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Calcium-binding parameter of Bacillus amyloliquefaciens «-amylase

determined by inactivation kinetics
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The irreversible thermal inactivation and the thermodynamics of
calcium ion binding of Bacillus amyloliquefaciens a-amylase in
the absence of substrates were studied. The enzyme inactivation
on heating was apparently followed by first-order kinetics. The
enzyme was stabilized with an increased concentration of calcium
ion and thus the inactivation was highly dependent on the state
of calcium binding. The activation parameter for the inactivation
suggests an unfolding of the enzyme protein upon heating.
Values of both the activation enthalpy and entropy were increased
with a higher calcium ion concentration. An inactivation kinetic
model is based on the assumption of a two-stage unfolding
transition in which the bivalent ion dissociation occurs in the first
step followed by the secondary structural unfolding. This simple
kinetic model provides both a qualitative and quantitative

interpretation of calcium ion binding to the enzyme and its effect
on the inactivation properties. The specific approximations of
the kinetic model were strictly followed in the analysis to calcu-
late the apparent inactivation rate at each calcium ion concen-
tration in terms of the calcium-binding parameters. The enthalpy
and entropy changes for the calcium ion binding were calculated
to be —149 kJ/mol and —360J - mol™* - K™! respectively and
these values suggest a strong enthalpic affinity for the bivalent
ion binding to the enzyme protein. The thermodynamical inter-
pretation attempts to provide clear relations between the terms
of an apparent inactivation rate and the calcium binding.

Key words: enthalpy, entropy, thermal inactivation, thermo-
dynamic parameter, unfolding.

INTRODUCTION

a-Amylase (EC 3.2.1.1;1,4-a-D-glucan glucanohydrolase) hydro-
lyses starch by cleaving the internal a-1,4-glucosidic bonds [1-4].
This enzyme produced from the genus Bacillus has been studied
for industrial applications involving sugar, brewing, alcohol,
desizing and detergents [5,6]. The nucleotide sequence of the a-
amylase gene from Bacillus amyloliquefaciens (BAA) has been
determined previously [7,8]. Thus this bacterial x-amylase pro-
vides useful information about the relationship between the
amino-acid sequence of a protein and the stability of its active
conformation. Among the several enzymes used for thermo-
stabilization, the calcium ion is known to be very effective owing
to its structural stabilization [9,10]. Calcium has been shown to
regulate the stability and reactivity of a wide variety of biological
proteins. In particular, its binding to a-amylase is essential in
activating and stabilizing the enzyme proteins [11,12]. Several
reports have discussed thermodynamic analysis of calcium ion
binding to EF-hand protein using calorimetry [13]. However, a
firmly bound calcium ion could not be removed easily to estimate
the binding constant. In the present study, we have developed a
simple kinetic model that involves bivalent ion dissociation and
secondary structural unfolding. We also estimated the binding
constant by bivalent ion titration without any dialysis to remove
the initially bound calcium ion.

a-Amylases are known to contain at least one calcium ion per
molecule involved in the stabilization of the molecular structure
[11]. The calcium-binding site of BAA has not been elucidated
precisely, but the crystal structures of a-amylase from Aspergillus

oryzae (TAA) [14] and a-amylase from porcine pancreas (PPA)
[15] have revealed that the binding sites are similar in both the
enzymes. Structural analysis of barley a-amylase has revealed
that a single isoform of this amylase contains three calcium
binding sites, including a site similar to that observed in other
amylases [16]. In bacteria, fungi, plants and mammals, three
conserved regions of the polypeptide chain contribute to the
calcium binding [17]. In BAA, residues Gly*"™—Ala!®, Tle?'™—His?**
and Ser®4-Ser®** are defined as the calcium-binding regions.
Spectroscopic studies have suggested a conformational change of
this protein upon removal of the bound calcium ion [12].
Irreversible inactivation of barley a-amylase is supposed to be
caused by calcium ion depletion. It takes place upon heating as
a balance between the rates at which the calcium ion binds to an
apoenzyme of amylase and the apoenzyme undergoes de-
naturation [18]. In this sense, amylase inactivation may be caused
by the two-step mechanism in which the reversible calcium ion
depletion is the first step and the irreversible conformational
change is the second step. In the present study, the effect of the
calcium ion on the thermal inactivation of BAA in the absence
of any substrates was studied. The binding constant was calcu-
lated by a simple kinetic model, which examines the effect of
calcium ion on inactivation rates. To understand the kinetic
behaviour when exposed to high temperature, a detailed analysis
of the effect of temperature on the stability of BAA at various
calcium ion concentrations was undertaken. Thermodynamic
studies on the mechanism of the denaturation at various con-
centrations of calcium ion provide useful information about the
stabilization of the enzyme structure bound to the bivalent ion.

