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It has been shown by intrinsic fluorescence spectroswpy that ar-lactalbumin has several Cu*+-binding sites per molecule. The 
Ca*+-loaded protein binds two or more Cu2* per molecule with an association constant of about 3 X lo3 Mm’. Ape-a-lactalbumin 
binds one Cu2+ per molecule with association constant 8 x lo4 M-’ and from two to three Cu2+ with an association constant of 
about 4x IO3 M-‘. The results obtained from spectrofluorometric pH titration of a-lactalbutnin in the acidic pH region show the 
possible involvement of histidine residues in the coordination of CuZe. The binding of Cu2+ to a-lactalbumin lowers significantly its 
thermostability and stability towards urea denaturation. The stability of Cuz+,Cazc -cy-lactalbumin against thermal and urea 
denaturation is similar to that of the apo protein. The thermal transition in Cu’+,Ca’* -a-lactalbumin occurs within the region of 
physiological temperatures which may suggest the existence of some thermal regulation of its functioning in vivo. 

1. Introduction 

a-Lactalbumin is one of the two components of 
the lactose synthase enzyme system, which cata- 
lyzes the final step in lactose biosynthesis in the 
lactating mammary gland [l]. The association of 
a-lactalbumin with galactosyltransferase imparts a 
change in specificity of the latter enzyme from 
terminal N-acetylglucosaminyl acceptors to glu- 
cose. 

a-Lactalbumin is homologous in amino acid 
sequence to lysozyme. Recent X-ray studies show 
that its three-dimensional structure is also very 
similar to that of lysozyme (21. a-Lactalbumin 
possesses one Ca 2+-binding site (K, = 5 X lo8 
M-l) which is also able to bind Mg2+ (K,, = 2 
X 10’ M-l). Na+ (KNa = 100 M-‘) and Kf (KK 
= 10 M-l) [3-51. In addition, a-lactalbumin has a 
separate site for binding of Zn2*, Cu2+, Co2’ and 
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A13+ [6,7]. The distance between the Ca2+- and 
Zn2+-binding sites is 11.5 + 1.5 A [8]. According 
to the data of Murakami and Berliner [6], the 
association constants for Zn2’ and Cu2+ for 
Ca2+-loaded a-lactalbumin are 1.5 x lo6 and 1.5 
x 10’ M-‘, respectively. Although much is known 
about Zn2’ and Cu2+ binding to a-lactalbumin, 
there are still some problems which should be 
solved. For example, data on the binding of Cu2+ 
and Zn2’ to the apo protein are not available in 
the literature. The physico-chemical properties 
displayed by a-lactalbumin when saturated by 
Zn” or Cu2+ remain unclear thus far. Further- 
more, the groups taking part in the coordination 
of Zn” and Cu2+ in this protein are not known. 

In the present work, these problems were 
studied by means of an intrinsic fluorescence spec- 
troscopic method. It has been revealed that bovine 
a-lactalbumin possesses more than one Cu’+- 
binding site. The parameters for Cu*+ binding to 
a-lactalbumin depend upon the Ca2+ concentra- 
tion: the apo-protein has a higher affinity to Cu2+ 
than the Ca*+-loaded form. Some histidine 
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residues appear to take part in the coordination of 
cu2+. The stability of Ca2+,Cu2+-loaded a- 
lactalbumin is similar to that of the apo-protein. 

The problem of Cu2+ and Zn2’ binding to 
a-lactalbumin merits further investigation, since 
the suggestion has been made that the binding of 
at least Zn*+ . IS of physiological significance for 
the functioning of this protein [7]. 

2. Materials and methods 

cY-La&albumin was isolated from bovine milk 
and purified according to a preparative sequence 
similar to that described by Kaplanas and 
Antanavichius [9]. The purity of the preparation 
was checked electrophoretically. Protein con- 
centrations were evaluated spectrophotometrically 
using an absorption coefficient of c2sonm = 28 540 
M-’ cm-’ as reported in the literature [lo]. Metal 
ion-free protein preparations were obtained by 
means of the method of Blum et al. [ll]. Metal 
ion-free protein preparations contained about 0.1 
mol Ca2+/mol protein which was checked spec- 
trofluorometrically t3]. Only deionized water and 
plastic ware were used in the work with metal-free 
protein. 

