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Abstract Thermal stability of bovine a-lactalbumin in

the presence of three different calcium concentrations in

aqueous solutions of several concentrations of erythritol,

xylitol, sorbitol, and inositol at pH 6.5 was evaluated by

UV absorbance, fluorescence spectroscopy, and circular

dichroism spectroscopy. At the selected conditions, the

thermal denaturation process is reversible and is well

described by a two-state model. Results show a higher

stability for the holo form of the protein in the presence of

calcium, followed by the holo- and the apo-lactalbumin,

respectively. The stabilizing effect of the polyols increases

with polyol concentration and it is higher for the apo-

lactalbumin than holo-lactalbumin and is very small for the

protein in the presence of a calcium excess.

Keywords Bovine lactalbumin � Glucose �
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Introduction

Bovine a-lactalbumin (LA) is the second more abundant

protein of whey. It is a small globular protein (123 amino

acids, 14.2 kDa) that can bind several metals, including

calcium. The bound calcium protein is called holo-LA and

the free calcium form is known as apo-LA. The calcium

ion increases the thermal stability of the protein, produc-

ing only minor changes in its structure [1, 2]. In solution it

is found as a monomer at pH 5.1–8.1 [3]. The denatur-

ation process of this protein is very sensitive to the

properties of the buffer in which it is dissolved, such as,

pH, ionic strength, and buffer composition and in some

cases the presence of intermediate states has been reported

[4–9]. It has been shown that the presence of other sub-

stances can affect the LA stability positively, increasing

stability, or negatively, decreasing protein stability

[10–15].

Polyols have been used extensively to improve stability

of the native structure of several proteins including LA;

however, results obtained in a previous work in our labo-

ratory shows that erythritol, xylitol, sorbitol, and inositol

stabilize the holo-a-LA in a significant lesser extent than

the reported for others proteins and this stabilizing effect of

polyols depends on the number of OH-groups and con-

centration [4, 5]. The stabilizing effect of polyols depends

on the nature of the stabilizing molecule as well as on the

protein properties. Several theories have been proposed to

explain the experimental observations, among them, the

preferential interaction theory, however, the stabilization

mechanism has not been elucidated [16–19].

In this study, we studied the thermal denaturation of

both forms of the protein (apo and holo) in the presence of

several concentrations of erythritol, xylitol, sorbitol, and

inositol at pH 6.5. The denaturation process was followed
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using several techniques such as fluorescence, far and near

UV circular dichroism, and absorbance.

Materials and methods

Erythritol 99.9%, xylitol 99%, sorbitol 99.9%, inositol

99%, and bovine LA type I (99% by SDS-PAGE) were

purchased from Sigma Chemical Co. (St. Louis, MO, USA)

and used without further purification. Water was distilled

and deionized, obtaining water with conductivity below

2 lS/cm. EDTA and other reagents were analytical grade.

The holo form of the protein was obtained dissolving the

protein in a 1 mM CaCl2 buffer solution of PIPES 5 mM.

For the studies with the apo form a 1 mM EDTA buffer

solution of PIPES 5 mM was employed. The thermal

denaturation was also studied for the protein in phosphate

buffer 5 mM. Protein concentration was about 30 lmol/L

and was measured by UV spectroscopy using a E1% =

20.9 g-1 L cm-1 at 280 nm [20].

Thermal denaturation of bovine LA was studied in

buffer and in aqueous solutions of erythritol, xylitol, and

sorbitol at concentrations of 0.3000–2.0000 mol/kg of

solvent and in aqueous solutions of inositol at concentra-

tions of 0.1500–0.9000 mol/kg of solvent.

Fluorescence intensity measurements were carried out in

an Aminco-Bowman Series 2 spectrometer, monitoring

fluorescence intensity emission at 360 nm with excitation

at 280 nm. Excitation and emission slit widths were 2 and

4 nm, respectively. The sample was heated using an

external circulator bath attached to the cell holder. In

all the cases sample temperature was measured inside the

cell using a temperature probe. The scan heating rate was

1 K/min.

Differential Scanning Calorimetry (DSC) was carried

out with a VP-DSC MicroCal System (MicroCal, North-

ampton, MA, USA) and profiles were analyzed with Origin

software. The protein sample in buffer was degassed

and over pressed to 25 psig. The scan heating rate was

1 K/min. Baseline was obtained by scanning the buffer, at

the correspondent heating rate to subtract it from experi-

mental runs. The employed buffers were 5 mM PIPES

1 mM CaCl2 buffer at pH 6.5 and 5 mM PIPES 1 mM

EDTA buffer at pH 6.5. The EDTA was added to chelate

any Ca2? present in solution.

