperatures and simulated 
to measure exactly the chemical shift anisotropy. At  each temperature, the order parameter of the C-N 
bond segment is derivated from Aa and reveals that the average orientation of the C-N bond around the 
axis of rotation is near the "magic angle" (54.7'). Isotropic correlation times a re  derived from T,, which 
are higher than values obtained for phosphatidylcholine by other nuclei. Arrhenius plots of TI and T2 allowed 
us to calculate the activation energy for the motion of the DPPE and the DPPC C-N bond. The value 
of this activation energy for the DPPE (53 kJ/mol) is higher than the one found for the DPPC C-N bond 
(32 kJ/mol). These differences agree with the capacity of the ethanolamine head groups to bind noncovalently 
to their neighbors in the plane of the membrane surface. A direct titration curve of the amino group is 
achieved by the variation of the chemical shift with the bulk pH,  and the interfacial pK, is calculated to 
be 11.1. A t  pH 11, two distinct protonation states of DPPE are  observed, which are  in slow exchange 
compared to the N M R  time scale. The present results clearly show the great discriminating power of 15N 
spectroscopy in terms of environmental changes around the nitrogen atom at the interfacial region of 
membranes. 

Phospholipid bilayers are an integral part of biological 
membranes. Knowledge of the molecular structure and dy- 
namics of phospholipids is therefore essential for an under- 
standing of their functional role in biological membranes. Of 
the many techniques being used to probe the molecular en- 
vironment within membranes, nuclear magnetic resonance 
(NMR)'  has proved to be one of most useful methods for 
investigating the dynamical state of the membrane [for reviews, 
see Seelig and Seelig (1 980) and Jacobs and Oldfield (1 98 l)]  . 
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At the hydrophilic part of the membrane, polar head groups 
play an important role in ions, drug binding, and ionization 
properties of lipid bilayers (Siminovitch et al., 1984). It is also 
known that modification of the polar head group cause changes 
in the cooperative properties of membranes. For example, the 
gel to liquid-crystal phase transition occurs at a significantly 
higher temperature for DPPE than for DPPC (Ladbrooke & 
Chapman, 1969). In order to understand the influence the 

Abbreviations: NMR, nuclear magnetic resonance; DPPC, di- 
palmitoylphosphatidylcholine; DPPE, dipalmitoylphosphatidylethanol- 
amine; EDTA, ethylenediaminetetraacetic acid; NOE, nuclear Over- 
hauser effect. 
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