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Extreme thermostabilities of proteins can be achieved by binding co-factors to the protein structures. For
various α-amylases protein stabilization upon calcium binding is a well-known phenomenon. In the present
study the mechanism of stabilization of three homologous α-amylases was investigated by measuring the
unfolding kinetics with CD spectroscopy. For this purpose thermal unfolding kinetics of calcium saturated
and calcium depleted enzymes were analyzed by means of Eyring-plots. The free energy change between the
native and the transition state which characterized the unfolding barrier height was found to be proportional
to the number of calcium ions bound to the protein structures. For the most thermostable α-amylases
calcium binding caused a significant increase in the enthalpy change, which was partly compensated by
increased entropy changes.
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1. Introduction

In principle organisms can live under harsh conditions and in
extreme environments. For example organisms are adapted to high
temperatures, known as thermophiles (growth temperature 50–
70 °C) or hyperthermophiles (growth temperatures N80 °C). Proteins
from these organisms exhibit in general an uncommon thermal
stability, although their folded structures are very similar to their
mesophilic counterparts. As known from many studies performed in
the last decades protein thermostability is achieved by a variety of
strategies [1–5]. However, even mesophilic proteins can be extremely
thermostable, and the task of elucidating determinants of thermo-
stability is not confined to studies of proteins from extremophiles. In
this respect the amylolytic enzyme α-amylase is a well-studied
representative. α-Amylase catalyzes hydrolysis of α-1,4-glucosidic
linkages of starch and has been isolated from various organisms
(psychrophilic, mesophilic, thermophilic, and hyperthermophilic)
showing an extremely broad range of melting temperatures (40–
110 °C). This monomeric multi-domain protein (50–70 kDa) has
become an important model system for the investigation of thermal
adaptation of medium sized enzymes [6–9].

In order to elucidate the mechanisms of protein stabilization for α-
amylases in more detail, at least two aspects are of particular
importance. First, in most cases the unfolding transitions are irrevers-
ible, which is rather common for multi-domain proteins [10,11]. With
the exception of α-amylase from A. haloplanctis, all known α-amylases
exhibit an irreversible thermal unfolding transition, which is often
accompanied by distinct aggregation of the unfolded state [8,12,13]. In
some cases thermal unfolding transitions of α-amylases showed a
partial reversibility by using high concentrations of co-solvents [11]. For
unfolding induced by chemical denaturants at least some α-amylases
show transitions with a high degree of reversibility [14–16]. As a
consequence, due to the lacking reversibility of unfolding transitions,
equilibrium thermodynamics is often not applicable. Therefore, kinetic
measurements on the unfolding transition are of particular importance
for comparative studies [13,17–20]. Using transition state theory, kinetic
measurements can give valuable information about the thermodynam-
ics of the unfolding barrier, which is related to the kinetic stability of a
protein [21–23]. The second important aspect in protein stability is
related to the fact that almost all knownα-amylases contain at least one
calcium ion per protein molecule [6,24]. As known frommany previous
studies, calcium binding in α-amylases can significantly increase
protein stability. In most of these studies the melting temperatures
(or to bemore precise the apparent transition temperatures T1/2) aswell
as the mid transition concentrations of urea or of GndHCl are
significantly increased upon calcium binding [9,12,14,19,25,26]. In
order to obtain more detailed insights on the impact of calcium binding
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on the unfolding barrier we analyzed the unfolding kinetics of
homologous α-amylases with different numbers of calcium binding
sites in a comparative study. For this purpose we measured unfolding
kinetics as a function of temperature in a calcium saturated and in a
calcium depleted state with three different α-amylases, namely from
Bacillus licheniformis (BLA) with three calcium binding sites, from
Aspergillus oryzae (TAKA) with two calcium binding sites, and from pig
pancreas (PPA) with one binding site (see Fig. 1). The effect of calcium
binding on the unfolding barrier was analyzed in terms of thermody-
namic parameters obtained by employing transition state theory.

