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Abstract

Bovine a-lactalbumin has been studied by differential scanning calorimetry with various concentrations of calcium
to elucidate the effect of this ligand on its thermal properties. In the presence of excess calcium, a-lactalbumin
unfolds upon heating with a single heat-absorption peak and a significant increase of heat capacity. Analysis of the
observed heat effect shows that this temperature-induced process closely approximates a two-state transition. The
transition temperature increases in proportion with the logarithm of the calcium concentration, which results in an
increase in the transition enthalpy as expected from the observed heat capacity increment of denaturation. As the
total concentration of free calcium in solution is decreased below that of the proteins, there are two temperature-
induced heat absorption peaks whose relative area depends on the calcium concentration, such that further decrease
of calcium concentration results in a increase of the low-temperature peak and a decrease of the high-temperature
one. The high-temperature peak occurs at the same temperature as the unfolding of the holo-protein, while the
low-temperature peak is within the temperature range associated with the unfolding of the apo-protein. Statistical
thermodynamic modeling of this process shows that the bimodal character of the thermal denaturation of bovine
a-lactalbumin at non-saturated calcium concentrations is due to a high affinity of Ca2q for a-lactalbumin and a low
rate of calcium exchange between the holo- and apo-forms of this protein. Using calorimetric data, the calcium-bind-
ing constant for a-lactalbumin has been determined to be 2.9=108 My1. Q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Ž .a-Lactalbumin LA is an acidic, low molecular
weight globular protein produced in the lactating
mammary gland as a regulatory component of the

w xlactose biosynthesis 1,2 . Its physical characteris-
tics and folding properties are significantly af-
fected by specific interactions with Ca2q. The
removal of bound calcium greatly decreases the
thermal stability of LA but the protein retains

w xessentially the same folded conformation 3,4 .
On the other hand, according to a number of

w x 2qauthors 5]7 , the removal of Ca at neutral pH
and low ionic strength converts LA into a molten

w xglobule state. Yutani et al. 8 have studied calori-
metrically the calcium-free apo-LA, which is sup-
posed to be in the molten globule state in low
ionic strength solutions: they did not observed
any excess heat effect upon heating. It was there-
fore assumed that this state of LA is close to the

Ž w x.unfolded state see also Okazaki et al. 7 . How-
w xever, Relkin et al. 9 studied LA at low concen-

trations of calcium using a Perkin-Elmer scanning
calorimeter: they observed two heat absorption
peaks upon heating the solution. The first peak
was attributed to the thermal denaturation of the
apo-form and the second one to the holo-form.
This observation did not attract much attention
because to overcome the insensitivity of the in-
strument used, the calorimetric experiments were

Žconducted using high concentrations of protein 3
. Ž y1 .mM and very fast heating rates G10 K min ,

which are inappropriate for the quantitative ther-
modynamic analysis. However, later calorimetric
studies showed that at room temperature and
neutral pH the apo-LA is in the partly unfolded
state if the ionic strength of the solution is low
w x10 . This partly unfolded state occurs because
removal of Ca2q results in the appearance of
strong repulsive forces between uncompensated
negative charges at the calcium-binding site. In
the presence of monovalent salts apo-LA has a
native-like structure that unfolds cooperatively
upon heating with significant heat absorption, al-
though at much lower temperatures than the

w xholo-LA 3,10 .
In this paper we demonstrate, using highly sen-

sitive scanning microcalorimetry techniques, that

a solution of LA at pH 8.0 and low concentrations
of calcium indeed represents a mixture of apo-
and holo-forms that do not readily interconvert
and therefore unfold at different temperatures.
These calorimetric data permit a reliable de-
termination of the binding constant for calcium, a
quantity difficult to obtain by other methods be-
cause of the low stability of the apo-form of LA.

