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The unfolding of bovine a-lactalbumin (BAL) in guanidine hydrochloride 
(GnHCI) was studied by UV difference and fluorescence spectrophotometry. 
When BAL was dissolved in calcium-free solvents, nonsuperimposable unfold- 
ing profiles were observed. Thus, it may be concluded that the two spectropho- 
tometric techniques are sensitive to different BAL chromophores or levels of 
structural organisation. 

In a solvent containing calcium (0.1 M Tris-HCl buffer, pH 7.0; 9 mM calcium 
chloride) there was an increase in the molar UV difference absorbance change 
associated with GnHCI unfolding of BAL. Unfolding profiles were also biphasic, 
i.e. denaturation occurred in two stages at different GnHCI concentrations. This 
pattern of unfolding is different from the usual S-shaped profiles recorded for 
the three- or two-state BAL unfolding reaction. The results suggest that BAL 
possesses a more compact structure in the presence of calcium ions. The biphasic 
transition may arise from the loss of structure, which is unique to calcium- 
stabilised BAL. 

INTRODUCTION 

The measurement of conformation changes as a func- 
tion or denaturant concentration is one way of deter- 
mining protein stability. The free energy (AG ° ) of protein 
unfolding, determined in such a manner, is a thermo- 
dynamic function of state (Aune & Tanford, 1969a,b; 
Bolen & Santoro, 1988). In food science, reliable AG ° 
estimates would help clarify relationships between pro- 
tein stability and functional properties, such as film for- 
mation, emulsifier activity and gelation (Pour-E1, 1979; 
Cherry, 1982; Fox, 1989). Thermodynamic parameters 
for protein unfolding are also increasingly important 
in the field of protein engineering (Cupo & Pace, 1983; 
Kellis et al., 1989). 

The methods of protein unfolding reaction thermo- 
dynamics involve a number of assumptions (Hermans, 
1965; Lapanje, 1978; Privalov, 1979; Schellman & Hawkes, 
1980). For example, it is commonly assumed that de- 
naturation proceeds via a two-state mechanism, and 
that the AG ° may be obtained from apparent values in 

Food Chemistry 0308-8146/91/$03.50 © 1991 Elsevier Science 
Publishers Ltd, England. Printed in Great Britain 

the presence of denaturants by extrapolation to zero 
denaturant concentration (Schellman & Hawkes, 1980; 
Pace, 1986; Santoro & Bolen, 1988). 

Further uncertainty arises because different analytical 
methods may be sensitive to different protein structural 
elements during the unfolding reaction. UV difference 
(at a wavelength of c. 280 nm), fluorescence and near-UV 
circular dichroism techniques may be sensitive to changes 
in amino acid side-chain exposure to solvent. By contrast, 
far-UV circular dichroism and NMR appear to be sensi- 
tive to changes in the pattern of peptide backbone folding 
(Saito & Wada, 1983a; Kuwajima el al., 1986). 

In this study, fluorescence and UV difference methods 
for monitoring protein unfolding were compared. Both 
techniques are frequently applied to studies of proteins in 
general (Weflaufer, 1962; Udenfriend, 1962) and to stud- 
ies of ~t-lactalbumin (Takase et al., 1976; Permyakov et 
al., 1981; Kronman, 1989). However, whether the two 
methods monitor equivalent structural elements and 
chromophores during the unfolding of  BAL and other 
proteins is uncertain. 