Abbreviations used: BAA, a-amylase from Bacillus amyloliquefaciens; PPA, a-amylase from porcine pancreas; TAA, a-amylase from Aspergillus

oryzae.
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The binding properties of the calcium ion are presented as
functions of the binding constants and interpreted in terms of
changes in entropy and enthalpy.

MATERIALS AND METHODS
Enzyme source and substrates

A purified enzyme preparation of BAA was purchased from
Seikagaku Kogyo (Tokyo, Japan). It was dissolved in 10 mM
Tris/HCI buffer (pH 9.0) and applied on to a Toyopearl HW-55
(Tosoh, Tokyo, Japan) gel filtration column (2.6 cm x 80 cm),
which had been equilibrated with the same buffer [19]. A fraction
of a-amylase was dialysed against distilled water at 5 °C for 24 h.
The molecular mass of the enzyme was estimated to be approx.
49000 Da by SDS/PAGE. Amylopectin from potato starch was
purchased from Sigma and used as a substrate in the detection of
enzyme activity.

Measurement of thermal inactivation of the enzyme

The reaction mixture consisting of 1.31 x 107* M BAA, 25 mM
Tris/acetate buffer (pH 7.0) and 0.002-0.02 mM CaCl, was
incubated at 45-65 °C for the appropriate time intervals. At
various times of the incubation, the samples were removed,
cooled in ice and assayed for residual hydrolytic activities. The
residual activity was measured by the dinitrosalicylic acid method
using 0.59, (w/v) amylopectin as a substrate in 25 mM Tris/
acetate buffer (pH 7.0) at 30 °C [20]. The reducing ends of the
product detected by this method were unaffected by the presence
of calcium ion. Plots of logarithm of the residual activity against
the incubation time were linear. They were used to estimate the
apparent first-order rate constant k_, _ for the inactivation process.
The activation enthalpy AH* and activation entropy AS* for the
inactivation were calculated using the k_,  values at the given
temperatures according to the equation

k.. = kT/hexp(—AH'/RT+AS/R) (1)

where k, h, R and T are the Boltzmann constant, the Planck
constant, the gas constant and the absolute temperature re-
spectively.

obs

obs

Calculation of calcium-binding constants

To explain the calcium-binding state for the inactivation process,
the relationship between the calcium-bound native, calcium-
depleted native and unfolded proteins is shown in Scheme 1.
In this Scheme, N represents the folded native conformation in
water, whereas U represents the unfolded state. The asterisks
indicate apoenzymes that lack calcium ions. Based on the pre-

Scheme 1 The proposed kinetic unfolding mechanism of BAA induced by
the dissociation of calcium ion

N represents the folded native conformation in water and U the unfolded state. The asterisks
indicate the apoenzyme which lacks calcium ion.
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equilibrium approximations of the kinetic model represented in
Scheme 1, the following equation is derived to calculate the
apparent inactivation rate in terms of calcium ion concentration:
kobs = (k

+ Ky ke, [Ca®]) /(1 + K, [Ca*]) 2

den

In this equation, k,, is the irreversible rate constant for the
denaturation of the calcium-depleted enzyme, k., is that for
the calcium-bound enzyme and K, is the constant representing
binding of the calcium ion to the enzyme protein. Since the
inactivation rate of the calcium-depleted form is much greater
than that of the calcium-bound form, we assumed that only the
depleted form contributes to the inactivation, and the bound
form contributions in eqn (2) were neglected. This assumption
requires the approximation that the inactivation proceeds only
as calcium is depleted from the protein. If this assumption is
applied to the experimental data, the linear relationship between
the values of reciprocal apparent first-order rate constant and
calcium ion concentrations can be determined:

ko = kb + K kL [Ca*'] 3)

obs den b™Vden

This kinetic model requires two parameters, K, and k. A linear
fitting of the experimental data provided the calcium-binding
parameter, by combining the obtained slope with the intercept.

