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ABSTRACT Thermodynamic parameters for the unfolding of as well as for the binding of Ca®" to goat a-lactalbumin (GLA)
and bovine a-lactalbumin (BLA) are deduced from isothermal titration calorimetry in a buffer containing 10 mM Tris-HCI, pH
7.5 near 25°C. Among the different parameters available, the heat capacity increments (AC,,) offer the most direct information
for the associated conformational changes of the protein variants. The AC,, values for the transition from the native to the
molten globule state are rather similar for both proteins, indicating that the extent of the corresponding conformational change
is nearly identical. However, the respective AC, values for the binding of Ca®" are clearly different. The data suggest that a
distinct protein region is more sensitive to a Ca®*-dependent conformational change in BLA than is the case in GLA. By
analysis of the tertiary structure we observed an extensive accumulation of negatively charged amino acids near the
Ca®"-binding site of BLA. In GLA, the cluster of negative charges is reduced by the substitution of Glu-11 by Lys. The
observed difference in AC,, values for the binding of Ca®" is presumably in part related to this difference in charge distribution.

INTRODUCTION

a-Lactalbumin (LA) is a small globular protein. Its shape
resembles that of a prolate ellipsoid. A deep cleft divides the
molecule roughly into two lobes. One lobe, the a-domain,
contains four a-helices, the other is characterized by the
presence of a B-sheet (Acharya et al., 1989, 1991; Pike et
al., 1996). A loop of 10 amino acids that spans the cleft is
strongly Ca®" binding (Stuart et al., 1986; Acharya et al.,
1989, 1991) and is assumed to play a role in the mutual
positioning of the two domains. In the absence of Ca>* and
under mild denaturing conditions, a number of specific
tertiary interactions dissolves cooperatively during a pro-
cess that behaves as a two-state transition (Hiraoka et al.,
1980; Kuwajima et al., 1986). As a result, the protein adopts
a slightly expanded molten globule state. In this state of LA,
the B-domain is significantly unfolded whereas the a-do-
main retains its native helices as well as a native-like
tertiary fold (Baum et al., 1989; Alexandrescu et al., 1993;
Peng and Kim, 1994; Wu et al., 1995). The further unfold-
ing of these secondary structures under stronger denaturing
conditions occurs noncooperatively (Vanderheeren and
Hanssens, 1994, 1999; Griko et al., 1994).

Molten globule states are universal stable intermediates
in folding processes of globular proteins (Arai and Kuwa-
jima, 2000; Haynie and Freire, 1993; Ptitsyn, 1994), and
much attention is being devoted to elucidate the character-
istics that determine their structure and stability. The careful
study of mutant proteins with a directed substitution offers
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an excellent approach to this problem. However, compara-
tive studies of the unfolding behavior of closely related
natural proteins can offer additional solutions.

Bovine a-lactalbumin (BLA) is known to be less stable
than goat a-lactalbumin (GLA) (Segawa and Sugai, 1983).
The observation that the amino acid sequences of GLA and
BLA differ by only seven amino acids invited us to analyze
the different thermodynamic parameters for the unfolding of
both proteins under identical conditions of pH and low ionic
strength. In a neutral to slightly basic medium and near
room temperature the apo-forms of both LAs convert from
the native to the molten globule state while the Ca®"-bound
proteins are in their native conformation. Therefore, the
analysis of the heat exchange (AH,,, values) from isother-
mal titration calorimetry (ITC) measurements with Ca®" at
different temperatures yields the thermodynamic parameters
(AH, AS, AG, AC,) for the binding of the Ca** ion in
addition to those for the conformational transition of the
apo-proteins. Several authors have shown that even mono-
valent cations bind in a specific way to LAs (Permyakov et
al., 1985; Hiraoka and Sugai, 1985; Desmet et al., 1987), the
ability of cations to interact with LA being optimal when the
ionic radius equals that of Ca>* (Desmet, 1992). To avoid
small monovalent cations we performed our measurements
in a Tris-HCI1 buffer. However, Tris-H" possesses a large
deprotonation enthalpy. Upon eventual protonation or dep-
rotonation of the protein that might occur during conforma-
tional changes and Ca?" binding, the measured heat ex-
change (AH,,, values) also includes a contribution for the
transfer of those protons from or to the components of the
Tris-HCI buffer. Therefore, the impact of the deprotonation
or protonation of the buffer components is measured to even-
tually correct the observed heat exchange (AH,,,). Of
the resulting thermodynamic parameters (AH, AS, AG,
AC,), derived for the conformational transition and for
the Ca>* binding of the LAs, especially the heat capacity
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increments (AC, values) are closely related to changes in
the exposure of hydrophobic surface (Livingstone et al.,
1991; Privalov and Makhatadze, 1992; Oobataka and Ooi,
1993; Freire, 1995). Therefore, the AC, values offer direct
information on the extent of the conformational changes of
LAs (Griko 1999, 2000).

Our analysis indicates that the heat capacity increments
for the transition from the native-like state of apo-GLA and
-BLA to their respective molten globule-like state (AC,\x)
have approximately one-half the value of those for the
complete unfolding of an LA and are rather similar for both
protein species. The AC,\y values agree with the observa-
tion that the molten globule state of an LA is characterized
by a highly unfolded -domain and a well-conserved na-
tive-like fold of the a-domain (Baum et al., 1989; Alexan-
drescu et al., 1993; Peng and Kim, 1994; Wu et al., 1995).
In contrast, the heat capacity increments for the binding of
Ca** (AC,cq2+) are larger for BLA than for GLA. These
differences in AC,,,+ occur as well for Ca®" binding to
the apo-LAs in their molten globule states as for binding to
the native states. Therefore, a distinct region within BLA is
clearly more sensitive to a Ca”*-dependent exposure to
solvent than is the corresponding region in GLA. By careful
analysis of the respective tertiary structures of the native
proteins we observed an increased accumulation of nega-
tively charged amino acids near the Ca®"-binding site of
BLA. In GLA the cluster of negative charges is less pro-
nounced as Glu-11, which participates in the negative clus-
ter in BLA, is mutated to a positively charged Lys. Obvi-
ously, this different distribution of charged amino acids near
the Ca**-binding site contributes to the observed difference
in ACp,c,»+ values between apo-GLA and -BLA.

