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Abstract 

Preferential solvation h parameters for systems 
containing water-~ copper salt---protein (lysozyme or 
bovine serum albumin) have been determined by gel 
permeation chromatography. When water is preferen- 
tially adsorbed by the protein, good agreement is 
found between h values determined by this method 
and by equilibrium dialysis-differential refracto- 
metry. The influence of the concentration and type 
of anion component of the copper salt, protein 
concentration and temperature has been investigated. 
The methodology used also allows direct visualiza- 
tion of the metal ion bound to the protein and to 
determine binding parameters. Apparent association 
constants of 2.0 X lo2 I@ and 1.7 X 10’ M-’ have 
been obtained for the binding of copper nitrate to 
lysozyme at 30 and 4 “C, respectively. 

Introduction 

The biochemistry of copper and other metal ions 
has been a matter of interest in recent years, mainly 
due to the relationship existing between abnormally 
elevated levels of these ions and metabolic disorders 
[l-3] . Albumin is present in many biological fluids 
and binds a wide variety of organic and inorganic 
ligands [4]. Serum albumin is known to be the major 
copper binding protein in humans and different 
animal species. Complex formation between Cu(I1) 
and serum albumin has been studied quite extensively 
using a variety of techniques [5-81. Quantitative 
data on aluminium binding to human serum albumin 
[3] or cobalt binding to bovine serum albumin (BSA) 
have been recently published [9]. On the other hand, 
the interaction between Cu(I1) and lysozyme, a carbo- 
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hydrate hydrolitic enzyme, has been widely inves- 
tigated [lo-121 and has been also characterized 
in terms of binding parameters [ 131. 

Gel permeation chromatography (GPC) is a 
very useful method for studying protein ligand inter- 
action and, from its development by Hummel and 
Dreyer [ 141, it has been applied to the study of dif- 
ferent systems under various experimental conditions 
[ 15, 161. We have carried out several studies on 
protein-metal ion interactions by means of tech- 
niques such as dilatometry, equilibrium dialysis 
differential refractometery, and viscometry; these 
studies have demonstrated that copper(I1) and cobalt- 
(II) nitrate salts produce conformational alterations 
in lysozyme and BSA, depending on the metal ion 
and protein concentration, and that these effects 
can be determined by volume change, specific visco- 
sity and preferential solvation parameter, h, measure- 
ments [7,9, 131. 

This paper deals with the application of GPC, 
in Sephadex G-25 support, to the evaluation of X 
paiameters in ternary systems containing water 
l/copper salt 2/protein 3 (lysozyme or BSA). Two 
copper salts (nitrate and chloride) have been 
compared and factors such as copper salt concentra- 
tion, protein concentration and temperature have 
been also investigated. The analysis of the chroma- 
tograms obtained by using spectrophotometry with 
a copper salt selective wavelength allows the deter- 
mination of copper binding parameters for the pro- 
teins. 

Experimental 

Hen egg white lysozyme (three-times recrystallized 
L-6876 lot No. 57C-8025) and bovine serum albumin 
(crystallized and lyophilized A-4378 lot No. 38C- 
8160) were purchased from Sigma (St. Louis, MO, 
U.S.A.) and were used without further purification. 
Sephadex gel (G-25) fine and Blue Dextran 2000 
were from Pharmacia (Uppsala, Sweden). Analytical 
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reagent grade copper salts were from Merck (Darm- 
stadt, F.R.G.). 

Gel permeation chromatography was performed 
m a Wright 13/30 column. Samples were directly 
monitored at 254 nm with a LKB detector, and occa- 
sionally with a Beckman spectrophotometer model 
UV-5260 for visible detection. The flow rate was 
controlled with a LKB peristaltic pump. All solutions 
were carefully degassed before use. 

The column was packed according to the mstruc- 
tions from manufacturer [ 171, using accurately 
weighted portions of Sephadex swollen for 24 h m 
the appropriate eluent. The column was equilibrated 
with each eluent according to the Hummel and 
Dreyer’s method [14] at the desired temperature 
(4 or 30 “C). All the eluents contained copper salt 
solutions in twice-distilled water. 

Before injecting protem samples, several solutions 
of copper salt were injected, correspondmg to known 
excess of absolute amount of copper salt, Am’, in 
mol/l. A calibration plot of Am” vs. h” was obtained, 
ho being the height of the peak appearing in the 
chromatogram. A small amount of protein (5 or 10 
mg) dissolved in 100 ml of the same equtlibrating 
solution was injected onto the column and then 
eluted by the copper solution used for equrhbratron. 
The copper salt excess peak m the chromatogram 
was related to the corresponding Am from the 
calibration plot. h parameters were then calculated 
m a manner srmrlar to that previously described 
[18, 241. Eluent salt concentratrons varied from 
1.43 X 10” to 7.18 X IO-’ M. 

Each measurement was repeated three times and 
the average values were calculated. The relative mean 
devratron was in all cases lower than 2% for Am 
values and lower than 1.5% for elutron volume 
measurements. 