BAL was chosen as a model protein in this study since 
it apparently undergoes a two-state transition (with the 
loss of 3 ° structure) or a three-state transition (with the 
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sequential loss of 3 ° and 2 ° structures) with varying 
types of denaturant (Kuwajima et al., 1976; Kuwajima, 
1977). In the presence of excess Ca 2÷ there may be a 
change from the three-state to a two-state unfolding re- 
action. In the latter case, both 3 ° and 2 ° structures are 
lost simultaneously (Ikeguchi et al., 1986). Therefore, 
monitoring the unfolding of BAL in various solvents, 
with and without Ca 2+, should allow a thorough com- 
parison of fluorescence and UV difference spectral 
changes as indices of protein unfolding. 

the E(293) or fluorescence properties of BAL at inter- 
mediate, low or high GnHCI concentration, respec- 
tively. Values for y N  and y D  may show significant 
changes with GnHCI concentration owing to solvent 
perturbation of the native (N) and (D) denatured states 
(Wetlaufer, 1962). The standard corrections for solvent 
perturbation, involving the use of least square straight- 
line equation(s) to extrapolate to the expected values of 
y N  and y D  (cf. dashed lines, Fig. 2A-Fig. 3A), were 
applied until the fraction of solvent perturbed form was 
0.5 or less (Wetlaufer, 1962; Pace, 1986). 

MATERIALS AND METHODS 

Bovine a-lactalbumin (BAL), containing 1 to 2 mol Ca 2+ 
per mol protein, was used as supplied (Sigma Co. Ltd, 
Poole, UK, Type I grade). Guanidine hydrochloride 
(GnHCI) was purls grade (Fluka Chemical Ltd, Glossop, 
UK). Tris (hydroxymethylamino) methane (Tris), mono- 
and di-basic potassium phosphate salts, calcium chloride 
and all other chemicals were of AnalaR grade from 
BDH (Poole, UK). 

UV difference spectra were measured, using a double 
beam spectrophotometer (Model SP1800), fitted with a 
thermostated cuvette block, in conjunction with a Model 
AR25 linear chart recorder (Pye Unicam Ltd, Cam- 
bridge, UK). GnHCI unfolding profiles were measured 
according to the semicontinuous method (Saito & Wada, 
1983a) with modifications. Sample and reference cuvettes 
contained 2 ml of BAL (0.4-0.6 mg/ml); protein con- 
centration was determined assuming that E(285 nm) : 
20-1 (for a 1% solution of BAL). At 10 min intervals, 
equal volumes (20-100/xl) of GnHCI (8 M) and buffer 
were added to the sample and reference cells, respec- 
tively, and a difference spectrum measured over the 
wavelength range 260-330 nm. The stepwise increase in 
GnHCI concentration (C(i)) can be described by, C(i) 
= [S]V(t)/[V(o) + V(t)], where [S], V(o) and V(t) are, 
respectively, the stock GnHCI concentration, initial 
volume of BAL and the cumulative volume of GnHCI 
added to the sample cuvette. The observed molar UV 
difference absorbance changes, i.e. E' (293) values, were 
then corrected for the continuous dilution of the BAL 
samples, e.g. E(293) = E(293)'[1 + V(t)/V(o)]. BAL un- 
folding profiles were then constructed by plotting E(293) 
values against C(i). 

BAL intrinsic fluorescence was measured using a 
Perkin-Elmer 204 fluorescence spectrophotometer fitted 
with a digital output and a thermostated sample holder 
(Hitachi Instrument Co., Tokyo, Japan). Fluorescence 
measurements were made at excitation and emission 
wavelengths of 293 and 345 nm, respectively. Fluor- 
escence unfolding profiles were measured in the same 
manner as described above except that a lower protein 
concentration (0.044)-06 mg/ml) was used. 

The fraction of unfolded protein (Fu) is given by, 
F u = (y - y N )  / (yD - y)  where y,  y N  and y D  represent 

RESULTS AND DISCUSSION 

GnHCI unfolding of BAL resulted in a roughly 'W'- 
shaped UV difference spectrum. There were two nega- 
tive maxima at wavelengths of 286 and 293 nm and a 
positive peak at 303 nm (Fig. 1). 

The spectrophotometric properties of BAL showed 
pre- and post-denaturational changes as a function of 
GnHC1 concentration (Fig. 2A and Fig 3A). Standard 
methods for calculating F u under such circumstances 
were applied, as discussed above (Wetlaufer, 1962; 
Pace, 1986). The results of such analysis are shown as 
unfolding profiles consisting of a lot of F u versus 
GnHCI concentration (Fig. 2B and Fig. 3B). 