MATERIALS AND METHODS
Materials

BLA was purchased from Sigma (St. Louis, MO). The protein was decal-
cified by applying a sample in 10 mM EDTA and 10 mM NH,HCO;, pH
8.5, to a sephacryl-HR-100 column. Elution was done with 5 mM
NH,HCO5, pH 8.5. The protein fraction was checked for its Ca** and Na*
content by atomic absorption spectroscopy; typically it contained less than
0.05 and 0.08 mol of the respective cation/mol of protein. Preparations
meeting these requirements were lyophilized and stored at —20°C until
use. As NH,HCO, disintegrates upon lyophylization, salt-free protein
samples were obtained.

GLA was prepared from fresh milk whey. After addition of Tris and
EDTA to final concentrations of 50 and 1 mM, respectively, and adjust-
ment of the pH to 7.5 with HCI, the whey was applied to a Phenyl-
Sepharose column (Pharmacia, Uppsala, Sweden). Apo-GLA was bound
hydrophobically to the column (Lindahl and Vogel, 1984; Noppe et al.,
1998), whereas the other whey proteins were eluted with the Tris-EDTA
buffer, pH 7.5. a-Lactalbumin was eluted by changing the eluting buffer to
50 mM Tris, 1 mM Ca?>"*, pH 7.5. The Ca®>"-GLA was then demetallized
as described above.

Lyophilized GLA and BLA samples were also checked for EDTA
content, using a method based on the formation of a fluorescent terbium-
EDTA-salicylic acid complex (Lee, 2001). Samples containing 500 ul of a
mixture of terbium nitrate and sodium salicylate (1 mM each), 1 ml of
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protein solution (15-80 uM), and 500 ul of Capso buffer (0.1 M, pH 11)
were shaken for 15 min and transferred into a 10 X 10-mm cuvette. The
resultant fluorescence was measured with an Aminco-Bowman Series 2
spectrofluorimeter (excitation 340 nm, emission 545 nm) and compared
with a calibration curve of samples containing EDTA (0—-50 wM). The
residual EDTA-content for both BLA and GLA was below the detection
limit, indicating that the molar ratio EDTA/protein was less than 0.02.

DE-MALDI-TOF mass spectroscopy revealed that each purified protein
consists of a single component with a molecular mass of 14,186 and 14,178
dalton for GLA and of BLA, respectively. The analysis was performed by
M-Scan Ltd (Ascot, UK) using a Voyager STR Biospectrometry Research
Station laser-desorption mass spectrometer coupled with delayed extrac-
tion.

Tris was a product of Merck (Darmstadt, Germany). HEPES and MOPS
were purchased from Boehringer (Mannheim, Germany). Tris-HCI buffer
was obtained by direct titration of Tris with HCl. Any back titration is
avoided to exclude Na* and other small cations from the buffer solution.
These cations are suspected to bind competitively to the specific Ca®" site
(Hiraoka and Sugai, 1985; Desmet et al., 1987). Buffer solutions of HEPES
and MOPS were obtained by titration of the above sulfonic acids with
either KOH or NaOH to distinguish the impact of K" and/or Na™ cations.

BLA and GLA concentrations were determined by ultraviolet (UV)-
spectrophotometry using the value €,5, = 28,500 (mol/l)"! cm ™" for both
proteins. This value has been determined for BLA (Kronman and An-
dreotti, 1964). An identical molar extinction coéfficient is applicable to
both proteins as GLA and BLA contain Trp, Tyr, and Cys groups at
identical locations (Gill and von Hippel, 1989).

Circular dichroism

Circular dichroism (CD) measurements were made on a Jasco J-600
spectropolarimeter (Jasco, Tokyo, Japan), using 5-mm cuvettes and a
protein concentration of ~25 uM. At each temperature of the transition
curve, measurements were started 5 min after temperature equilibration of
the sample. Evidence that an equilibrium state had been obtained was
provided by the fact that the ellipticity values were identical in heating and
cooling runs, provided that the samples had not been exposed to high
temperatures (>345 K) for more than 15 min.

Isothermal titration calorimetry

Microcalorimetric titration measurements were made in a MicroCal MCS
isothermal titration calorimeter (MicroCal Inc., Northampton, MA). In a
typical experiment, 1.3 ml of ~35 uM a-lactalbumin in 10 mM Tris-HCI,
pH 7.5, near 25°C, was titrated in 20 steps with 40 ul of 3.5 mM CacCl,.
The Ca®" concentration of the titrant was determined using a Perkin-Elmer
3300 absorption spectrometer. During titration, the injection syringe was
rotated at 200 rpm. The values of the molar enthalpy changes were
determined from the titration curves after subtraction of a baseline mea-
sured in the absence of protein. To allow for a valid comparison of the
results, special attention is given to titrate all the samples with Ca>* from
the same stock solution. In this way possible errors resulting from inac-
curate ion content are neutralized when comparing the resulting thermo-
dynamic parameters.

RESULTS

Near-UV ellipticity changes of GLA and BLA as a
function of temperature

Several authors have shown that even monovalent cations
bind in a specific way to LAs (Permyakov et al., 1985;
Hiraoka and Sugai, 1985; Desmet et al., 1987), the ability of
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FIGURE 1 Ellipticity at 270 nm as a function of temperature for GLA
(4) and BLA (B). The solvent conditions are 25 uM GLA in 10 mM
Tris-HCI, pH 7.5, and 2 mM Ca** (M), in 10 mM Tris-HCL, 2 mM EGTA,
pH 7.5 without further additions ([J) or with 10 mM NaCl (X) and in 10
mM MOPS-NaOH, 2 mM EGTA, pH 7.5 (+).

the cations to interact with LA being optimal when the ionic
radius equals that of Ca®" (Desmet, 1992). To avoid small
monovalent cations we preferred a buffer of Tris/Tris-H™ in
this comparative study of Ca®>"-binding to apo-GLA and
-BLA.