Circular Dichroism spectra were obtained in the far and

near UV region using a CHIRASCAN spectrophotometer

from Applied Photophysics Ltd. (Surrey, United King-

dom). The spectra were recorded at 298.15 ± 0.1 K,

except the spectra of the protein dissolved in inositol

0.9 m, which was obtained at 303.15 ± 0.1 K because of

inositol low solubility. For near UV–CD spectra quartz

cells of 10.00 mm pathlength were employed. In the case

of the far UV–CD spectra, demountable cells of pathlength

of 0.10 mm were used because of the strong buffer

absorption below 200 nm.

Reversibility of denaturation process was followed by

fluorescence and DSC, heating the protein solution to a

previously fixed temperature of 360 K during 5 min and

cooling it down to room temperature. This process was

repeated using the same sample, checking reproducibility

of fluorescence and DSC readings.

Thermodynamic denaturation parameters were obtained

from the thermal denaturation curves [21]. For a reversible

denaturation process through a two-state transition between

native and unfolded states, assuming a linear dependence

with temperature for the spectroscopy signal of the native

and denatured states, the measured spectroscopy signal, Y,

can be related to the denaturation parameters according to

the relation [22, 23]:

Y ¼ YN0 þ mNT � YD0 þ mDTð Þe�DG0

RT

1þ e�
DG0

RT

ð1Þ

where,

�DG0

RT
¼ �

DH0 Tmð Þ 1� T
Tm

� �
þ DCp T � Tm� T ln T

Tm

� �� �

RT

ð2Þ

In the above equations Y is the value of the property at

temperature T, R is the universal gas constant, DG0 is the

standard free energy, YN0 and YD0 are the properties of the

native and denatured protein at 0 K, respectively, and mN

and mD are the slopes of the linear dependence of the

spectroscopic signal with temperature. Using Eqs. 1 and 2,

experimental data are fitted to obtain the thermodynamic

parameters that describe the thermal denaturation process.

The percent of stabilization of the protein by polyols

was calculated as:

%DDG0
D ¼

DG0
D mð Þ � DG0

D m ¼ 0ð Þ
DG0

D m ¼ 0ð Þ � 100; ð3Þ

where DG0
D mð Þis the Gibbs free energy of denaturation of

the protein at the concentration m, and DG0
D m ¼ 0ð Þ is the

Gibbs free energy of denaturation in the absence of polyol.

Results and discussion

Reversibility studies show that for solutions of LA with

concentrations below 0.32 mg/mL at pH 6.5, the unfolding/

refolding process is highly reversible even at temperatures

as high as a 360 K. No dependence of the thermodynamics

denaturation parameters was found neither with protein

concentration in the 2–30 lmol/L range nor with scan

velocity in the 0.5–1.5 K/min range. The experimental
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evidence allows affirming that the denaturation process of

LA, is thermodynamically and no kinetically controlled,

under the conditions used in this work thus the thermo-

dynamics parameters are obtained when they are calculated

using the appropriate relations.

Figure 1 shows the obtained DSC scans for the holo and

apo form of the protein in buffer up to 360 K. Results show

that at the conditions of this study, reversibility of the

thermal denaturation of bovine LA is higher than 90% and

no evidence of aggregation at these conditions is observed.

In a previous work the thermal profiles for holo-LA

obtained using different techniques, showed that the

denaturation process can be modeled as a two-state process

without the presence of intermediate states [8]. The calo-

rimetric and van’t Hoff enthalpies for both forms of the

protein are very close indicating a high cooperativity of the

denaturation process and confirming the hypothesis of a

two-state transition. From Fig. 1 the stabilizing effect of

calcium on the protein is notorious, as has been widely

reported in the literature [6, 24].

In order to examine the effect of polyols on the stability

of apo-LA, thermal unfolding curves were determined by

emission fluorescence spectroscopy for the protein in buf-

fer and in aqueous solutions of the considered polyols.