2. Materials and methods

2.1. Enzymes

α-Amylase from B. licheniformis (BLA; purchased from Sigma) and
from A. oryzae (TAKA; from Sigma) was obtained as lyophilized
powder. Phosphoglycerate kinase from Bakers yeast (PGK; from
Sigma) and α-amylase from pig pancreas (PPA, from Roche Applied
Science) was obtained as ammonium sulfate precipitate. Powders
were dissolved in buffer and all enzymes were desalted and
transferred into desired buffers by the use of a desalting column
(PD-10, Sephadex G-25, Amersham Biosciences). Unless stated
otherwise a 10 mM Mops, 50 mM NaCl, 2 mM EDTA, pH 7.4 buffer
was used for all proteins. Protein concentrations were determined by
weight measurements of lyophilized protein and by measuring the
absorption at 280 nm (PGK: ε280: 20,340 M−1 cm−1; TAKA: ε280:
113,560 M−1 cm−1; BLA: ε280: 136,410 M−1 cm−1; PPA: ε280:
133,150 M−1 cm−1).

2.2. Spectroscopic techniques and general procedures

Unfolding transitions were mainly monitored with CD spectros-
copy. In some cases unfolding transitions were cross-checked in a
fluorescence spectrometer, which was used to measure unfolding
transitions (also partly at different protein concentrations) and to
monitor protein aggregation during unfolding transitions.

2.3. CD spectroscopy

CD spectra in the far UV-region (200–280 nm) were recorded on a
Jasco J-810 equipped with Peltier thermostated cuvette holder under
constant nitrogen flow. For measurements characterizing the unfolding
transitions as a function of temperature or of GndHCl concentrations the
Fig. 1. Display of protein structures studied in this work (PDB code for BLA, 1BLI; for TAKA, 6
orange domain A; cyan, domain C) while bound calcium ions are shown as red spheres. The co
PPA structure, while further bound calcium ions are present in TAKA (one additional calcium
using PyMOL (DeLano, W.L. The PyMOL Molecular Graphics System (2002), DeLano Scienti
spectra were recorded in a 0.1 cm cell at protein concentration of 0.1–
0.5 mg/ml, averaged over two scans using a scan rate of 50 nm/min. For
kinetic studies a single spectrum was recorded with a scan rate of
100 nm/min. Finally all spectra measured with proteins were corrected
for the buffer signal.

2.4. Fluorescence spectroscopy

Fluorescence emission spectra were recordedwith protein solutions
(protein concentration: 0.05–0.2 mg/mL) in quartz cuvettes (104F-QS,
Hellma, Muehlheim, Germany) using a QuantaMaster spectrofluorim-
eter (QM-7) from Photon Technology International (Lawrenceville, NJ,
USA).With excitationwavelengths of 280 nm for theα-amylases and of
295 nm for PGK we obtained emission spectra recorded between 300
and 450 nm. These spectrawere corrected for background intensities as
measured with pure buffer solutions. Unfolding transitions were
analyzed by determining the wavelength of the emission intensity
maximum (λmax) as a function of environmental conditions (temper-
ature, GndHCl). The detection and characterization of aggregates during
unfolding transitions were performed by employing elastic light
scattering with the same instrument. For this purpose we measured
the elastic light scattering at 500 nm.

2.5. Kinetic studies and thermodynamic analysis

Forkinetic studies allα-amylaseswereexposed toa calciumchelator
(2 mM EDTA in the buffer) already 24 h before the measurements. As
checked in previous studies, the applied procedure provides us with a
homogenous population of calcium depleted α-amylase. The obtained
enzymes remain folded andenzymatically active (at least for a fewdays)
when stored at temperatures below 15 °C. In advance of time resolved
measurements buffer solutions including respective concentrations of
chemical denaturant were placed in the spectrometer for 5–10 min in
order to reach thermal equilibrium at desired temperatures. After this a
small amount of concentrated protein solution was rapidly added
during permanent stirring and data acquisition was started. The dead
time of this manual mixing procedure was about 20 s. The final protein
concentration was between 2 and 10 μM. Typically we performed
repetitive measurements every 60 s for a total time period of about 1 h.
Unfolding transitionsweremonitored by taking the CD signal at 222 nm
for samples at different temperatures or at different GndHCl concentra-
tionsas a functionof time. For all data treatments anddatapresentations
Origin7.5 (OriginLabCorp.Northhampton,MA,USA)was used. The time
course of this signal was fitted with a mono-exponential decay
TAA; for PPA, 1DHK). The color code represents the domain structure (green: domain B;
nserved calcium (present in almost allα-amylases) is the only calcium ion bound in the
ion) and in BLA (two additional calcium ions). Structure presentations were produced