Before starting the calorimetric titrations we first verified
the unfolding of the apo- and Ca®*-bound proteins under
the solvent conditions of the subsequent calorimetric titra-
tions. The unfolding of tertiary structure of LAs is moni-
tored by the change of their near-UV ellipticity. Because of
the immobilization of aromatic side chains by specific con-
tacts, native LA shows a pronounced negative ellipticity
near 270 nm. In the molten globule state, the interactions of
the aromatic residues are randomized and the near-UV
ellipticity approaches zero. The open and filled squares of
Fig. 1, 4 and B, represent the mean residue ellipticity at 270
nm of apo- and Ca®"-bound GLA and BLA, respectively, in
10 mM Tris-HCI as a function of temperature.

At 276 K (3°C) the ellipticity values of apo-GLA and
Ca’*-GLA in 10 mM Tris-HCI are nearly the same (Fig. 1
A, open and filled squares), indicating that in both condi-
tions GLA reaches a quasiidentical native state. In contrast,
at 276 K and in the mentioned buffer conditions, the ellip-
ticity value of apo-BLA is less negative than that of Ca**-
BLA (Fig. 1 B, open and filled squares). This observation
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FIGURE 2 (A4) Profile of the heat exchange measurement for a calori-
metric titration of apo-BLA in 10 mM Tris-HC] with Ca®>*. The sample
solution (1.3 ml of 35 uM BLA at 313.7 K) was titrated with 2 uL
injections of 3.5 mM Ca**. (B) Profile of the heat exchange per mole of
injected Ca®* as a function of the molar ratio of the injectant to BLA for
the above titration. The line through the experimental points represents the
optimal fit for a monoligand binding. From the curve fitting AH
and Kcpo ¢ ,pp are obtained.

a2+ .exp

suggests that in the buffer of 10 mM Tris-HCI only a
fraction of apo-BLA is folded into the native state at 276 K.

Furthermore, the near-UV CD curves indicate that the
transition from the unfolded to the native conformation for
apo-GLA as well as that for apo-BLA (Fig. 1, 4 and B, open
squares) is mainly completed at 320 K (47°C). The Ca®"-
bound proteins stay native up to the latter temperature (Fig.
1, 4 and B, filled squares). This increased thermal stability
resulting from Ca®* binding, which is a general property of
all a-lactalbumins (Stuart et al., 1986), is useful for the
analysis of the ITC measurements.

Isothermal titration calorimetry of apo-GLA and
-BLA with Ca®*

Fig. 2, A and B, represents a typical example of an isother-
mal titration experiment. In Fig. 2 4, the heat exchange is
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FIGURE 3 Molar heat release (—AHc,, ¢, for Ca”" binding to GLA
(4) and BLA (B). Black squares (H) represent experimental values. The
full lines represent the curves fitted according to the combined Egs. 1
through 7. Dashed lines represent the temperature dependence of
—AHc,;, g Dash-dot lines represent the temperature dependence of
—AH¢,, . N The error bars represent standard deviation.

shown at subsequent injections of Ca®" into an apo-BLA
solution at 313.6 K (40.5°C). By deconvolution of the
subsequent titration curve (Fig. 2 B), the molar heat ex-
change for Ca** binding (AHcy 4 expery) 1S calculated. In
case sufficient data points are gathered to reproduce accu-
rately the drop of the heat release near the equivalence
point, also a reliable value for the Ca’*-binding constant
(Kcaz+ expcry) can be deduced. The further treatment of both
series of data are described in the following sections.

Influence of eventual proton exchange on the
AHc a4 expm Values

The experimental values for molar release of heat upon
Ca’* binding (—AHcy 4 expery) to GLA and BLA in a
buffer of 10 mM Tris-HCI, pH 7.5, near 298 K, are plotted
as a function of temperature in Fig. 3, 4 and B, respectively.
A number of distinct differences between both sigmoid
curves are observed: 1) the transition domain, characterized
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by the steepest part of the curve, is situated at a higher
temperature for GLA than for BLA; 2) in the center of the
transition domain, the slope is larger for GLA than for BLA;
3) at the extremities of the respective transition domains, the
slope is smaller for GLA than for BLA.

Before starting the analysis of the temperature depen-
dence of the AHc, 4 exp(r) Values we looked for the even-
tual contribution resulting from protonation of Tris or dep-
rotonation of Tris-H ™. Indeed, if LA would loose or acquire
a proton upon Ca>* binding and/or changing conformation
these protons should be transferred to or withdrawn from
the buffer components. In this case the AHy; . expcr) Values
would have to be corrected for the eventual deprotonation
enthalpy of the buffer (AHy.,0t)). The evaluation of this
contribution is realized by measuring the binding of Ca®" to
the LAs in buffers with different deprotonation enthalpies.
The real Ca®"-binding enthalpy can then be calculated
according to:

AHC32+,real(T) = AHCa2+,exp(T) — Ny X AHdeprot(T) (1)

in which np, designates the number of protons that are
released (ny,. > 0) or taken up (n;;, < 0) by the buffer.

We measured the AHcy,  cxpery Values for the binding of
Ca®>" to GLA and BLA in 10 mM MOPS, HEPES, and
Tris-HCI, respectively, at the low and high temperature
extremes of the transition curve. As the equilibrium Tris +
H" < Tris-H" is sensitive to temperature, a Tris-HCI
buffer of pH 7.5 near 25°C (298.1 K) shifts from pH 7.95
near 9.5°C (282.6 K) to pH 6.95 near 45°C (318.1 K). We
accounted for this pH shift by adjusting the pH of the MOPS
and HEPES buffer to pH 7.95 near 9.5°C and to pH 6.95
near 45°C, respectively. This large difference in pH by no
means invalidates our comparative study.