2. Results

Fig. 1 gives the temperature dependence of the
partial heat capacity of LA in 10 mM Tris]HCl
Ž .pH 8.0 in the presence of different concentra-
tion of CaCl . The concentration of LA, in all2
cases, was 0.1 mM and the heating rate was 1 K
miny1. The protein used in this experiment ini-
tially contained bound calcium which had not
been specially removed. The addition of calcium
to the buffer increased the peak area and peak
maximum and correlated with an increase in tem-

Ž .perature and enthalpy of LA unfolding Table 1 .
This stabilizing effect of calcium on the holo-LA
is rather small and appears to be proportional to

Žthe logarithm of calcium concentration see inset
.in Fig. 1 .

Fig. 2 shows the temperature dependencies of
the partial heat capacities of LA in 10 mM Tris
Ž .pH 8.0 with different relative concentrations of
EDTA that was used to decrease the concentra-
tion of free Ca2q and holo-LA. As the concentra-
tion of EDTA increases, the major heat absorp-
tion peak decreased in area giving rise to a sec-

Table 1
Thermodynamic characteristics of LA unfolding in 10 mM

Ž .Tris pH 8.0 in the presence of varying amounts of CaCl2

w x Ž . Ž .Salt T D H T K 258Cm m a
o y1 y1Ž . Ž . Ž . Ž .mM C kJ mol mol

0.0 CaCl 64.1 271.0 ]2
80.1 CaCl 65.2 297.6 1.9=102
71.0 CaCl 67.9 316.3 1.8=102
62.0 CaCl 68.9 318.0 9.5=102

10.0 CaCl 70.0 313.8 ]2
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Ž . Ž .Fig. 1. The calorimetrically measured heat capacity profiles of LA in 10 mM Tris pH 8 and various amounts of CaCl : 1 0 mM;2
Ž . Ž . Ž . Ž .2 0.1 mM; 3 1 mM; 4 10 mM; and 5 100 mM. The inset shows the dependence of the denaturation temperature of LA on the
log of the CaCl concentration in the range from 0.1 to 10 mM. The dashed line shows the extrapolation of the heat capacity of the2

w xnative LA with a slope typical of other stable globular proteins 12 .

ond lower-temperature peak located at 278C while
the transition temperature of both peaks re-
mained constant. This observation suggests that
the influence of calcium on the thermodynamic
properties of LA depends on the concentration
range of Ca2q. At concentrations of Ca2q where
one can expect that all calcium-binding sites are
saturated, we observe a single heat-absorption
peak that increases slowly in proportion to the
logarithm of calcium concentration. At concen-
trations where the free calcium in the solution is
less than the protein’s concentration and not all
molecules of LA are bound calcium, two heat-
absorption peaks are observed. The low-tempera-
ture peak can be assigned to the apo-form of LA
and the area of this peak has a sigmoidal depen-

dence on the relative EDTA concentration, R
Ž .see inset to Fig. 2 .

Fig. 3 presents the denaturation enthalpies of
holo- and apo-LA measured under various sol-

Ž .vent conditions see Table 2 plotted against the
transition temperature. It also includes previously

w xreported enthalpies of LA unfolding 10,11 . The
figure shows that all the calorimetrically mea-
sured enthalpies of LA denaturation are in rea-
sonable correspondence. Regression analysis of
this data set, which includes enthalpy values for
apo-LA, gives an enthalpy dependence on tem-
perature equal to 4.3 kJ Ky1 moly1. This value is

w xlower than previously reported 10 , but is in good
agreement with the experimentally measured de-
naturation heat capacity increment if the heat
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Ž .Fig. 2. The calorimetrically measured heat capacity profiles of LA in 10 mM Tris pH 8 and various amounts of EDTA expressed
w x w xas Rs EDTA r protein , and indicated by the curves. The inset shows the calculated fraction of apo-LA vs. R, the fractional

amount of EDTA.

capacity function of the native state is extrap-
olated with a slope equal to that found for other

w xstable globular proteins 12 , which is indicated in
Fig. 1 by the dashed line.