fic, San Carlos, CA, USA).
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characterized by the unfolding rate constant Ku. According to the
transition state theory the free energy change ΔG between the native
state and the transitions state

ΔG#
F = ΔH#

F −TΔS#F ð1Þ

which characterizes the unfolding barrier between the native and the
unfolded state is related to the obtained unfolding rates Ku by the
following relation [27]

Ku = ko⋅e
−ΔG#

F =RT : ð2Þ

In this relation ko, the so called pre-exponential factor, represents a
largest possible rate constant for a specific chemical reaction in the
absence of free energy barriers (see for example [23]). In order to obtain
thermodynamic parameters fromkineticmeasurements as a function of
temperature, unfolding rateswere displayed in an Eyring-plot (ln(Ku/T)
vs. 1/T; see Fig. 3A) and the temperature dependence was analyzed
using a linear fit (y=−Ax+B). From the slope of the linear fit we
obtained ΔH and from the intercept with the y-axis we were able to
determine ΔS. The dependence of Ku values on the concentration of
GndHCl can be described by the following relation [28]:

Ku = Ku;w⋅e
mu⋅D: ð3Þ

Here Ku,w is the unfolding rate in buffer without GndHCl, D is the
molar denaturant activity (D=C0.5[GndHCl]/(C0.5+[GndHCl]) with
C0.5=7.5 M and the present denaturant concentration [GndHCl], see
[29]), and the mu value describes the sensitivity of changes in
unfolding rates as a function of denaturant concentrations. The mu

values which are assumed to be proportional to changes in the
accessible surface area (ASA) between the native and the transition
state were obtained from Chevron-plots (ln(Ku) vs. D; see Fig. 3B).

3. Results and discussion

3.1. Kinetics for thermal and GndHCl induced unfolding

In an earlier study we measured unfolding kinetics of different α-
amylases as a function of temperature with calcium saturated enzymes
[13]. In order to complement our previous data we measured in the
present study calciumdepleted samples. In addition to calciumdepleted
α-amylaseswe investigatedunfoldingkinetics of anothermulti-domain
protein which is not stabilized by a co-factor, namely the two-domain
enzyme phosphoglycerate kinase (PGK) from Bakers yeast. As in our
previous study we measured the unfolding kinetics by using CD
spectroscopy. Typically kinetic measurements have been performed in
a temperature range ±10–20 °C around the thermal transition
temperature T1/2 (as obtained with a heating rate 1 °C/min, see
Table 1
Thermodynamic parameter of the unfolding transition obtained from Eyring-plots.

T1/2
a [°C] ΔH [kJ/mol] ΔS [J/mol/K] ΔH/RT25 Δ

PPA_cad 65 204.73 506.26 82.63
TAKA_cad 71 315.03 820.46 127.15
BLA_cad 102 360.56 856.97 145.52 1
PGK 62 473.27 1355.83 191.01 1
PPA_noca 48 286.24 804.17 115.53
TAKA_noca 57 109.48 234.38 44.19
BLA_noca 52 143.13 339.06 57.77

T25=25 °C (298 K), R •T25=2.47 kJ/mol with R=8.3144 J/mol/K.
ΔH, ΔS, andmu values as obtained from fits are characterized by the following errors: For calc
and for PGK the error in ΔH and ΔS was ±15–20% and in mu ±4–8%.