Fluorescence spectra were recorded on a 
laboratory-made spectrofluorimeter described 
elsewhere [12]. Fluorescence light was collected 
from the front surface of the cell. All spectra were 
corrected for the spectral sensitivity of the instru- 
ment and in some cases for inner filter effects of 
screening and reabsorption [13]. The position of 
the middle of a chord drawn at the 80% level of 
the maximal intensity (x) was taken as a measure 
of the spectral position. The rate of cell heating 
during measurements of the temperature depen- 
dences of the fluorescence parameters was about 1 
K per min. Fitting of the experimental data to 
theoretical curves was performed using a non-lin- 
ear regression scheme (Marquardt’s algorithm) 
[14]. The accuracy in the evaluation of the binding 
constants by the fitting was about half of an order 
of magnitude. 

3. Results 

Fig. 1 demonstrates the results of spectrofluo- 
rometric Cu2+ titration of Ca2+-loaded bovine 
ar-lactalbumin at pH 8 and 20 o C. The increase in 
Cu2+ concentration causes a shift of the trypto- 
phan fluorescence spectrum towards longer wave- 
lengths by more than 15 nm and a 2-fold decrease 
in fluorescence quantum yield. It should be noted 
that the removal of bound Ca2+ from a- 
lactalbumin gives rise to the same spectral shift 
towards longer wavelengths, however, the fluores- 
cence quantum yield increases in this [3]. The 
curves of the spectrofluorometric titration in fig. 1 
are sigmoidal which reflects the fact that a- 
lactalbumin binds several Cu2+ per molecule and 
that the binding process seems to be cooperative. 
The binding parameters were evaluated in this 
case by the fitting of theoretical curves computed 
according to the simplest cooperative scheme 

P + ncu2+ ,KPCu n 

(P denoting protein) to the experimental points for 
the relative fluorescence quantum yield. The fit- 
ting was carried out by variation of n and K. The 
best fit was achieved for K= 3 X lo3 M-’ and 
n = 2.2 f 0.5 

The results of spectrofluorometric Cu2+ titra- 
tion of Ca2+-free a-lactalbumin at pH 8 and 
20” C are depicted in fig. 2. It is clearly seen that 

[CL?‘3 /PO 
Fig. 1. Spectrofluorometric Cu2+ titration (CuCl,) of Cal+- 
loaded u-lactalbumin. 10 mM He-pes @H 8), 1 mM CaCl,, 
protein concentration Pa = 2.3 X 10W5 M. x, spectral position; 

4, relative fluorescence quantum yield. 
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Fig. 2. Spectrofluorometric Cu2+ titration (CuCI,) of Ca’+- 
free a-lactalbumin. 10 mM Hepes (pH S), protein concentra- 
tion PO = 2.5 x lo-’ M. >, spectral position; 4. relative fluo- 

rescence quantum yield. 

the spectral changes in this case are different from 
those for the Ca2+-loaded protein: the increase in 
Cu2+ concentration results in a shift of the fluo- 
rescence spectrum towards shorter and then longer 
wavelengths. In addition, there is a stepped de- 
crease in fluorescence quantum yield. Since the 
first stage of the spectral changes ends at a 
Cu*+/protein ratio of about unity, one can as- 
sume that these changes are caused by the binding 
of one Cu’+ per protein molecule. Further changes 
in the fluorescence parameters reflect cooperative 
binding of Cuz+ to another protein site. There- 
fore, the binding of Cu*+ to cr-lactalbumin ap- 
pears to proceed according to the following 
scheme: 

Kl 
P + ct12+ ?= PCU 

K2 
PCu + nCu’+ *PCu,+, 

Theoretical curves computed according to this 
scheme were fitted to the experimental data on the 
relative fluorescence quantum yield. The best fit 
was achieved for K, = 8 X lo4 M-l, K2 = 4 x lo3 
M-’ and n = 3.2 f 1. This means that in the 
absence of Ca2+, a-lactalbumin has a higher affin- 

ity to Cu*+ (one site with association constant 
8 x lo4 M-‘) than in the presence of saturating 
concentrations of Ca* +. 