In solvents without added calcium, UV difference and 
fluorescence unfolding profile were not superimposable. 
With Tris-HC1 (0.1 M, pH 7.0) as solvent, the unfold- 
ing profile determined by fluorescence measurements 
occurred at a lower GnHC1 concentration than that 
determined using E(293) measurements (Fig. 2B). Similar 
results were obtained in studies where the solvent was 
K phosphate buffer (results not shown). This is confir- 
mation that the unfolding of BAL, in a low calcium 
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Fig. 1. A typical UV difference absorption spectrum for BAL. 
The sample and reference cuvettes contained respectively, 
BAL (0.2-0-3 mg/ml) in 4 M guanidine hydrochloride (GnHC1) 
and the same concentration of protein without GnHC1 (see 

text for details). 
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Fig. 2. (A) The effect of quanidine hydrochloride concen- 
tration ([GnHCI]) on the (A) BAL 293 nm molar UV differ- 
ence absorption (E(293), C)) or fluorescence (O). Conditions: 
Tris-HCl buffer 0-1 M, pH 7.0; 25°C; ( . . . . .  ) least-squares 
lines showing the spectrophotometric properties of the N and 
D states. (B) The effect of guanidine hydrochloride concen- 
tration ([GnHCI]) on the fraction of unfolded BAL (Fu); 
data and symbols as in Fig. 2A; X, test of reversibility, i.e. 
BAL initially dissolved in 4 M GnHC1 was diluted and spectro- 

photometric measurements taken. 

solvent, involves more that two structural states (Tanford, 
1968). At the wavelengths employed in this study, UV 
differences and fluorescence changes are both sensitive 
to changes in the environment or Trp residues and in- 
sensitive to other aromatic amino acids 0Netlaufer, 1962,; 
Undenfriend, 1969). Therefore, the two spectrophoto- 
metric methods were also probably sensitive to differ- 
ent classes of Trp residues. 

It is known that, for native BAL, fluorescence emis- 
sions are associated with intramolecular energy transfer 
from Trp 26 and 104 to Trp 60 (Sommers & Kronman, 
1980; Kronman, 1989). The numbers refer to the pos- 
ition of the amino acids in the BAL 1 ° structure. 
Fluorescence from Trp 60 is also quenched by the 
proximity of two disulphide bonds (Cowgill, 1967; 
Sommers & Kronman, 1980). Increases in the distances 
between the disulphide bonds and Trp 60, e.g. as a 
result of a protein unfolding, reduce the quenching 
effect. This explains the BAL fluorescence increase at a 
high GnHCI concentration (Fig. 2A and Fig. 3A). In 
the absence of a Trp 60, a-lactalbumin unfolding is not 
accompanied by a fluorescence increase at 345 to 350 nm 
(Sommers & Kronman, 1980). That such fluorescence 
increases occur at a relatively low GnHCI concentra- 
tion implies that Trp 60 and/or the disulphide groups 
are within a relatively exposed or unstable part of the 
native BAL structure. Alternatively, it could be that 
one or both of these groups is particularly sensitive to 
the slightest alteration of the native BAL structure. 

The chromophore(s) responsible for the UV differ- 
ence change, when BAL is denatured with GnHCI, can 
be partially identified from E(293) values for ot-lactal- 
bumins from different species (Takase et aL, 1978). The 
proteins differ in the total numbers and positions of 
Trp residues. There are four Trp residues in BAL, i.e. 

Fig. 3. (A) Legend is as shown for Fig. 2A. Conditions: 
Tris-HCl buffer (0.1 M, pH 7.0) with 9 mM calcium chloride. 
(B) Legend is as shown for Fig. 2B (from data in Fig. 3A); I 

and II represent two unfolding transitions. 