a Transition temperatures were measured with heating rates of 1 °C/min, taken from [13
b Unfolding rates obtained from extrapolations to room temperatures (T=25 °C) of data
c Unfolding rates obtained from extrapolations to GndHCl concentration of 0 M (Fig. 3B)
d Experimental data were taken from a previous work [13].
Table 1). The thermal transition temperature of calcium depleted α-
amylases is strongly dependingon theheating rate, similar to a behavior
observed for calcium saturated enzymes [13]. As an example, for
calcium depleted BLA the kinetic behavior of the CD signal is shown in
Fig. 2A. In all cases the signal decay with time was well described by a
single exponential decay within the limits of error (Fig. 2B). In a similar
manner we measured unfolding kinetics for BLA, TAKA, and PGK at
different GndHCl concentrations (PPA exhibits pronounced aggregation
upon chemical denaturation which prevented quantitative analyses of
the kinetics). For this purpose GndHCl concentrations around the mid
transition concentrations [GndHCl]1/2 were chosen. The latter were
partly known fromprevious studies [11,25], butweremeasured again in
the present work, alsowith different incubation times (1–24 h at 25 °C)
of enzymes in the respective GndHCl concentrations (data not shown).
In contrast to PGK and BLA which exhibit over the whole range of
incubation times rather similar mid transition concentrations (for BLA
with [GndHCl]1/2=0.6–0.98 M and for PGK with [GndHCl]1/2=0.8–
0.96 M), TAKA shows amuch stronger dependence of themid transition
concentration on the incubation time ([GndHCl]1/2=0.34–3.7 M). In all
cases GndHCl induced unfolding kinetics exhibit mono-exponential
decays under conditions used in the present study. Similar chemical
denaturant induced single phase unfolding transitions with rather slow
kineticswere observed in previous studies [15,30]. However, in a recent
study onα-amylase frommungbeans transitionswith two phaseswere
observed at high GndHCl concentrations (fast transitions measured
with stop-flow mixing). Much slower transitions with a single phase
appeared at low GndHCl concentrations [20].

For calcium saturated samples [13] and for PGK unfolding rates as
obtained from fits with a mono-exponential decay exhibited an error of
±5–7% and for calcium depleted samples an of error of ±7–15% was
observed. In some cases thermal as well as chemical unfolding kinetics
was measured by employing tryptophan fluorescence which gave
resultswith the sameunfolding rateswithin the limits of error (data not
shown). This cross-check indicates that the observed unfolding
transition appears rather cooperative, with the disintegration of tertiary
and secondary structure elements taking place simultaneously, see also
[9,30]. Furthermore, in the case of heat induced unfolding often
aggregation of unfolded states was observed. Similar to observations
with calcium saturated samples aggregation of calcium depleted
enzymes takes place only after the unfolding transition [13].

3.2. Thermodynamic characterization of the unfolding transition and the
impact of calcium on the unfolding barrier

The obtained unfolding rates Ku are presented in an Eyring-plot for
thermal unfolding (Fig. 3A) and in a Half–Chevron-plot for denaturant
induced unfolding (Fig. 3B). By employing simple linear regression fits
to the experimental data the relevant thermodynamic parameters
were determined as listed in Table 1. The most obvious feature of our
S/R ΔG/RT25 Ku at T25b [s−1] Ku,w at T25c [s−1] mu [M−1]

60.89 21.74 1.09 •10−07 n.d. n.d.
98.68 28.47 1.30 •10−10 n.d. n.d.
03.07 42.45 1.10 •10−16 n.d. n.d.
63.07 27.94 2.20 •10−10 8.07 •10−10 24.63
96.72 18.81 2.02 •10−06 n.d. n.d.
28.19 16.00 3.38 •10−05 9.86 •10−06 1.59
40.78 16.99 1.26 •10−05 4.07 •10−05 4.59

ium saturated samples the error inΔH andΔSwas±4–6%, for calcium depleted samples

].
shown in the Eyring-plot (Fig. 3A).
.