The AHcy i expery Values determined at pH 7.95 near
9.5°C are summarized in Table 1. Interestingly, the values
vary as to whether the sulfonic acids (MOPS and HEPES)
have been titrated with KOH or NaOH to attain pH 7.95
near 9.5°C. However, the respective Ca?* binding enthal-
pies in MOPS and HEPES buffer are, within the experi-
mental error, identical with the AHc,5 4 oy values that are
obtained in Tris-HCI buffer to which 10 mM KCI or NaCl
is added. In the presence of 10 mM K™ and Na™, respec-
tively, the AHc,5 4 expcry values of GLA and BLA are iden-
tical in the different buffer systems and are not influenced
by the deprotonation enthalpy of the buffer. This observa-
tion allows us to conclude that neither GLA nor BLA
exchange an appreciable amount of protons upon Ca®"
binding at the lower temperature limit of the transition
curves.

Concerning the observation that the AHcy; ¢ exp(t) Values
of GLA and BLA are dependent on the nature of the
dissolved monovalent cation, the near UV ellipticity curves
presented by the right (+) and diagonal (X) crosses in Fig.
1, A and B, show that the transition of both apoproteins is
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TABLE 1 Experimental enthalpy values for the binding of Ca®* to GLA and BLA in different buffer conditions
GLA BLA
AHdeprot* Texp AH Ca2+,expT Texp AHCaH,expT
Buffers (kJ mol™1) (°C) (kJ mol™ 1) (°C) (kJ mol™1)
pH 7.95 at 9.5°C
Tris-HCI 10 mM 48.1 9.7 —41.3 9.3 —50.3
Tris-HCI 20 mM 48.1 9.1 —38.9 9.9 —42.7
Tris-HCI 10 mM, KCI 10 mM 48.1 9.3 -30.4 9.5 —28.9
HEPES-KOH 10 mM 20.3 9.0 —294 9.0 —32.3
MOPS-KOH 10 mM 21.2 10.3 -313 9.0 -29.9
Tris-HCI 10 mM, NaCl 10 mM 48.1 9.2 —18.5 9.2 —9.5
HEPES-NaOH 10 mM 20.3 9.2 —17.1 8.6 -9.5
MOPS-NaOH 10 mM 21.2 9.3 —18.0 9.1 -10.4
pH 6.95 at 45°C
Tris-HCI 10 mM 46.5 45.1 —256.0 45.1 —260.9
Tris-HC1 10 mM, NaCl 10 mM 46.5 45.1 —249.7 45.1 —257.8
MOPS-NaOH 10 mM 22.6 45.1 —246.8 45.1 —256.1

*Values for AH o
et al. (2001).

Standard deviations of multiple experiments were typically + 1.5 kJ/mol.

shifted to higher temperatures by the addition of 10 mM
Na™. Therefore the AHc s+ expery Values at 9.5°C in the
absence and presence of Na™ (and presumably also of K™)
are influenced by small differences in protein conformation
depending on whether Na™ (or K*) is added to the solution
or not. Nevertheless, the fact that the AH 4 exp(t) Values in
the presence of equal concentrations of Tris-H", K*, or
Na™ ions are different (Table 1) indicates that the ion effect
is not a pure question of ionic strength. It affirms the idea
that Na™ and even that K* bind in a specific way to LAs
(Permyakov et al., 1985; Hiraoka and Sugai, 1985; Desmet
et al., 1987).

The results of Table 1 show that also near 45°C (318.1 K)
at pH 6.95 and in the presence of 10 mM Na* (10 mM
MOPS-NaOH and 10 mM Tris-HCI with 10 mM NacCl), the
AHe 4 expery Values of GLA and of BLA are identical
within experimental error. The values are not dependent on
the deprotonation enthalpy of the buffer. As a consequence,
also under the experimental conditions of the high temper-
ature extreme of the transition curves, no noticeable amount
of protons is exchanged.

The fact that the Ca®>" binding enthalpies of GLA and
BLA are not influenced by the buffer deprotonation en-
thalpy, neither before nor after the transition domain,
strongly suggests that the AH,; . ox,cr) Values do not re-
quire corrections for protonation or deprotonation of the
buffer within the whole temperature region investigated.

Analysis of the temperature dependence of the
AHc a4 expm Values

From the above results we have learned that the experimen-
tal enthalpy values for Ca?* binding to apo-GLA and -BLA
(Fig. 3, A and B) do not contain noticeable contributions

for MOPS and HEPES were obtained from Fukada and Takahashi (1998); the AH,,,,-values for Tris were obtained from Samland

from proton exchange with the buffer substances. For the
further analysis of the AHcy . oxper) Values we assumed
that, in the considered temperature range (276-320 K),
native apo-LA equilibrates with the expanded molten glob-
ule state and that all Ca®"-bound LA is native. The latter
assumption is in agreement with the constant near-UV CD
signal of Ca®"-LA below 320 K (Fig. 1). Under the condi-
tions of the above assumptions AHc,; . expcr) CONSists of
only two contributions, one for Ca®>* binding to the fraction
of native apo-LA (ayr)) and another for Ca’* binding to
the fraction of molten globule (1 — ay)). The respective
molar enthalpies are represented by AHc,, ncr, and
AHc 4 gnery- The subscript N refers to Ca’* binding to
native apo-LA, and the subscript EN emphasizes that Ca**
binding to expanded LA also includes a transition to the
native state of the protein. Hence,

AHCa2+,exp(T) = aN(m X AHCa2+,N(T) + (1 - aN(T))
X AHCaZJr,EN(T)

(2)

The values of the enthalpy change in the above equation are
temperature dependent. They can be related to the respec-
tive values at the standard temperature (298 K) by the heat
capacity increments AC,cp5 4 n and AC, ¢ 4 pn- Assuming
that the respective heat capacity increments do not depend
significantly on temperature, we write

AHep i = MHegr e o) + ACyciin X (T = 298)
3)
and
AH - onn = Aot exaos) + ACycin X (T — 298)
)

Biophysical Journal 82(1) 407-417
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TABLE 2 Summary of the thermodynamic parameters
obtained from isothermal titration of GLA and BLA with Ca*
at different temperatures