3. Discussion

It is clear from the above that LA solutions
having concentrations of calcium lower than that
of protein contain a mixture of the apo- and
holo-forms that do not interconvert readily. This
slow interconversion suggests that the binding
constant of Ca2q to LA is very high, and corre-
spondingly the rate of calcium release by the

Ž .holo-form as well as by EDTA is much lower
than the rate of calcium binding by the apo-form
w x13 . If we take into account that these two forms
differ drastically in stability and the denatured
protein does not specifically bind calcium, we can
describe the observed process by the following
scheme:

PqLlPL

x­

Ž .D 1

where P is the apo-LA; PL is the holo-LA with
bound ligand; D is the denatured LA; and L is
the ligand, i.e. calcium ion. Such a process was

w xanalyzed in detail by Brandts and Lin 14 and
w xShrake and Ross 15 . Using the formalism sug-

gested by these authors, we simulated the calori-
metrically determined heat capacity functions of
LA in the presence of various concentration of
calcium. In this simulation we assumed, in accor-

w xdance with our previous finding 10 , that the
enthalpy and heat capacity effect of calcium bind-
ing by LA are zero.

The results of the simulations are shown in Fig.
4a and the parameters for the simulations are
given in the legend to Fig. 4. We found that the
binding constant decreases with the increase of
the calcium concentration and calculated an aver-
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Ž . Ž . Ž .Fig. 3. The enthalpy of LA denaturation plotted vs. the transition temperature: -^- apo-LA; -I- holo-LA; -`- LA in presence
Ž . w x Ž . w xof calcium as shown in Table 1; -v- from 10 ; and -\- from 11 .

age calcium binding constant K of 2.9=108
a

My1.
The binding constant of Ca2q to LA has been

determined by many authors using various modi-
fications of the Hummel]Dryer procedure and
the reported values between 106 and 109 My1

Žspread across three orders of magnitude for re-
w x.view see Kronman 2 . According to Kronman

w x2 , the values which are considered to be the
most reliable values were obtained by his group

6 y1 w x 6and lie between 1.5=10 M 16 and 2.5=10
y1 w xM 17 ; however, all their measurements were

Ž .carried out at room temperature 20]258C at
neutral pH. As shown in Fig. 2, the denaturation
of apo-LA in solutions with pH 8.0 begins below
108C and at 208C a significant portion of apo-LA
are denatured. Therefore, the values of the bind-
ing constant offered by Kronman have all been
underestimated. This situation can explain the
lower values of the apparent binding constant for
calcium. The value of binding constant that we

obtained, 2.9=108 My1, is close to the value
K s5=107 My1 obtained from a direct titra-a

w xtion isotherm at 58C 18 .
The decrease of the binding constant of cal-

Žcium with increasing calcium concentration see
.Table 1 might be caused by an increasing non-

specific influence of the ionic strength resulting in
decreased electrostatic interactions. The presence
of excess free calcium is also responsible for the
stabilization of holo-LA at high concentration of
calcium. This effect seems to be entropic result-
ing from the entropy of mixing of the calcium
released upon LA denaturation with the calcium
of the bulk solution. The positive entropy of mix-
ing decreases with increasing concentrations of
Ca2q in the bulk solution, thus increasing the
transition temperature. This situation resembles
that of DNA, the stability of which depends on
the ionic strength and this dependence is entropic
in nature caused by entropy of mixing of the

w xreleased counter ions 19,20 . The suggested ef-
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Table 2
aŽ .Thermodynamic characteristics of LA unfolding in 10 mM Tris pH 8.0 in the presence of various amount of EDTA

apo apo holo holoR T Q T Q D H D H KED TA m m cal tot a
y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž . Ž .8C kJ mol 8C kJ mol kJ mol kJ mol M

63.1 270.5 264.0 270.5
70.5 64.3 264.5 254.0 264.5 3.3=10

1.0 63.8 263.7 260.0 263.7
81.2 62.3 255.5 253.0 255.5 8.0=10
83.2 26.4 153.4 62.7 260.9 222.0 231.9 2.9=10
84.9 27.8 138.2 61.9 256.5 202.0 203.3 3.4=10
85.6 23.3 88.8 63.3 263.1 192 202.1 2.3=10