Trp 26, Trp 60, Trp 104 and TRP 118. Within human 
et-lactalbumin (HAL), Trp 26 is replaced by a leucine 
(Leu), while for guinea pig a-lactalbumin (GPAL), Trp 60 
is replaced by a phenylalanine (Phe) residue (Kronman, 
1989). In the following discussion the three ~t-lactal- 
bumin variants are designated, BAL(-), HAL(Trp 26/ 
Leu) and GPAL(Trp 60/Phe), respectively. 

The E(293) value when BAL(-), GPAL(Trp 60/Phe) 
or HAL(Trp 26/Leu) is unfolded in GnHCI was esti- 
mated (from Fig. 3 in the paper of Takase et al., 1978) 
as -3200/M, -3800/M and 2400/M, respectively. Partial 
E(293) values due to changes in the environment of 
specific Trp residues were then calculated by assuming 
that the contribution of Trp residues to the total E(293) 
value for each protein is additive (Wetlaufer, 1962; 
Takase et al., 1978; Sommers & Kronman, 1980). 

With GnHCI unfolding of BAL, the partial E(293) 
change due to Trp 26 was -800/M. This figure arises 
from the subtraction of the E(293) value of HAL(Trp26/ 
Phe) from the value for BAL (-), i.e. -3200 - (-2400). 
The combined partial E(293) value of Trp 104 and 118, 
estimated in a similar fashion, was -3000/M. By com- 
parison the partial E(293) value for Trp 60 was positive 
(+600/M). Therefore, according to the UV difference ap- 
proach, the greatest change in environment probably 
occurred in the vicinity or Trp 104 and/or 118 during 
the GnHC1 unfolding of BAL. Indeed, as Trp 118 is 
believed to be exposed to solvent in the native BAL 
structure (Warme et al., 1979), the important residue 
must be Trp 104. 

From the above discussion, the nonsuperimposable 
unfolding profiles (Fig. 2B) may arise because E(293) 
results mainly reflect changes in the environment of 
Trp 104. In contrast, the important chromophore for 
fluorescence measurements, at the emission/excitation 
wavelengths used in this study, seems to be Trp 60 and 
its interaction with two disulphide bonds in BAL. 
Evidently, in a low calcium solvent, BAL conformation 
changes near these groups occur with varying degrees 
of ease. 
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The above results (Fig. 2B) can also be restated in 
terms of the classical three-state denaturation reaction 
of BAL dissolved in low calcium buffers (Kuwajima et 
al., 1976; Kuwajima, 1977). That is, fluorescence and 
E(293) unfolding profiles may correspond to the loss of 
BAL 3 ° structure and 2 ° structure, at low and high 
GnHC1 concentrations, respectively. 

An effect of calcium on BAL structure can be dis- 
cerned from E(293) values in various solvents. In this 
study, the E(293) value for GnHCI unfolding of BAL 
was -1968 (+22)/M, -2342 (+130)/M and 2840 (+54)/M 
with K phosphate, Tris-HC1 or Tris-HC1 (9 nM cal- 
cium chloride) as buffer, respectively. That is, E(293) 
values were significantly greater for BAL unfolding in 
the presence of Ca 2÷. The magnitude of molar UV dif- 
ference values is a function of the magnitude of net 
changes in the environment of chromophores during the 
unfolding of proteins in various solvents (Wetlaufer, 
1962). Therefore, the greater E(293) value for the 
GnHCI unfolding of BAL in the presence of 9mM 
calcium chloride is consistent with a more folded or 
solvent-inaccessible native structure. BAL presumably 
exists in a less compact native conformation in 
Tris-HCl or K phosphate buffers (without Ca2+). 
Finally, the high E(293) estimate for BAL denaturation 
in Na phosphate buffer (i.e. -3200/M, above) suggests 
that, like Ca 2+, Na+ can also increase the structure of 
native BAL (Hiraoka & Sufai, 1985; Kuwajima et al., 
1986). 