Parameter GLA BLA
AHC32+7EN(298) (kJ molfl) —1774 =5 —164.3 + 2
AHeps s nios) (kJ mol 1) —389*5 —324+8
AHy 208, (kJ mol ™) 138.5 = 10 131.9 = 10
AS\Eos) (K 'mol™ 1 463 + 32 460 + 35
Ta08) X ASup(aog)  (kTmol ™) 138.0 = 10 137.1 = 10
AGyg 208 (kJ mol ™) +0.5+0.2 —52*0.5
AC,car+ En (kIK 'mol™')  —374*02  —483*0.1
AC,car+ N KIK 'mol™")  —023+02  —092*0.1
ACpNE (kJ K! molfl) 35103 391 0.2

The parameters AHCa2+.EN(2‘)8)’ AHCaZ+,N(298)= ASNE(z«)s)a ACpCa2+‘EN> and
AC,cap+ n are obtained directly from the fittings in Fig. 3, 4 and B. The
other parameters are deduced as complementary from classical thermody-
namic equations.

anr in Eq. 2 is further expressed as a function of Ky ),
the equilibrium constant for the unfolding from the native to
the expanded state of the apoprotein

aN) = 1/(1 + KNE(T)) (5)

The equilibrium constant in its turn is expressed as a func-
tion of the characteristic thermodynamic parameters

Kngery) = eXP_(AHNE(z%) - TASNE(298)
+ ACPNE(T — 298 — T In 7/298))/RT (6)

AH\g 298y and ASygaeg) are the transition enthalpy and
entropy at 298 K, respectively.

Finally, as AHc,; + ) 18 the enthalpy exchange for Ca**
binding to native apo-LA whereas AHc,, gty combines
the value for Ca®" binding with that for a conformational
change from an expanded to a native Ca?" protein, the
enthalpy change for the unfolding of apo-LA (AHyg9s)) is
substituted in Eq. 6 by (AHcu 4 n2osy = AHcao+ Eneos))-
The related heat capacity change (AC,\p) is also substituted

by (ACpCa2+,N - ACpCa2+,EN)'
AHNE(298) = AHC32+,N(298) - AHC32+,EN(298) (7
A(ijE = ACpCaZJr,N - AijCa2+,EN (8)

The results of the curve fittings according to the combined
Egs. 2 through 8 are shown in Fig. 3, 4 and B. The full line
in each of these figures, represents the best fit of the
—AH,(r) values as a function of temperature. The fitting
offers the numeric values of five independent parameters:
AHcap+ mnosy ACpcaz+ ens AHcaz + N29sy ACpcaz + x> and
ASNE(9s)- These values are collected in Table 2. To enable
a direct comparison of the complementary thermodynamic
parameters, the resulting values of AHyg9s), Of AC,\g, of
the product 795y X ASygos) and of AGygnog, are also
added to Table 2. In Fig. 3, 4 and B, the temperature
dependence of the respective AHc, gnery (Eq. 4) and
AHcp 4 nery Values (Eq. 3) is also represented. The
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FIGURE 4 Thermal transition curves for apo-GLA (circles) and apo-
BLA (diamonds) calculated from the ellipticity change at 270 nm (open
symbols) and from the molar enthalpy change upon Ca®>* binding (black
symbols), respectively. For the calculation of the fractions of native BLA
from the ellipticity change it has been assumed that the compact native
state of apo-BLA has the same ellipticity value as native Ca®*-loaded
BLA.

AHcy 4 gnery Values are represented by the dashed lines.
These lines are tangent to the experimental enthalpy values
in the high temperature region, and their slopes equal the
respective AC, o+ gy Values. The AHc,,  nr) Values are
presented by the dash-and-dot lines. These lines are sup-
posed to touch the experimental curve at sufficiently low
temperatures. Their slopes equal AC,cp5 -

It is a prerequisite of a two-state equilibrium that different
physico-chemical characteristics register the same transi-
tion. As a verification of this exigency we compared the
thermal transitions resulting from the ellipticity changes
(Fig. 1, 4 and B) with those obtained from the titration
calorimetry (Fig. 3, 4 and B). The fractions of native apo-
GLA, deduced from ellipticity changes, are easily calcu-
lated as the limit values at both extremes of the transition
curve are clearly obtained (Fig. 1 A). For the calculation of
the fractions of native apo-BLA from the ellipticity changes,
we supposed that the near-UV CD signal of native apo-BLA
equals the value of native Ca?"-BLA (Fig. 1 B). The native
fractions, deduced from titration calorimetry, are calculated
for both apo-LAs according to Eq. 2. The different results
are plotted in Fig. 4. The agreement of both series of
fractional changes for GLA as well as for BLA, is a con-
firmation that near-UV CD changes and heat exchanges
register the same unfolding equilibrium and that the as-
sumption of a two-state transition, made to deduce the
fitting procedure, is reliable.

Ca?*-binding constants

At each temperature an apparent constant for the binding of
Ca’®" to LA is obtained by simulation of the ITC titration
curve (Fig. 2 B). However in the lower temperature region,
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TABLE 3 Summary of K¢z, apps Kng,aporas @Nd Kcaoi n TABLE 4 Thermodynamic parameters for the binding of
values for GLA and BLA Ca2* to native apo-LA at 298 K
Temperature Kear+ app Kearin Parameter GLA BLA
K I"'L Kng I"'L
& (mol” L) NE.apoL.A (mol” L) AHep naosy (I mol ™) —389+5 —324 %8
GLA AScars nosy  (FK'mol™h) +42 + 15 +75 25
314.7 (15.0 £0.3) X 10° 28+ 1.1 (4.4 +04)x 108 Ta08) X (kJ mol 1) +126 £5 +223 =38
3173 (3.4 +0.2) X 10° 54+29  (1.8+0.2)x 108 AScant neaos)

320.1 (14+0.1)x 10°  108*59  (1.5%02) X 10° AGep i nosy (kI mol™!) —-51.5+ 0.4 —547+0.5
BLA Ko nos) (mol~' L) 1.1(£02) X 10° 3.9 (*0.4) X 10°
313.7 (8.3 =04) X 10° 210+ 7.6 (17.6 £ 1.2) X 108 AC,car+ N (kJ K~ " mol™") —023 0.2 —0.92 = 0.1
317.8 (3.1 £0.1) x 10° 570 + 14 (17.7 = 0.9) X 10®
3217 0.9 +£0.1) X 10° 1542 43  (14.0 = 1.5) X 108

Below 310 K apparent binding constants of 2.8 X 107 and larger are
obtained. No account is taken of these values as the product of Kc 4 4pp
times the concentration of the dissolved macromolecule (35 uM) exceeds
1000 in these conditions, which prohibits the definition of valuable data
(ITC Users Manual of MicroCal Inc.).