Results and Discussion 

In Fig. la are shown as an example of the chroma- 
tograms of lysozyme at different protein concentra- 
tions, with a 1.43 X 10” M copper nitrate solution 
as eluent, monitored at 254 nm and 30 “C. The first 
elutmg peak appearmg at an elution volume (V,) of 
25 ml corresponds to the solvated protein and the 
second one to an excess of copper nitrate (50 < V, < 
52 ml). As deprcted in Fig. lb, the herghts of the 
excess peaks are proportronal to the amount of 
inJected lysozyme. Similar patterns are obtained for 
BSA in the same experimental condrtrons. 

Figure 2 shows a typical cahbratron curve of 
excess peak herghts, ho, m mm, versus copper nitrate 
excess, Am’, in molar concentration, for a 1 43 X 
10v2 M copper nitrate solution as eluent at 30 “C. 

The preferential solvatron parameter X has been 
classrcally measured by equrlibrmm dialysis drfferen- 
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Frg. 1. (a) Chromatograms corresponding to lysozyme mjec- 
trons at concentrations 2 5, 5.0 and 10 mg/ml for a 1 43 X 
low2 M copper mtrate solution as eluent. (b) Dependence of 
the copper nitrate excess peak herght, h, on lysozyme 
concentration. 

20 40 60 80 

ho (mm1 

Frg. 2. Cahbratron curve of excess mcrements of copper 
mtrate, Am’, in molar concentration vs. peak herghts, h”, m 
mm, for a 1 43 X 10” M copper nitrate solution as eluent 
Column temperature 30 “C 

tial refractometry [9, 13, 191, light scattering [20, 
211 and more recently by GPC. The evaluation of 
h by HPLC has been described by several authors 
[22, 231 and by ourselves for ternary systems sol- 
vent l/solvent Z/macromolecule 3 [18] and solvent 
l/solute 2/salute 3 1241. According to these papers, 
h is expressed as the excess or defect m volume frac- 
tion of one of the components m the domain of the 
macromolecule with respect to the bulk solvent, once 
the thermodynamic equrhbrmm has been attained. 
Negative values of h are assigned when preferential 
solvatron of component 3 (protein) by component 
2 (copper salt) occurs. Positive Xs imply preferential 
solvation by component 1 (water). 

From the heights of the copper nitrate excess 
peaks m the chromatograms (Fig. la) and the corres- 
ponding cahbratron curves (Fig. 2) h parameters can 
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be obtained. X values deduced in this way are posi- 
tive; this indicates, as explained above, that lysozyme 
is preferentially solvated by water. A density of 
2.3255 g/ml was taken for copper nitrate salt in X 
calculations. 

0 10 20 30 40 50 60 

ELUTION VOLUME (ml1 

Fig. 3. Elution profiles of lysozyme injected at 5 mg/ml in 
eluents of copper nitrate concentration ranging from 1.43 X 
lo-* to 4.00 X lo-* M. Elution conditions are as described 
in the Materials and Methods Section. Column temperature: 
30 “C. 

Figure 3 shows the chromatograms obtained for 
lysozyme, injected at a concentration of 5 mg/ml, 
in eluents of different copper nitrate compositions 
at 30 “C. In order not to overcrowd the figure, only 
four chromatograms have been included, but more 
eluent compositions were assayed. The areas of 
copper nitrate excess peaks do not increase linearly 
with the amount of copper salt in the eluent. The 
increases and decreases in these areas with increasing 
salt concentration can be related to changes in the 
preferential solvation of lysozyme by water in the 
range of copper nitrate concentrations used. 

In a similar manner as described above, X para- 
meters have been calculated for each eluent at 30 “C. 
The same experimental procedure produces the 
values of h at 4 “C. The variation of h is plotted in 
Fig. 4 as a function of eluent copper nitrate 
concentration at 30 “C (a) and 4 “C (b), at injected 
lysozyme concentrations of 5 and 10 mg/ml. It 
can be observed that X is always positive at both 
temperatures for all eluent compositions used, which 
implies a preferential solvation of lysozyme by 
water in all cases. At 30 “C (Fig. 4a), X increases 
with increasing metal concentrations until a maxi- 
mum is attained at 3.00 X lo-* M copper nitrate, 
and then it decreases, reaching a minimum at con- 
centrations about 4.3 X lo-* M. These changes are 
less pronounced as the protein concentration in- 
creases. If these data are compared with those obtain- 
ed by means of equilibrium dialysis differential 
refractometry [13], a very good agreement both 
qualitatively and quantitatively can be noted. The 
increases or decreases in X, that is, the higher or lower 

COPPER NITRATE (mol/ll 

Fig. 4. Preferential solvation parameter h vs. eluent copper 
nitrate concentration at 30 “c (a) and 4 “C (b). Lysozyme 
concentration: 5 mg/ml (o) and 10 mg/ml (0). 

preferential solvation by water, depends on copper 
concentration and could be related to structural 
changes in the protein [9, 13,251. 