Fig. 3 shows the pH dependence of the fluores- 
cence parameters for Ca*+- and Ca*+,Cu*+- 
saturated ol-lactalbumin. As shown previously 
[3,5], the shift of the fluorescence spectrum to- 
wards longer wavelengths and the increase in fluo- 
rescence yield for Ca *+-loaded a-lactalbumin in 
the pH range from approx. 4 to approx. 2.5 reflect 
conformational changes induced by displacement 
of Ca2+ from the binding sites by protons as a 
result of the competition between Ca2+ and H+ 
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Fig. 3. Speotrofluorometric pH titration of Ca’+-loaded (2.5 x 
lo-’ M CaCl,) (0) and Ca2+,Cu2+-loaded (2.5 X10-’ M 
CaCl, and 3.4X 10e4 M CuCl,) (0) a-lactalbumin (2.1 x 10s5 
M). (A) Spectral position, (B) relative fluorescence quantum 

yield. 
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Fig. 4. Spectrofluorometric Cu’+ titration (CuCl,) of Ca2+- 
loaded a-lactalbumin. 10 mM glycine @H 4.5), 2.5 x lo-” M 
CaCl,. Protein concentration PO = 3.4 X low5 M. (A) Spectral 

position, (B) relative fluorescence quantum yield. 

for the same carboxylate groups. The Cazf,Cu2+- 
loaded protein undergoes a similar transition in 
this pH region, hawever, the protein in this state 
displays an additional transition in the pH region 
from approx. 7.5 to approx. 5, namely, a shift of 
the fluorescence spectrum towards shorter wave- 
lengths and a rise in the relative fluorescence 
quantum yield. These changes in fluorescence 
characteristics are the reverse of those induced by 
Cu2+ binding. The pH region in which these 
changes occur is characteristic for the titration of 
side chains of histidine residues (bovine a- 
lactalbumin contains three histidines, i.e., residues 
32,68 and 107 [15]). These facts lead us to suggest 
that the fluorescence changes registered for 
Ca2+,Cu2+-loaded a-lactalbumin over the range 
pH 7.5-S are caused by conformational changes 
induced by protonation of the side chains of some 
bistidines, which in turn results in the release of 
some bound Cuzf, The lowering of the affinity of 
a-lactalbumin to Cu2+ due to this transition is 
clearly demonstrated by spectrofluorometric Cuzf 
titration of a-lactalbumin at pH 4.5 (fig. 4). In 
this case, the increase in Cu2+ concentration causes 
only a non-cooperative decrease in relative fluo- 
rescence quantum yield without any spectral shifts. 

Evaluation of the effective Cu’+-binding constant 
using the simplest one-site model results in a value 
of 5 x lo3 MP’, i.e., the affinity to Cu2+ of a- 
lactalbumin in this state is about one order of 
magnitude lower than that at neutral pH values. 

I 1 I I I I 1 I I 
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“C 

Fig. 5. Thermal denaturation of u-lactalbumin in various states: 
(0) Ca2+-loaded (2.5 X lo-’ M CaCl,, pH 7.5); (0) 
Caz+,Cu2*-loadeil(2.5xlO-’ M CaCl,, 3.4~10~“ MCuCl,; 
pH 7.5); (A) apo-protein (0.35 mM EGTA, pH 7.5); (0) 
Ca2+-loaded (2.5 x 10s5 M CaCl,, pH 4.5); (x) Ca2*,Cu2+- 
loaded (2.5 x 10W5 M C&l,, pH 4.5). Protein concentration 
PO = 2.1 X lo-’ M. 10 mM Hepes or glycine. (A) Spectral 

position, (B) relative fluorescence quantum yield. 
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Fig. 6. Temperature dependences of the fraction of conversion 
from the native to the thermally unfolded state for different 
forms of wlactalbumin, computed from the data presented in 

fig. 5. Designation as in fig. 5. 

The mechanism of involvement of histidine 
residues in the process of Cu2+ binding is unclear 
at present, but one could assume that some histi- 
dines participate immediately in the coordination 
of Cu2+ which is corroborated by ESR data [16]. 

In order to characterize the state of cy- 
lactalbumin in the complexes with Cu’+, we 
studied the thermal denaturation process for vari- 
ous states of a-lactalbumin at pH 7.5 and 4.5. The 
results of these measurements are shown in figs. 5 
and 6. The thermal denaturation of ar-lactalbumin 
results in a shift of the fluorescence spectrum 
towards longer wavelengths due to an increase in 
accessibility of tryptophan residues to the solvent 
and in a rise of fluorescence yield which is super- 
imposed on the common thermal quenching caused 
by activation of the thermal motions of some 
quenching groups in the chromophore’s environ- 
ment (fig. 5B). In order to determine the tempera- 
ture dependence for the fraction of conversion 
from the native to thermally denatured state 
without the thermal quenching effects, we have 
used a method that we suggested and described 
previously [17]. This procedure involves the use of 
l/q vs. T/q plots (q, relative fluorescence quan- 
tum yield; T, temperature 11, solvent viscosity). 