Fig. 2. (A) CD spectra of calcium depleted BLA at 60 °C are shown as function of time for
a time period of 1 h measured every 60 s. The arrow indicates the chronology of
measured spectra (from earliest to later measurements). (B) The kinetic behavior was
analyzed by plotting the CD signal at 222 nm as measured with different temperatures
as a function of time. Data are shown for the following temperatures (from slowest to
fastest transitions): 47 (solid squares), 51 (open circles), 60 (solid triangles), 65 (open
triangles) °C. In order to obtain the fraction of folded protein as a function of time we
used reference measurements for a native and a fully unfolded sample, measured with
the same protein concentration either in native buffer at 25 °C or in 6 M GndHCl,
respectively.

Fig. 3. (A) Eyring-plots with the temperature dependence of unfolding rates are shown
for PGK (stars) and for α-amylases in a calcium depleted state (open symbols) and in
the calcium saturated state (solid symbols): PPA (squares), TAKA (triangles), and BLA
(circles). Related thermodynamic parameters as obtained from linear fits (solid lines)
are given in Table 1. (B) Half–Chevron plots are shown for PGK (stars), for BLA (circles),
and for TAKA (triangles), the latter for calcium depleted samples.

Fig. 4. The free energy change ΔGF
# (normalized to RT at room temperature) is plotted

against the corresponding transition temperature as measured with a heating rate of
1 °C/min. Despite a certain scatter of the presented data, the proportionality between
both parameters is visible, at least qualitatively (for the legend see Fig. 3).
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analysis is given by the fact that the free energy changes ΔGF
# between

the native state and the transition state are more or less proportional
to the transition temperatures (Fig. 4). This indicates that kinetic
stability has a major impact on the thermostability of our proteins. It
has already been shown in various previous studies that extremely
slow unfolding rates are a key feature in achieving a pronounced
thermostability [31–34]. Furthermore the data indicates that ther-
mostability is related to the “extent” of calcium binding. For calcium
depleted α-amylases the transition temperatures vary around 50 °C,
but do not differ significantly between homologous α-amylases. This
feature is also visible by rather similar free energy change values
(ΔGF

#/RT ∼17±2) for the corresponding enzymes (see Table 1). In
contrast to this, for calcium saturated α-amylases transition tem-
peratures as well as free energy changes differ significantly. A larger
number of calcium binding sites (i.e. number of bound calcium ions
per enzyme molecule under calcium saturation conditions) are
related to an increasing free energy change. The difference of free
energy changes between those obtained from calcium depleted
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samples and from calcium saturated samples increases with the
number of bound calcium ions in the respective enzymes (PPA with
ΔΔGF

#/RT=2.9, TAKA with ΔΔG#
F/RT=12.47 and BLA with ΔΔG#

F/
RT=25.46). It is known that all class-13 α-amylases share a common
(conserved) calcium binding site, which is located in the interface
between domain A and domain B in close proximity to the active site
(see Fig. 1). Only this calcium is present in the PPA structure. In
addition and in close proximity to the conserved calcium binding site,
many homologues have a second metal binding site, where in TAKA
and in BLA a second calcium ion is bound. In the case of BLA these two
calcium ions form a triade together with a Na+ ion. Furthermore, BLA
exhibits a third metal binding site at the interface between domain A
and domain C (see BLA structure in Fig. 1) [35]. In particular for other
very thermostable homologous such a third binding site was observed
(e.g., α-amylases from B. amyloliquefaciens or from P. woesi [36,37]).
Since this third latter binding site is located at strategically important
position in the protein structure, it may strengthen the interaction
between domain A and C and thereby explain the extreme high
transition temperatures of these enzymes. In addition to the absolute
number of bound ions also the extent and the geometry of
coordination of the ligand is important for protein stability (see for
example the triade in BLA), because the latter is related to the strength
of the ligand binding [38]. Although the ΔG values as obtained from
the set of α-amylases analyzed in the present work exhibit a striking
proportionality to the number of bound calcium ions in the respective
proteins structures, we cannot rule out that other factors than the
number of bound calcium ions play an important or even a
dominating role (e.g., Ca–Na–Ca triade in BLA).