RESULTS AND DISCUSSION

To examine the effect of calcium on the thermal inactivation of
BAA, we first studied the kinetics of inactivation of amylase
activity at various calcium ion concentrations (Figure 1). Little
spontaneous inactivation of BAA in the absence of calcium was
observed at room temperature, but a significant irreversible
thermal inactivation was observed above 45 °C. The optimum
temperature of BAA is approx. 60 °C in the presence of calcium
and starch, and the inactivation kinetics of BAA have been
studied at temperatures above 60 °C [21,22]. However, in the
absence of any added bivalent ion and substrates, the thermal
inactivation of BAA occurred even below 60 °C. The irreversible
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Figure 1 Kinetics of the thermal inactivation of BAA in the presence of
calcium ion at 50 °C and pH 7.0

Calcium ion concentrations were: O, 0.002 mM; @, 0.005mM; [, 0.01 mM; M,
0.015 mM; <, 0.02 mM. Protein concentration was 1.31 x 10~8 M in 25 mM Tris/HCI buffer.
The remaining activity was the initial hydrolytic velocity against soluble amylopectin as a
substrate. The reducing sugar was measured by dinitrosalicylic acid method.
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Figure 2 Logarithmic plot of the remaining activity after the incubation
against incubation time

Calcium ion concentrations were: O, 0.002 mM; @, 0.005 mM; [, 0.01 mM; W,
0.015 mM; <, 0.02 mM. Protein concentration, buffer and temperature are the same as in the
legend to Figure 1.

thermal inactivation of substrate-free BAA and the conform-
ational changes in the secondary structure were reported to occur
even below 60 °C [12]. The inactivation rate is significantly
reduced by the addition of calcium ion, and hence the bivalent ion
is effective in stabilizing the enzyme. In all our measurements in
the present study, a single linear relationship for the logarithmic
plot was obtained (Figure 2), suggesting that the inactivation
kinetics were fitted in single exponential curves. In a previous
study [23], the thermal inactivation profile of B. licheniformis -
amylase demonstrated that the logarithmic plot was distinctly
biphasic, and it was impossible to describe the denaturation
process in terms of a single exponential decay. However, in the
case of BAA, our observation fitted well with the single exponen-
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Figure 3 Arrhenius plots for the thermal inactivation of BAA in the
presence of calcium ion at pH 7.0

Calcium ion concentrations were: O, 0.002 mM: @, 0.005mM: [, 0.01 mM: M,
0.015mM; <, 0.02mM in 25 mM Tris/acetate buffer (pH 7.0) at 45—65 °C. Protein
concentration is the same as in the legend to Figure 1.

Table 1 Rate constants and activation parameters for the thermal
inactivation of BAA at 50 °C

Measurements were carried out in 25 mM Tris/acetate buffer, pH 7.0, in the presence of
calcium ions.

Kops x 10% AGH AH* ASE
[Ca®*] x 10° (M) s (kd/mol) (kJ/mol) (- mol™" - KT
02 10.840.1 97.7401 105+8 221412
05 7324012 98.740.1 126410 83.8+14
1.0 45840.14 10040 146 +11 14542
15 3.5340.01 10140 15447 166 + 1
2.0 2.7540.08 10140 165+ 6 19941

tial curve, and did not justify consideration of a more complex
inactivation scheme.