The curves in Fig. 2 show that at the conditions of the

study, the thermal denaturation of the protein in the pres-

ence of the selected polyols can also be described as a two-

state transition between native and unfolded states without

the presence of intermediate states. An increment in the

denaturation temperature is observed at high concentra-

tions of the selected polyols reflecting the increase in

thermal stability of the protein. This behavior is similar to

the reported by Sekhar and Prakash [10] for solutions of

this protein and sorbitol, sucrose and glycerol who observe

a stabilizing effect at concentrations higher than 30%.

The thermodynamic parameters that describe the thermal

denaturation process of apo- and holo-LA with calcium in

the presence of erythritol, xylitol, sorbitol, and inositol are

presented in Tables 1, 2, 3, 4. The denaturation parameters

8000

Apo-LA

Holo-LA

C
p/

ca
l m

ol
–1

 °
C

–1

7000

6000

5000

4000

3000

2000

1000

0

0 10 20 30 40 50 60

Temperature/°C
70 80 90

–1000

Fig. 1 Differential Scanning Calorimetry for the apo-bovine-LA in

buffer at pH 6.5. Solid lines correspond to the first heating and dashed
lines correspond to a second heating cycle of the same sample. The

apo-LA was dissolved in PIPES 5 mM pH 6.5 ? EDTA 1 mM and

the holo protein was dissolved in PIPES 5 mM pH 6.5 ? CaCl2
1 mM

100

80

60

40

%
 U

nf
ol

de
d 

20

0

270 280 290 300 310 320

Erythritol Xylitol

Sorbitol

330 340

0.0000 m
0.5000 m
1.0000 m
1.5000 m
2.0000 m

0.0000 m
0.5000 m
1.0000 m
1.5000 m
2.0000 m

0.0000 m
0.5000 m
1.0000 m
1.5000 m
2.0000 m

0.0000 m
0.1900 m
0.3800 m
0.5600 m
0.7500 m

Temperature/K

100

80

60

40

%
 U

nf
ol

de
d 

20

0

100

80

60

40

%
 U

nf
ol

de
d 

20

0

100

80

60

40

%
 U

nf
ol

de
d 

20

0

270 280 290 300 310 320 330 340

Temperature/K

270 280 290 300 310 320 330 340

Temperature/K
270 280 290 300 310 320 330 340

Temperature/K

Inositol
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for apo-LA are in accordance with other previously reported

using similar conditions. Table 2 gives the unfolding

enthalpy of the process at the denaturation temperature,

Table 3 presents the unfolding entropy of the process at the

denaturation temperature, and Table 4 presents the dena-

turation free energy in the presence of erythritol, xylitol,

Table 1 Denaturation temperatures of apo-LA in buffer PIPES 5 mM ? EDTA 1 mM pH 6.50 and holo-LA in aqueous solutions in buffer

PIPES 5 mM ? CaCl2 1 mM pH 6.5 of buffer, erythritol, xylitol, sorbitol, and inositol

Cosolute

molality

Tm/K apo-LA Cosolute

molality [22]

Tm/K holo-LA ? Ca2?

Erythritol Xylitol Sorbitol Inositol Erythritol Xylitol Sorbitol Inositol

0.0000 305.7 305.7 305.7 305.7 0.0000 341.0 341.0 341.0 341.0

0.1900 306.7 0.1500 341.0

0.3800 307.2 0.3000 339.7 340.7 340.9 341.3

0.5000 306.5 306.1 305.4 0.6000 341.0 341.1 341.4 342.0

0.5600 307.8 0.7500 342.2

0.7500 310.1 0.9000 341.0 341.2 341.7 342.4

1.0000 306.8 307.6 307.6 1.2000 341.3 341.5 341.8

1.5000 307.6 308.3 307.7 1.5000 341.8 341.8 342.7

2.0000 309.1 309.1 310.0

Table 2 Denaturation enthalpies of apo-LA in buffer PIPES 5 mM ? EDTA 1 mM pH 6.50 and holo-LA in aqueous solutions in buffer PIPES

5 mM ? CaCl2 1 mM pH 6.5 of buffer, erythritol, xylitol, sorbitol and inositol

DH/kJ mol-1

Cosolute

molality

Apo-LA Cosolute

molality [22]

Holo-LA ? Ca2?