One can observe from fig. 6 that Cu2+ binding 
to Ca2+-loaded a-lactalbumin does not result in 
stabilization, as might be assumed, but in desta- 
bilization of its structure: the midpoint of the 
thermal transition shifts towards lower tempera- 
tures by about 14°C; the transition becomes less 
cooperative. The transition in Ca’+,Cu’+-a- 
lactalbumin occurs at almost the same tempera- 
tures as in the apo-protein. This confirms the 

conclusion that Ca2+,Cu2f-a-lactalbumin is in an 
apo-like state [6,7]. Lowering of the pH to 4.5 
decreases the denaturation temperature of both 
the Ca2+-loaded and Ca2+,Cu2+-loaded proteins, 
however, the latter still remains less thermostable 
than the Ca2+-loaded form. 

E c 
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Fig. 7. Urea denaturation of different forms of a-lactalbumin: 
(0) Ca2+-loaded (2.5 x lo-’ M CaCl*, pH 7.5); (a) 
Ca2+,Cu2+-loaded (2.5 X 10K5 M CaCl,, 3X 10m4 M CuCl,; 
pH 7.5); (0) Ca 2+-leaded (2.5 x10-’ M CaCl,, pH 4.5); (x) 
Ca2+,Cu2+-loaded (2.5 x 10m5 M CaCl,, 3~ 10e4 M CuCl,; 
pH 4.5). Protein concentration 2 X 10m5 M. 10 mM Hepes or 
glycine. (A) Spectral position, (B) relative fluorescence quan- 

tum yield. 
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Similar conclusions can be drawn from data on 
the urea-induced denaturation of a-lactalbumin in 
various states (fig. 7). At pH 7.5, Ca*+,Cu*+-a- 
lactalbumin is much less stable to the action of 
urea compared to the Ca*+-loaded protein, how- 
ever, at pH 4.5 the stability of both states is 
practically equal. 

4. Diiion 

The experimental data obtained here show that 
a-lactalbumin possesses several Cu*+-binding sites 
and that this is not quite in accordance with the 
data of Berliner et al. [6,7]. Using fluorescence and 
ESR methods, these authors demonstrated only 
one Cu*+ and Zn*+-binding site in a-lactalbumin. 
Perhaps they failed to determine the presence of 
several sites per protein molecule as a result of 
their spectrofluorometric Zn2+-titration curves not 
being measured in sufficient detail. 

It should also be noted that the Cu*+-binding 
constants obtained in our work for Ca’+-loaded 
a-lactalbumin are almost two orders of magnitude 
lower than those reported by Murakami and 
Berliner [6]. This could be explained by the fact 
that we evaluated these parameters from direct 
spectrofluorometric Cu*+ titration of a-lactalbu- 
min whereas they determined the Cu*+- and 
Zn2+-binding constants from experiments on com- 
petition of these cations with Mn”, however, 
direct competition by Cu’+, Zn*’ and Mn*’ for 
the same binding site has not yet been proven and 
the observed effects could be due to interactions 
between separate Cu*+- and Mn*+-binding sites. 
The experimental spectrofluorometric Zn2’ titra- 
tion curve for a-lactalbumin reported by 
Murakarni and Berliner [6] plateaus at millimolar 
Zn*+ concentrations (protein concentration - 3 
PM), which suggests that the Zn2+-binding con- 
stant for a-lactalbumin is in fact about lo3 M-‘, 
a value that is in good agreement with our data. 

One of the most interesting results of our work 
is that the Cu*+-binding parameters of a- 
lactalbumin depend on Ca2+ concentration; the 
affinity of the apo-protein to Cu*+ is almost one 
order of magnitude higher compared to Ca’+- 
loaded a-lactalbumin. This suggests that interac- 

tions take place between the Ca’+- and Cu*+- 
binding sites in this protein. 

Our data on the thermally and urea-induced 
denaturation of Ca*+ and Ca2’,Cu2+-a-lactal- 
burnin demonstrate that Cu*+ binding gives rise to 
the apo-lie state of the protein. The properties of 
this state are similar but not identical to those of 
the apo form. This conclusion is in full agreement 
with the data of Berliner et al. [6,7]. It should be 
noted that the thermal transition in Ca*+,Cu’+- 
loaded a-lactalbumin at neutral pH values begins 
much sooner than that in the Ca2+-loaded protein, 
therefore, at physiological temperatures around 
37°C the Ca2+ Cu 2+-leaded protein is in equi- 
librium between) the native and thermally dena- 
tured forms. This is probably connected with regu- 
lation of the temperature for functioning of a- 
lactalbumin in vivo. 
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