X values at 4 “C, although positive, are smaller 
than those determined at 30 “C, the variations with 
copper concentration being less significant. This 
behaviour could be attributed to the existence of 
two different conformational states of the protein; 
it is known that lysozyme in solution undergoes 
structural changes as a function of temperature. 
The transition is totally reversible and affects a 
limited but substantial part of the molecule [26, 271. 

Similar experiments with BSA as component 3 
have been performed in a range of eluent copper 
nitrate concentrations varying from 1.43 X lo-* to 
6.00 X 10” M. Figure 5 shows the variation of h 
as a function of eluent composition for an injected 
protein concentration of 10 mg/ml at 30 and 4 “C. 
A preferential solvation by water is also observed 
for this protein, X parameters being smaller than 
those determined by lysozyme in all cases. On the 
other hand, in contrast with the above results for 

I I I 
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Fig. 5. 8~ parameter vs. eluent nitrate concentration at 30 “c 
(0) and 4 “C (0). BSA concentration was 10 mg/ml. 
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lysozyme, the values of h did not vary appreciably 
when the temperature decreases (Fig. 5). Qualita- 
tively the variation of h at 30 “C as a function of 
copper salt concentration is similar to that previously 
described with cobalt nitrate, as deduced from 
equilibrium dialysis-differential refractometry [9]. 

In order to determine whether the anion compo- 
nent of the copper salt has some effect on the 
preferential solvation of these proteins, BSA or lyso- 
zyme, a parallel study was carried out with copper- 
(II) chloride under the same experimental conditions. 
The h values for both proteins for eluents of dif- 
ferent copper chloride concentrations are summarized 
in Table I. These values have been deduced from the 
corresponding chromatograms and calibration plots 
as mentioned above. 

TABLE I. A Values Obtained for Water/Copper Chloride/ 

Protein System from Chromatograms at Different Eluent 

Compositions at 30 and 4 “Ca 

Eluent Cut& Lysozyme Albumin 
concentration 

X lo2 (mol/l) c3 h x lo2 c3 kX102 

(mglml) (ml/g) (mg/ml) (ml/g) 

30°c 4°C 30°C 4°C 

1.43 5 10.8 3.8 10 -0.6 -0.7 
10 8.6 3.4 

2.39 5 10.7 4.7 10 -0.9 -1.8 
10 7.9 3.5 

3.34 5 8.7 4.5 10 -1.4 -2.1 
10 7.2 3.8 

4.00 5 7.7 3.6 10 -1.5 -1.8 
10 7.7 2.1 

4.78 5 7.1 2.6 10 -0.6 -1.3 
10 7.1 2.5 

ELUTION VOLUME (ml) 

Fig. 6. Elution profile of lysozyme injected at a concentra- 

tion of 10 mg/ml for a 1.43 X 10m2 M copper nitrate solution 

as eluent. (a) Column temperature: 30 “C. (b) Column 

temperature: 4 “C. 

chloride one due to its larger size and to a possible 
lower ionic mobility. 

So far, all the results have been deduced from 
chromatograms monitored directly at a wavelength 
of 254 nm. However, for lysozyme, eluate fractions 
were also spectrophotometrically monitored at 800 
nm. Figure 6 shows, as an example, the elution pat- 
tern for lysozyme in an eluent containing copper 
nitrate at a concentration of 1.43 X 10m2 M, at 
30 “C; at this wavelength, the protein itself does 
not absorb and the visible absorption maximum at 
27 ml is due to the metal ion bound to the protein. 
The excess peak at -50 ml allows the determination 
of X parameters using the corresponding internal 
calibration at this wavelength (Fig. 7). Similar experi- 
ments with copper chloride as eluent have also 
demonstrated the same two peaks, which are observ- 
ed for all the eluent compositions assayed. 

aCs is the injected protein concentration. h parameter for 

each eluent is the mean of the values obtained for three 

injected protein concentrations. I I I I I I 

X parameters for BSA are always negative; this 
means that, in contrast with lysozyme, BSA is 
preferentially solvated by the copper salt under these 
conditions. On the other hand, although X values are 
positive for lysozyme in copper chloride solutions, a 
decrease of about 90% in their absolute value is 
observed relative to the corresponding copper nitrate 
eluent (Fig. 4). If we compare both copper salts, 
the experimental evidence indicates that for the same 
molar composition there is a higher excess of water 
molecules (component 1) relative to the number of 
molecules of the component 2 in the solvation shell 
of lysozyme in the case of the copper nitrate salt, 
and the same is observed for BSA. These differences 
can be attributed to a greater difficulty for the 
interaction of the nitrate anion relative to the 

I I I 1 I I I 
-003 -002 -001 0 001 002 003 

a COPPER SALT (mol/ll 

Fig. 7. Internal calibration. Absorbance at 800 nm as a func- 

tion of the copper salts excess or deficiency (relative to 

eluent concentration) injected onto the column. Etuent salt 

concentration: 1.43 X 10m2 M. (0) copper nitrate; (0) copper 
chloride. Column temperature: 30 “C. 
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