Erythritol Xylitol Sorbitol Inositol Erythritol Xylitol Sorbitol Inositol

0.0000 166 166 166 166 0.0000 291 291 291 291

0.1900 170 0.1500 295

0.3800 169 0.3000 300 304 291 298

0.5000 168 155 177 0.6000 317 283 303 295

0.5600 175 0.7500 298

0.7500 187 0.9000 288 302 307 305

1.0000 176 173 176 1.2000 312 306 298

1.5000 211 183 166 1.5000 290 285 299

2.0000 196 177 187

Table 3 Denaturation entropies of apo-LA in buffer PIPES 5 mM ? EDTA 1 mM pH 6.50 and holo-LA in aqueous solutions in buffer PIPES

5 mM ? CaCl2 1 mM pH 6.5 of buffer, erythritol, xylitol, sorbitol, and inositol

DS/kJ mol-1 K-1

Cosolute

molality

Apo-LA Cosolute

molality

Holo-LA ? Ca2?

Erythritol Xylitol Sorbitol Inositol Erythritol Xylitol Sorbitol Inositol

0.0000 0.54 0.54 0.54 0.54 0.0000 0.85 0.85 0.85 0.85

0.1900 0.55 0.1500 0.86

0.3800 0.55 0.3000 0.88 0.89 0.85 0.87

0.5000 0.55 0.51 0.58 0.6000 0.93 0.83 0.89 0.86

0.5600 0.57 0.7500 0.87

0.7500 0.60 0.9000 0.85 0.88 0.90 0.89

1.0000 0.57 0.56 0.57 0.54 1.2000 0.91 0.89 0.87

1.5000 0.69 0.59 0.54 0.55 1.5000 0.85 0.83 0.87

2.0000 0.63 0.57 0.60 0.55
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sorbitol, and inositol. They were obtained assuming a two-

state process, and were determined in the temperature range

where the process is reversible.

The enthalpy changes are very small and do not follow a

clear trend with cosolute concentration. The typical standard

deviation estimated is ±18 kJ mol-1 for the apo form of the

protein and ±8 kJ mol-1 for the holo-protein, respectively.

As can be seen, the differences between the values obtained

are around the estimated relative standard deviation for the

holo-LA, and a small increase in the denaturation enthalpy is

observed for the apo-LA. In all cases the enthalpy changes

are higher for holo-LA with calcium excess, indicating a

stronger stabilizing effect of calcium than the studied poy-

ols. A similar behavior is observed for the denaturation

entropies. In this case the typical standard deviation esti-

mated is ±0.06 and ±0.02 kJ mol-1 K-1 for the apo- and

holo-LA, respectively. No conclusive results were obtained

about if the stabilization exerted by polyols is predominantly

enthalpic or entropic.

Figure 3 shows the effect of erythritol, xylitol, sorbitol,

and inositol on the denaturation temperatures of aqueous

solutions of apo- , holo- [5] and holo-LA in the presence of

calcium. The uncertainty in temperature is not higher than

1.0 K. For the holo form of the protein, the effect of the

polyols employed is small and at low concentration there is

no significant effect. At the same concentrations, a higher

stabilizing effect of the polyols is observed for the apo

form. However, the presence of the calcium ion in the

molecule has a much higher stabilizing effect than polyols.

The stabilizing effect of the polyols is higher for the apo-

LA than holo-LA with a calcium excess. This suggests that

the stabilizing effect of the selected polyols on the LA

depends on the initial stability of the protein dissolved in

the buffer without the cosolvent. This stabilizing effect is

Table 4 Denaturation free energy of apo-LA in buffer PIPES 5 mM ? EDTA 1 mM pH 6.50 and holo-LA in aqueous solutions in buffer PIPES

5 mM ? CaCl2 1 mM pH 6.5 of buffer, erythritol, xylitol, sorbitol, and inositol

DG/kJ mol-1

Molality Apo-LA Molality Holo-LA ? Ca2?