One advantage to measure and to analyze unfolding rate constants
is related to the fact that changes in enthalpy and in entropy between
the native state and the transition state can be deduced from Eyring-
plots (Table 1). Although a straight forward interpretation of enthalpy
and entropy changes is difficult, mainly because it is a priori not
possible to distinguish between contribution from the protein and
that from the solvent, a few interesting results obtained from our
analysis are worth to be discussed in detail.

(1) With respect to smaller single-domain proteins we obtained
rather large absolute values for enthalpy changes as well as for
entropy changes for our proteins. This was not unexpected for
the multi-domain proteins studied here, since the increase of
changes in enthalpy and entropy generally increases with the
length of the polypeptide chain. However, due to the general
phenomenon of enthalpy–entropy compensation the
corresponding free energy changes are not necessarily larger
for the investigated multi-domain proteins as compared to
smaller (single-domain) thermostable proteins [21,22,38–40].

(2) The stabilization upon calcium binding in terms of thermody-
namic parameters is similar for TAKA and BLA, but rather
different for PPA. Calcium depleted BLA and TAKA exhibit ΔH
and ΔS values which are drastically reduced by a similar degree
(∼30–40%) for both α-amylases as compared to calcium
saturated samples. As a consequence smaller absolute ΔG
values are observed for calcium depleted samples, consistent
with the lower thermal stability (see also transition tempera-
tures in Table 1). The major contribution to protein stabiliza-
tion upon calcium binding is caused by large positive enthalpy
change, which is counter balanced to a considerable extent by
an accompanied increase of ΔS. A possible explanation for this
behavior is may be given by the fact that in contrast to the
native state, the transition state has already released the bound
calcium and exhibits amuch larger conformational flexibility as
compared to the native state. For PPA the results are quite
different. Here the absolute values for ΔH and ΔS are larger for
calcium depleted samples as compared to calcium saturated
samples. Due to the fact that the entropy change for calcium
depleted PPA increases stronger than the enthalpy change
(upon calcium depletion) the calcium depleted PPA is slightly
less thermostable as compared to calcium saturated PPA.
Recently, for α-amylase from Bacillus halmapalus (BHA) a
change in activation energies Ea (proportional to ΔH) during
denaturation was found to be 101 kJ/mol for the calcium
depleted sample and 123 kJ/mol for the calcium saturated
enzyme [41]. Compared to our data the stabilization mechan-
isms related to calcium binding in BHA (which is assumed to
have three calcium binding sites [26]) are similar to that of
TAKA and BLA, but exhibited a much smaller increase of ΔH
upon calcium binding.

(3) Another important question is related to the extent to which the
native state differs from the transition state, structurally andwith
respect to solvent interaction. While for BLA and TAKA calcium
binding seems to have a strong influence on the entropy and
enthalpy changes between native and transition state for PPA the
entropy change is most probable not strongly related to calcium
binding. We observe only 30–35% larger entropy changes for
calcium depleted samples as compared to calcium saturated
samples. In contrast BLA and TAKA exhibit a two- to threefold
larger entropy and enthalpy changes for calcium saturated
samples as compared to calcium depleted samples. For BLA and
TAKA this may indicate that in the case of calcium binding the
transition state is characterized by a higher polypeptide chain
flexibility, a less compact protein structure, and (or) more
pronounced solvent interactions as compared to the native state.
Then a large positive ΔH reflects the loss of interactions in the
transition state that are present in the native state (most
probably also including calcium binding interactions). Breaking
these interactions seems to result in a less ordered transition
state and an increased entropy of the system [21]. If we compare
only enzymes without co-factors bound to the protein structure
(including PGK) a significant difference for BLA and TAKA on the
one hand, and for PPA and PGK on the other hand is visible. The
latter do show enthalpy changes and in particular entropy
changes which are larger as compared to BLA and TAKA. As
already mentioned above huge positive ΔS values indicate less
ordered transition state structures as compared to the native
state. At least for PGK this is supported by a remarkable large
positive mu value. This value indicates a much stronger
denaturant interaction, corresponding to a bigger solvent
exposed protein surface and to a less ordered protein structure
of the transition state as compared to the native state.
Consequently, for BLA and even more for TAKA a much smaller
mu value is accompaniedby amuchsmaller entropy change. Such
a largemu value (∼24 M−1) as obtained for the investigated PGK
is remarkable. Typically these values are much smaller (in
particular for smaller proteins ∼0.1–2 M−1) [39]. However, at
least for phosphoglycerate kinases big mu values seem to be a
common feature. A study employing tryptophan fluorescence
(monitoring only the C-terminal domain) exhibits a mu value in
the order of 12 M−1 for a homologous PGK from B. stearother-
mophilus [42].