In the presence of excess Ca 2+ (Tris-HCl buffer with 
9mM CaCI2), the unfolding profile for BAL showed a 
trough at a GnHC1 concentration of 1 to 2M. After 
corrections for native and denatured state solvent per- 
turbation effects, the resulting profiles revealed the 
presence of two unfolding transitions (I and II, Fig. 3B). 

The biphasic transition (Fig. 3B) can be attributed to 
the presence of calcium chloride; e.g. compare results in 
Fig. 2B with those in Fig. 3B. BAL is a calcium metallo- 
protein (Hiroaka et aL, 1980) with a high affinity for a 
single Ca 2+. The value of the association constant is 
106-109/M (Permyakov et al., 1981; Segawa & Sugai, 
1983; Hamano et al., 1986; Ikeguchi et al., 1986; 
Kronman, 1989). However, the binding affinity for cal- 
cium is reduced in the presence of competing cations 
(Hamano et al., 1986; Kuwajima et al., 1986). Con- 
sequently, a concentration of 1 to 10 mM Ca 2÷ is neces- 
sary to saturate the BAL Ca 2+ binding site in non- 
deionised solvents. 

In the only other study of BAL unfolding in a sol- 
vent containing a high (>5 mM) calcium chloride con- 
centration, the unfolding reaction apparently changed 
from a three-state to a two-state transition in the pres- 
ence of 12 mM calcium chloride (Ikeguchi et al., 1986). 
There is evidence also from this study to support such 
a view. Thus, it can be seen that, for BAL unfolding in 
9 mM calcium chloride (0.1 M Tris-HCl, pH 7.0; Fig. 
3B), UV difference and fluorescence profiles were, 

within experimental error, superimposable. Indeed, quan- 
titative data presented elsewhere (Owusu, 1991) identify 
transition II (Fig. 3B) as the same two-state transition 
reported previously (Ikeguchi et al., 1986). 

It can be seen in Fig. 3B that there is a second un- 
folding (transition I) for BAL in the presence of a high 
concentration of calcium chloride. No such transition 
was observed previously (Ikeguchi et aL, 1986). How- 
ever, the later study differed from this one, in using 
sodium cacodylate and not Tris-HCl buffer as solvent. 
As both Na ÷ and Tris cations can interact with BAL 
(Rawitch & Gleason, 1971; Hiroaka & Sugai, 1985), it 
is possible that the differences in results may be related 
to choice of solvents in the two studies. The possible 
role of solvent choice on the effects of Ca 2+ on BAL 
structure and stability is currently under study. 

A multiphasic unfolding transition (Fig. 3B) is gener- 
ally thought to be characteristic of a protein with mul- 
tiple domains with different stability. On the other hand, 
structural domains with equal stability could unfold 
synchronously to give a simple S-shaped denaturation 
profile. For example, lysozyme, a structural analogue 
of et-lactalbumin (Warme et al., 1979), possesses two 
domains, but does not show a multiphasic unfolding 
profile (Aune & Tanford, 1969b). However, a single do- 
main protein could conceivably exhibit a multiphasic 
unfolding profile, if it had regions with large differences 
in stability (Saito & Wada, 1983a,b; Jaenicke, 1987). 

According to the current 'molten globule' concept, 
intermediates of BAL infolding are compact, though 
possessing a greater intrinsic flexibility than the native 
state (Dolgikh et al., 1981, 1985; Pfeil, 1988). This con- 
cept has yet to be reconciled with the alternative view 
that BAL unfolding intermediates have little or no 3 ° 
structure (Kuwajima et al., 1976). A possible explana- 
tion for the biphasic GnHCI unfolding profile, which 
accommodates both of these views, is that BAL as- 
sumes a more rigid and/or compact native structure in 
the presence of a high concentration of Ca 2+. Evidence 
for such a structural change, based on the magnitude of 
the molar UV difference change for BAL denaturation 
in different solvents, was presented above. Therefore, 
the initial unfolding of BAL in GnHC1 (Transition I; 
Fig. 3B) may be due to the loss of structure which is 
unique to BAL in the presence of a high concentration 
of Ca 2÷. 
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