6.3 26.7 100.8 81.0 100.8
7.4 33.5 112.4 95.0 112.4
9.0 30.6 134.0 117.0 134.0

12.4 22.3 126.6 118.0 126.6

aR is the ratio of the concentration of EDTA to protein; Tapo and Tholo are temperatures of the heat absorption maximumED TA m m
for the holo- and apo- forms; Qapo and Qholo are the corresponding heat effects; and K is the association constant for Ca2q.a

fect of excess free calcium on polyelectrolyte
properties and the stability of LA, does not ex-
clude the possibility of its direct interaction with
the protein at the additional low-affinity sites

w xdemonstrated earlier 21,22 .
In order to demonstrate the influence of the

calcium-binding constant on the character of LA
denaturation, Fig. 4b presents the results of the
LA heat capacity function simulation for different
calcium binding constants. It shows that the de-
naturation of LA occurs in two different tempera-
ture ranges only if the binding constant is above
108 My1.

4. Materials and methods

Bo¨ine a-lactalbumin was obtained from Sigma
Chemical Co. Purity of the protein was monitored
by PAGE under native and denatured conditions.
The concentration of protein solutions was mea-
sured spectrophotometrically using an extinction

1% w xcoefficient of E s20.9 23 with correction280 nm
for light-scattering effects. Ethylenediaminete-

Ž .traacetic acid EDTA and calcium chloride were
obtained from Sigma.

Calorimetric experiments were performed with a
Nano-DSC differential scanning calorimeter by

w xCalorimetric Sciences Corporation 24 at scan-
ning rate 1 K miny1 and excess pressure 1.5 atm.
The molar heat capacity was calculated for bovine

w xa-lactalbumin according to 25 using a mol wt.
14 300 Da and a partial specific volume Vs0.709
cm3 gy1. The concentration of protein used in the
calorimetric experiments was 1.5]2.5 mg mly1.
The temperature dependencies of the heat capac-
ity of LA in the unfolded state was calculated at

w xdifferent temperatures according to 12 .
The concentration of free Ca2q in solution,

w 2qxCa , was determined by the general equation:

w xCa2q y1w xCa s Kw x w xEDTA y Ca

where Ks1.98=108 My1 is the Ca2q binding
w x w xconstant to EDTA 26 , Ca is the total concen-

w xtration of calcium in solution and EDTA is the
concentration of EDTA in solution. Since the
used concentrations of EDTA were two orders of
magnitude higher than that of LA, the presence
of the protein does not affect the concentration
of the free calcium much.

The simulated heat capacity function was gen-
w xerated as suggested by Brandts and Lin 14 and

was fitted to the calorimetrically determined func-
tion by a non-linear regression analysis program
from Philip Sherrod.
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Ž .Fig. 4. Simulation of the heat capacity profiles of LA in the presence of different concentrations of ligand panel a and at different
2q Ž . y4values of the Ca binding constant panel b . Parameters used for simulation are: concentration of proteins1=10 M;

7 y1 Ž .K s1=10 M ; the temperature of denaturation of apo-LAs300 K; the enthalpy of denaturation of apo-LA D H s118 kJa d
y1 Ž . y1 y1 Ž .mol ; the heat capacity increment of denaturation DC s4.3 kJ mol K ; the enthalpy of calcium binding D H s0 kJp,d a
y1 Ž . y1 y1mol ; the heat capacity effect of calcium binding DC ;0 kJ K mol ; and the number of binding sites Ns1. In panel a,p,a

Ž . y8 Ž . y5 Ž . y4 Ž . y4 Ž . y3the total concentration of ligand is: 1 1=10 M; 2 5=10 M; 3 1=10 M; 4 5=10 M; and 5 2=10 M. In panel
Ž . 4 y1 Ž . 7 y1 Ž . 8 y1b, the values of association constant are: 1 1=10 M ; 2 1=10 M ; 3 1=10 M ; and the total concentration of ligand

is 5=10y5 M.
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