Erythritol Xylitol Sorbitol Inositol Erythritol Xylitol Sorbitol Inositol

0.0000 3.67 3.67 3.67 3.67 0.0000 24.5 24.5 24.5 24.5

0.1900 4.20 0.1500 25.0

0.3800 4.42 0.3000 25.3 26.0 24.4 25.4

0.5000 4.06 3.59 3.81 0.6000 27.7 23.5 26.1 25.2

0.5600 4.83 0.7500 25.7

0.7500 6.18 0.9000 24.1 25.9 26.7 26.6

1.0000 4.43 4.69 4.76 1.2000 27.2 26.4 25.6

1.5000 5.85 5.30 4.53 1.5000 24.5 23.7 25.8

2.0000 6.11 5.43 6.15
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function of the numbers of hydroxyl groups of the polyol:

when the number of OH groups increases the stabilizing

effect becomes larger, being the effect higher for the cyclic

polyol inositol. The dependence of the stabilizing effect

with the form of the protein and thus on its initial stability

can be observed in Fig. 4, where the increase in denatur-

ation temperature resulting from the addition of 1 mol of

the selected solute is plotted for the apo- , holo- , and holo-

LA in presence of an excess of calcium. The data of Fig. 3

were fitted to a straight line and by least squares the

ordinate values in Fig. 4 were obtained. For all the selected

polyols the effect exerted on apo- and holo-LA is similar,

but it is significantly lower for the holo-protein in the

presence of a calcium excess.

Table 4 shows the denaturation free energy of apo- and

holo-LA with a calcium excess in the presence of erythri-

tol, xylitol, sorbitol, and inositol. Typical standard devia-

tion estimated is ±2.0 kJ mol-1, for apo- and holo-LA,

respectively. Even though, the changes are small, results

show an increase with cosolute concentration which is

more significant for apo-LA. The results confirm that the

stabilizing effect of the polyols is higher for apo-LA than

for holo-LA and is very small for the protein in the pres-

ence of calcium. Again, a smaller stabilizing effect is

exerted on the more stable form of the protein. The percent

of stabilization of the protein by polyols, expressed as the

relative change in the free Gibbs energy of denaturation at

298.15 K, is shown in Fig. 5. The stabilizing action of the

polyols depends on the free Gibbs energy of the protein as

was seen previously with the effect on the denaturation

temperature: the most stable protein is less stabilized by the

selected polyols. Haque et al. [19] found a similar behavior

for lysozyme and ribonuclease A with several polyols at

various pHs, being both proteins less stable at lower than at

neutral pH. They interpreted their results in terms of the

effect of the protonation of the carboxylic groups that occur

at low pH and hence the degree of exclusion (repulsion) of

polyol from the protein domain (the stabilizing effect)

becomes larger with increasing protonation of COO-

groups. However, this interpretation doesn’t apply in our

case because our experiments were all made at the same

pH. It appears that differences in the stabilizing effects are

related with changes in the enthalpic/entropic behavior of

these thermodynamic parameters for the different forms of

the protein, as the same authors pointed out. These obser-

vations have been poorly discussed in literature from a

theoretical point of view.

When compared with other proteins as lysozyme [11] it

can be observed that the stabilizing effect exerted on LA by

the selected polyols is lower than for other proteins [17, 18,

25–28]. This is interpreted in terms of the compact dena-

tured state found for LA at the conditions employed in this

work. Figure 6 shows the CD spectra in the far and near
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UV for the apo-LA at different temperatures. It can be seen

a high content of secondary native-like structure at high

temperatures where no tertiary structure is present. This

suggests a partially unfolded state and a denaturation pro-

cess which does not induces large changes in volume and

exposed area when compared with other proteins. This

could explain the lower stabilization exerted by the selec-

ted polyols in the LA case: core residues are less exposed

in the LA denatured state than in other proteins, thus the

change in area and volume in the denaturation process

could be smaller for this protein than for others [16, 29,

30].

Conclusions

Results show that considered polyols stabilize bovine LA;

however, their effect on the thermal denaturation parame-

ters is lower than the effect observed with other proteins.

The small extent of stabilization produced in this case by

polyols, suggests that LA is not fully unfolded at high

temperatures as has been shown in previous works [5, 12].

It is noteworthy the dependence of the stabilization effect

exerted by the selected polyol on the stability of the protein

in the absence of these cosolutes, an observation that hasn’t

been previously reported for a protein.
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