Ca’* binding to LA is very strong resulting in very steep
ITC titration curves near the equivalence points. In this
case, the simulation procedure offers an inaccurate, mostly
underestimated value of the binding constant. This is the
case whenever the product of the binding constant times the
concentration of the dissolved macromolecule exceeds a
value of 1000 (Users Manual of MicroCal Inc.). In our
titration experiments, using a protein concentration of 35
uM, apparent binding constants of 2.8 X 107 and larger are
obtained below 310 K. Therefore, no account is taken of
these values. Above 310 K, the experimental decrease of
the heat exchange near the equivalence point becomes
spread over several injections of the Ca®" solution (Fig. 2
B) and the apparent Ca®"-binding constants (Kcaz+ app(t))
are smaller than 2.8 X 107. These values are gathered in
Table 3.

The term apparent binding constant (KCa2+,apr(T)) re-
fers to the fact that in our ITC measurements Ca®" binds
to an equilibrium mixture of native and expanded apo-
LA. However, in the conditions of our experiments and
below 320 K, Ca*"-bound LA is compactly folded (Fig.
1). Kcar s appcr) defined in this way can be related with
Kcao+ net)» the constant for Ca®" binding to native apo-
LA, and with Kygr), the constant for the equilibrium
between native and expanded apo-LA, by the following
equation

K _ [Ca’" — LAy] _ Keae N
corem® T ([LAN] + [LAg]D) X [Ca®'] (1 + Kyen)
©)

The thermodynamic parameters in Table 2 allow us to
calculate Kyt values at different temperatures. From the
available KC%%:”"‘PP(T.) and calgulated K\g(r) values, con-
stants for Ca™" binding to native LA (Kcys4 nr)) are ob-
tained. These values are added in Table 3. They are also
introduced, together with AH,; | n20s) a1d AC, 0+  Val-
ues (from Table 2), in a van‘t Hoff-equation equivalent to

Eq. 6 to calculate ASc,,. nposy and subsequently
Kcar+ Ne2os). The latter values equal 1.1 (= 0.2) X 10° and
3.9 (+0.8) X 10° for GLA and BLA, respectively. These
binding constants and the corresponding thermodynamic
parameters are collected in Table 4. Taking into account the
partial unfolding of both apo-LAs at 298 K, the apparent
constants for the binding of Ca®" to the mixed population of
native and expanded apo-GLA or -BLA (estimated
Kcant appaosy) are 5.7 (£1) X 10° and 4.3 (+0.8) X 107,
respectively.

DISCUSSION

The final goal of this ITC study is the mutual comparison
of the thermodynamic properties for the thermal unfold-
ing and for the Ca®>" binding of apo-GLA and -BLA. To
avoid small monovalent cations we performed our mea-
surements in a Tris-HCI buffer (10 mM Tris-HCIL, pH 7.5
near 25°C).

The thermodynamic parameters for the thermal unfolding
of an LA are frequently deduced from differential scanning
calorimetry (DSC) data (Dolgikh et al., 1985; Pfeil and
Sadowski, 1985; Xie et al., 1993; Ptitsyn and Uversky,
1994). A plot of a DSC scan represents the heat capacity as
a function of temperature. The excess heat absorption upon
unfolding of the protein offers a bell-shaped heat capacity
peak; under the peak an “S-shaped” baseline shift occurs as
a consequence of the different specific heat capacities of the
protein states before and after the transition. In the case of
an apo-LA this offers a specific inconvenience. Indeed, at
neutral pH and low ionic strength (10 mM Tris-HCI, pH 7.5
near 25°C) apo-LA already starts to denature at tempera-
tures below 0°C. This results in an incomplete DSC transi-
tion peak (Yutani et al., 1992; Griko et al., 1994; Veprintsev
etal., 1997) and in a lack of reference values needed to draw
the “S-shaped” baseline. As a consequence the calculation
of fractional changes of the protein states as a function of
temperature, as well as the computation of the transition
enthalpy is compromised. Nevertheless, to enable the anal-
ysis of the data, it has been postulated that any native
Ca’"-LA has the same heat capacity as the native apo-LA
variant (Griko et al., 1994; Griko, 1999, 2000). Our results,
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however, indicate that this hypothesis does not hold for
every type of LA.

In our study we derived the thermodynamic parameters
for the unfolding of apo-GLA and -BLA in 10 mM Tris-HCI
from ITC measurements with Ca**. The analysis of ITC
data is enabled by the fact that the temperature intervals for
the thermal unfolding of the apo- and the Ca’*-LAs are
clearly separated from each other (open and filled squares in
Fig. 1, A and B). The ITC-data offer at each temperature an
absolute value of the heat exchange on Ca®" binding (Fig.
3, 4 and B). Under the conditions of our experiments (pH
7-8) the AHycy + oxp Values are free from contributions due
to protonation or deprotonation of buffer substances. The
data are analyzed assuming that the transition between the
native and the molten globule state of LA is in a two-state
equilibrium and that, within the considered temperature
range, constant heat capacity increments can be assigned to
the transition. To verify the reliability of the above assump-
tions we compared the thermal transitions resulting from
our ITC analysis with those obtained from the near-UV
ellipticity changes. The good overlap of the fractional
changes derived by both methods (Fig. 4) points out that
after all the combined assumption of a global two-state
equilibrium and a constant heat capacity increment for the
transition, holds within the conditions of our study. More-
over, our thermal analyses are based on the agreement of the
calorimetric enthalpy values (Fig. 3, 4 and B) and of the
van’t Hoff enthalpies for two-state transition (Eqgs. 2—8).
The ability to fit a curve of experimental enthalpy values as
a function of temperature to the combined equations is in a
complementary way confirmatory for the applicability of
the assumptions.