Thermodynamic and activation parameters provide a detailed
mechanism for many kinds of chemical and biological reactions.
It is evident that the inactivation rate is retarded by the calcium
ion. In order to understand the process involving the binding of
the calcium ion to the enzyme protein, we examined the effect
of temperature on the inactivation process. The Arrhenius plot
shows a linear relationship in temperature range 45-65 °C (Figure
3). According to the transition state theory, the rates of in-
activation observed in the temperature range yield the activation
enthalpy and entropy. The increased slope and the Y intercept
suggest an increased activation energy and pre-exponential factor
due to the addition of the bivalent ion. Table 1 lists the observed
inactivation rate, obtained activation enthalpy, entropy and
Gibbs free energy. The Gibbs free energies at various calcium ion
concentrations were determined to be approx. 100 kJ/mol. The
positive apparent activation entropy increased when the calcium
ion concentration increased and was compensated by a higher
activation enthalpy. There are several possible mechanisms of
inactivation, including chemical modification and protein un-
folding. The parameters for the inactivation yield insights into
the nature of the inactivation process. The activation enthalpy
AHY, approx. 100 kJ/mol, is in agreement with previously
measured activation energies for the unfolding of soluble proteins
[24,25]. Activation Gibbs free energies AG*, which are measures
of the spontaneity of the inactivation processes, are lower than
the AH* values. This is due to the positive entropic contribution
during the inactivation process. The activation entropy represents
the difference in the extent of local disordering between the
transition state and the ground state for the inactivation pathway.
Thus the positive AS* is in agreement with increasing local
disorder in the transition state when compared with the ground
state [26,27]. The increasing AS?* value as a function of calcium
concentration is considered to be due to the degree of disorder in
the structure needed to reach the transition state for the unfolding
because the structural packing in the ground state was firmly
stabilized by the bivalent ion.

To test the validity of eqn (3), we measured the apparent
inactivation rate as a function of calcium ion concentration.
Figure 4 shows the plot of reciprocal apparent inactivation rate
constants k. versus calcium ion concentrations according to
eqn (3). The linear relationships of the plots in the Figure
correspond to Scheme 1 and to the approximation presented in
the Materials and methods section. Many a-amylases have been
known to contain one firmly bound calcium ion per enzyme
molecule. The calcium ion stabilizes the secondary and tertiary
structures of the enzyme upon heating. Therefore it is presumed
that the simple inactivation process represented in Scheme 1 is

© 2002 Biochemical Society
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Figure 4 Plots of reciprocal apparent rate constants for the thermal
inactivation of BAA against calcium ion concentrations

Solid lines are calculated by a least-squares fit to eqn (3). BAA in 25 mM Tris/acetate buffer
(pH 7.0) was incubated at various temperatures in the presence of calcium ion; O, at 45 °C;
@, at 50 °C; [, at 55 °C; M, at 60 °C; <, at 65 °C.

appropriate in explaining the one calcium ion bound to the
protein. However, in barley a«-amylase and PPA, several struc-
tural investigations seemed to indicate the presence of more than
one calcium-ion-binding site [16,28]. Moreover, in TAA, a
detailed description of the stereochemistry by X-ray diffraction
analysis indicated a secondary calcium binding site [29]. In BAA,
there seemed to be uncertainty regarding the exact number of
calcium ions in the protein, in spite of the similarity in its primary
and secondary structures to PPA and TAA. Previous studies [29]
have shown that the secondary binding site displays the inhibitory
effect of calcium on the catalytic activity observed at higher
concentrations. We tested the change in the catalytic activity of
BAA on soluble amylose (DP18) as a function of calcium ion
concentration (results not shown). The calcium concentration
required for the decrease in catalytic rate was at least one order
of magnitude higher than that for the decrease in the inactivation
rate. Thus the influence of secondary binding on the inacti-
vation process is considered to be negligible in this study. In this
sense, the validity of the thermal inactivation process represented
in the scheme was confirmed.

In Figure 4, the straight lines with correlation coefficients
greater than 0.96 are completely consistent with the assumption
of the model and the approximation expressed by eqn (3). All the
plots were linear, with high correlation coefficients for the given
range of CaCl, concentration and temperature. In this case, the
actual calcium binding is considered to include the folding of
enzyme protein, because the calcium-depleted apoenzyme is
known to be inactive and easily unfolded. Thus the obtained
value includes the process of calcium binding itself and structural
folding of the protein. Bush et al. [18] explained the irreversible
inactivation of barley a-amylase by a simple two-step mechanism :
calcium ion depletion followed by an irreversible conformational
change. This mechanism indicated that the calcium depletion
accompanied by a conformational change led to the irreversible
inactivation.