In agreement with observations of Segawa and Sugai
(1983), our near-UV CD transition curves (Fig. 1, 4 and B)
indicate that native apo-GLA is more thermostable than
apo-BLA. This statement is further evidenced by the tran-
sition curves resulting from the calorimetric titrations (Fig.
3, A and B). The free energy values for the transition
(AGyg) of both LAs result from positive AH,; and positive
ASyg values (Table 2), therefore the thermal unfolding of
both apo-LAs is entropy driven. However, the larger free
energy change for the transition of apo-GLA than for apo-
BLA (+0.5 kJ/mol and —5.2 kJ/mol, respectively, at 298 K)
results from a larger melting enthalpy for the former than
for the latter apo-protein (138.5 and 131.9 kJ mol ', re-
spectively, at 298 K). In the transition region the ASyp
values are very similar for both proteins (463 J K~ ' mol
and 460 J K~ ' mol ™', respectively, at 298 K). Comparable
results are obtained by Desmet (1992).

The most important contribution of the present study
comes from the observed differences in heat capacity incre-
ment. The heat capacity change between two protein states
(AC,) is the thermodynamic property that can be connected
most directly to the exposure of surface area (Ladbury and
Chowdry, 1996). Several research groups have developed
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algorithms relating the AC,, values to the area of hydropho-
bic and hydrophilic surfaces that become exposed and hy-
drated during the unfolding of the protein (Livingstone et
al., 1991; Privalov and Makhatadze, 1992; Oobataka and
Ooi, 1993; Freire, 1995). In those equations, the contribu-
tions from the exposure of hydrophobic surface are domi-
nant. In BLA a clear correlation has been found between the
AC, g value and the amount of residual secondary struc-
ture of the denatured protein (Griko, 1999, 2000). At room
temperature the AC,, value between completely unfolded
and native LA is estimated at 7.5 to 8.0 k] K~' mol ™'
(Haynie and Freire, 1993; Griko 1999), whereas that be-
tween the molten globule and the native state of LAs is 3.5
to 4.0 kJ K~ ' mol ™' (Freire, 1995; Griko, 1999). Our ITC
study offers AC, g values of 3.51 and 3.91 k] K™ ' mol ™"
for the thermal transition of apo-GLA and -BLA, respec-
tively. It has been pointed out that, in the molten globule
state of LA, the B-sheet domain is significantly unfolded,
whereas the a-helix domain retains its native helices as well
as its tertiary fold (Baum et al., 1989; Alexandrescu et al.,
1993; Peng and Kim, 1994; Wu et al., 1995). The fact that
the AC, values for the expansion of native apo-GLA and
-BLA to the molten globule state are nearly one-half of
those for complete unfolding, is in good correspondence
with the above statement. Furthermore, the mutual resem-
blance of both AC,\r values suggests that the extent of the
temperature-induced conformational change is nearly iden-
tical for both apo-LAs.

In contrast to the good resemblance of the AC,\y, values,
clear differences are revealed between the respective
AC,cao+ N and AC, 5 gy Values (Table 2). The values of
AC,c,p+ n amount to —0.23 for GLA and —0.92 kJ K™
mol ! for BLA. By several authors (Kuroki et al., 1992;
Griko et al., 1994; Vanderheeren et al., 1996; Hendrix et al.,
2000) Ca’" binding to native apo-LA is supposed to not
affect the conformation of the protein, and the heat capacity
change for Ca’>* binding to this state is estimated to ap-
proach zero. The small value of AC,c,,n for GLA
(—0.23 kJ K~ ' mol ') is in fair agreement with this point
of view. However, this statement does not apply to BLA.
The relatively important AC ¢4 n value for BLA
(—0.92 kJ K~ ! mol™ ") indicates that Ca®**-BLA is more
compactly folded than native apo-BLA. A recent x-ray
diffraction study reveals that on removal of Ca’" from
crystallized BLA, a minor expansion of the metal binding
site triggers a more important separation of the helical and
the B-sheet domain at the opposite face of the protein
molecule (Chrysina et al., 2000). Such conformational dif-
ferences between native apo- and Ca’*-conformers un-
doubtedly contribute to the observed AC,c,, . value for
BLA. However, the poor AC,c,, n Value for GLA sug-
gests that the latter protein variant, in its native state, is less
susceptible for the above as well as for eventual other events
due to Ca**-induced access of solvent into its hydrophobic
regions. This different influence of Ca** is unexpected as
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FIGURE 5 Amino acid sequences of GLA and BLA. The complete sequence of GLA is given; the sequence of BLA only highlights the positions that
differ from GLA. The amino acids that approach each other in the tertiary structure creating a negatively charged cluster around the Ca®*-binding site are
printed boldly. The location of the principal secondary structural elements is also marked.

the Ca®"-binding site is very much conserved among the
different LAs (Acharya et al., 1989). Indeed, all 10 amino
acids of the Ca®"-binding loop are identical in GLA and
BLA (Fig. 5, Lys-79—Asp-88). To investigate possible or-
igins for different AC,c 4 n values in GLA and BLA we
have inspected the location of the differing amino acids
within the spatial structure of those proteins. In BLA, seven
amino acids differ from GLA (Fig. 5). Three neutral resi-
dues are conservatively replaced by other neutral ones (Ala-
30-Thr, Val-90-Met, and Ala-92-Val). One neutral amino
acid in GLA is replaced by a positively charged one in BLA
(GIn-10-Arg). Two charged amino acids become neutral
(Asp-17-Gly and Arg-70-Ser), and one positively charged
residue in GLA is replaced by a negatively charged one in
BLA (Lys-11-Glu). Strikingly, Glu-11 in BLA contributes
to a large cluster of negative charges (see Fig. 6). The