The estimated binding parameters K| according to eqn (3) at
the specific temperatures are listed in Table 2. The thermo-

© 2002 Biochemical Society

Table 2 Parameters from least-squares fits and K, values according to eqn

@)

Temperature Slope x 1078 Intercept x 1072 Correlation K, x 1073
(°0) (s- M7 (s) coefficient M)
45 368+6 10.7+08 0.991 345
50 15043 6.33+0.41 0.998 236
55 36.2+4.0 3.434+0.58 0.965 106
60 9.94+0.89 3404013 0.976 29.2
65 2234011 1.48+0.10 0.988 151
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Figure 5 Temperature dependence of calcium ion-binding constants (K,) of
BAA

The binding constants were calculated from the parameters for thermal inactivation kinetics
according to eqn (3) at each temperature.

dynamic parameters were calculated with K, values at the
required temperatures (45-65 °C) given by eqn (3) (Figure 5),
and the standard enthalpy and entropy changes AH° and
AS° were estimated to be —149+16kJ/mol and —360+
2 J-mol! - K™ respectively using the following equation:

K, = exp(—AH°/RT+AS°/R) @)

The large negative value of AH® (— 149 kJ/mol) suggests strong
enthalpic affinities of the bivalent ion to the enzyme protein for
thermostability. The thermodynamic changes in the binding of
the calcium ion to globular proteins, such as equine lysozyme, a-
lactalbumin, human and hen lysozyme, T4 lysozyme and ribo-
nuclease A, have been estimated by some workers and they
demonstrated that the bindings are primarily due to enthalpic
contributions [30-33]. Our estimated parameters for the calcium
binding may consist both of contributions of calcium binding
itself and of protein foldings. Kuroki et al. [13] estimated the
calcium-binding contribution of some proteins by removing
the contribution of conformational changes. The enthalpic (AH®)
and entropic (TAS®) contributions of the calcium binding itself,
to AG® at 30 °C, were estimated to be 8 kJ/mol (2 kcal/mol) and
42 kJ/mol (10 kcal/mol) respectively. Both parameters for the
binding contribution showed positive values. Hence, the negative
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change in both enthalpy and entropy, seen in this study, is
characteristic of values seen in the thermodynamic change on the
conformational change. Previous studies [13,34] have shown that
enthalpy—entropy compensation is often observed in some pro-
teins due to the linkage system involving either a conformational
change or change of state. Kuroki et al. demonstrated that the
free energy changes due to the binding of the calcium ion to some
EF-hand proteins were nearly equal to 0 after subtracting
the values for calcium binding itself (8 kJ/mol from AH°
and 42kJ/mol from TAS°) [13]. Our estimated values
after subtracting these values at 30°C were —157 kJ/mol
for AH° (—149—8kJ/mol) and —151kJ/mol for TAS°
(—109 —42 kJ/mol). Therefore, the enthalpy—entropy compen-
sation was obtained within experimental error and was found
to match the results of a previous report [13]. Agarwal and
Henkin estimated the calcium-binding constants of human
salivary a-amylase and PPA and the binding constants of these
amylases were approx. 107 M at 22 °C [35]. These values agree
with our estimated value for BAA, which is extrapolated to 22 °C
(K, =3.4x 10" M™). A particular strongly bound calcium ion
identified in amylase induces the packing of residues and varies
the degree of protein distortion. The calcium-binding site of
BAA is considered to be the same as those of PPA and TAA,
because these amylases have conserved polypeptide chains in the
binding sites.

The following conclusions can be drawn from this study. First,
the results are well described by the model represented in Scheme
1. Secondly, using a reasonable approximation of the rate
equation, the binding constant of the calcium ion to BAA can be
estimated. Thirdly, the values of the binding constant and
thermodynamic parameters for the binding are close to the
calcium-binding parameters determined by other methods. From
the results of the thermal inactivation kinetics of BAA as a
function of calcium ion concentration, we determined the binding
parameters of the calcium ion to BAA. Our estimated parameters
may consist of the contributions of both ion binding and
structural folding of the protein. The contribution of ion binding
to the thermodynamic change has been determined previously,
and the positive entropic change is considered to be due to the
release of some water molecules from the calcium ion and
proteins on the bindings. Thus the large negative values of
enthalpy and entropy change are considered to be due to the
folding in the tertiary structural level on the bindings. The simple
kinetic model that involves the bivalent ion dissociation and
secondary-structural unfolding provided the binding constant by
using bivalent ion titration without any dialysis to remove the
initially bound calcium ion. The thermodynamical interpretation
attempts to present a clear relationship between the terms of
apparent inactivation rates and calcium binding.
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