A
Q10

K1l o-domain

D17

-domain

cluster is composed of Asp-78, -82, -83, -84, -87, and -88,
which are located on the Ca®"-binding loop, of Asp-37,
which is located in a loop between helix B and the 3-sheet,
of Glu-7 and -11 on helix A near the NH,-terminus, and of
the terminal Glu-1. As a consequence, quite different sub-
parts of the molecule encounter each other in the negatively
charged cluster. Undoubtedly, in a medium of low ionic
strength and in the absence of a metal ion, the realization of
a close approach between the Ca®"-binding loop and the
NH,-terminal region within this protein is hindered by the
strong repulsion of charges from both substructures. Upon
binding, Ca>* accommodates the carboxyl groups of Asp-
82, -87, and -88 (Stuart et al., 1986) thereby considerably
reducing the repulsion between the above substructures. In
contrast, the repulsion between the above substructures in
apo-GLA is already counteracted by the presence of a

B

R10

-domain

FIGURE 6 Space distribution of charges in LA at pH 7.5. The crystal structures of GLA (4) and BLA (B) are generated from the coordinates deposited
under the codes 1HFYa and 1HFZa, respectively, in the Brookhaven Protein Data Bank (Pike et al., 1996). The negatively charged Asp and Glu residues
are presented in red. The positively charged Lys, Arg, and His residues are in blue. The amino acids that are differently charged in GLA and BLA are also
explicitly marked. Only those neutral amino acids that meet the above requirement are drawn space filled in green. The negatively charged amino acids
within the Ca**-binding loop as well as those immediately surrounding this loop (<10 A) are numbered according to their sequence in the peptide chain.
The positions of the COOH-terminal residues 121 to 123 are not clearly defined from the electron density maps. Therefore none of those amino acids are

drawn.
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positive Lys in position 11 (Fig. 6 4) and the binding of
Ca’" is in this case hardly able to effect a closer mutual
approach of the mentioned substructures. Additional evi-
dence for the suggestion that in 10 mM Tris-HCI the com-
pact state of native apo-BLA suffers more from repulsive
charges than the equivalent apo-GLA comes from the larger
temperature shift when 10 mM NacCl is added (compare the
curves marked by open squares and diagonal crosses in Fig.
1, A and B). Indeed, the larger temperature shift indicates
that apo-BLA is stabilized more than apo-GLA by a reduc-
tion of the repulsive forces.

Finally, in our study we determined Ca** binding con-
stants for GLA and BLA. Because it has been found that
a-LAs bind Ca®>* with high specificity (Hiraoka et al.,
1980), the binding constant for Ca®>" at a neutral pH and
near 25°C has been determined by different authors. Most
published values concern apparent constants for the binding
of Ca’?* to apo-BLA that is partially in a molten globule
state. Although there is no full agreement, most authors
found evidence for a binding constant between 10® and 10°
(Permyakov et al., 1981; Bryant and Andrews, 1984; Ku-
wajima et al., 1986; Desmet and Van Cauwelaert, 1988;
Berliner and Johnson, 1988; Vanderheeren et al., 1996). Our
estimated K¢ 1 oy, Values at 298 K (5.7 X 10% and 4.3 X
10® for apo-GLA and -BLA, respectively) are in good
agreement with these data. Furthermore, our study makes
clear that larger values must be considered for the binding
constant of Ca®" to native apo-LA (Kcaz+ nery)s at 298 K
these values are 1.05 X 10 and 3.95 X 10° for GLA and
BLA, respectively. As well the negative AH(,, g as the
positive AS¢,, g values contribute favorably to the large
binding constants. Interestingly, the larger Kc,o neos)
value for BLA results from a more favorable entropy con-
tribution for Ca®>* binding to native apo-BLA than to -GLA
(Table 4). This can be interpreted by the fact that the large
cluster of exclusively negative groups near the Ca**-bind-
ing site of BLA offers a better probability that Ca®>* will be
trapped than is offered by the corresponding surroundings in
GLA.

By application of standard thermodynamic equations we
calculated K¢y 4 Ny at 338 K (65°C), a temperature at
which native Ca>*-LA is destabilized (results not tabulat-
ed). The respective values for the binding to GLA and BLA
are 1.3 X 10® and 3.9 X 10®. The latter value is close to
Keppsnery = 29 X 10%, obtained from Ca’* exchange
between BLA and EDTA at 338 K (Hendrix et al., 2000).
This indicates that even at that high temperature, native
Ca’*-LA does not tend to dissociate in a direct way. In an
earlier paper we deduced that the Ca?" release at that
temperature is mediated by a partial unfolding of Ca®*-
bound LA (Vanderheeren et al., 1996). In agreement with
this finding it has been shown that derivatives of LA with a
reduced number of disulfide bonds are able to bind Ca**
and to keep the B-domain folded, even in the absence of the
native structure of the a-domain (Hendrix et al., 1996; Wu
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et al., 1996). Furthermore, the lack of specific side-chain
packing within the a-domain results in a significant thermal
destabilization of the Ca®>*-bound B-domain (Hendrix et al.,
1996; Wu et al., 1996). This pattern of destabilization, with
a preliminary disturbance of the a-domain and subsequent
Ca’* release and unfolding of the B-domain, presumably
also accounts for the pattern of the temperature-induced
destabilization of Ca®"-LA with four intact disulfide
bridges (Vanderheeren et al., 1996). In contrast to this, by
forced decalcification of LA the B-domain region destabi-
lizes and unfolds at low temperatures. In a complementary
way of what has been described above, the significant
interdomain interaction effects that the unfolding of the
B-domain results in a reduction of the side-chain packing in
the a-domain (Baum et al., 1989; Alexandrescu et al., 1993;
Peng and Kim, 1994; Wu et al., 1995). The contribution of
the extended accumulation of negative charges near the
Ca”*-binding site to this ability for interdomain interaction
has to be investigated more thoroughly.
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