(4) Extrapolated unfolding rates for room temperatures (25 °C) were
obtained fromEyring-plots and fromHalf–Chevronplots (Table 1).
Taking into account the errors in the linear regressionfittingwhich
are significantlyenhancedbyextrapolations, at roomtemperatures
the errors in Ku are relatively large. Despite of this error, values
obtained with both methods are at least in the same order of
magnitude, ranging from 10−5 s−1 for enzymes with transition
temperatures around50 °C to 10−16 s−1 for calciumsaturatedBLA
with T1/2 of 102 °C. Compared to our result for PGK with Ku ∼2.2–
8.0•10−10 s−1 the homologous analog from B. stearothermophilus
showedavery similar rate (Ku∼7.6•10−10 s−1) [42]. Inaddition to
extrapolations from Eyring- or Half–Chevron plots the room
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temperature unfolding rate constant can be calculated directly by
using Eq. (2) (see sectionMaterials andmethods). For this purpose
the pre-exponential factor has to be known. In the original Erying
theory this factor is given by:

k0 = κ
kBT
h

≈6⋅1012s−1 at25 -C:

Here κ is the transmission factor (typically assumed to be 1), kB is the
Boltzmann constant, h is the Planck constant, and T is the temperature.
In contrast to assumptions made in the Eyring theory, protein folding/
unfolding transitions involve formation and breakage of many weak
intramolecular interactions rather than a formation or cleavage of a
single covalent bond. Therefore the above given pre-exponential factor
will not be useful for our analysis. For protein folding/unfolding
reactions segmental diffusion processes of polypeptide chain fragments
will determine the rate limitation. In principle this factor can be quite
different for individual proteins. Most probably it will also depend on
the polypeptide chain length (i.e. on the proteins size). For smaller
single-domain proteins pre-exponential factors in the order of 105–108

have been assumed [23,43]. The multi-domain proteins investigated in
this study are characterized by a polypeptide chain length of about 450–
500 residues. Applying Eq. (2) we received the best agreement with Ku

values obtained from the Eyring-plotfittings by using a pre-exponential
factor of 3 •102 (3.3 ms). Although a comparison with values from the
literature is not straightforward (typically in these studies folding rates
with small single-domain proteins with an averaged length of 80
residues characterized by a two-state folding process taking place
within 10 μs were measured from urea or GndHCl unfolded proteins
[43]), we observe significantly slower transitions with much smaller
pre-exponential factors for multi-domain protein unfolding transitions
as compared to what has been observed in published studies. However,
to our knowledgepre-exponential factors havenot yet beendetermined
for multi-domain proteins. Further studies, in particular on folding
transitions, with multi-domain proteins should give an indication
whether relatively small pre-exponential factors (slow transition
processes) are representative for larger multi-domain proteins which
are generally characterized by multi-state transitions.

4. Conclusion

In the present study we demonstrated that the analysis of
temperature dependent unfolding kinetics is a powerful method to
obtain detailed insights about characteristics of the unfolding barrier
which is a key feature of the thermostability for many enzymes. In the
case of homologous α-amylases the presented data indicate that
beside a conserved calcium ion which is present in almost all α-
amylases, the existence of one or two additional calcium ions as
bound to more thermostable enzymes drastically increases the free
energy of the unfolding barrier. This increase as observed for calcium
saturatedwith respect to calcium depleted enzymes is proportional to
the number of bound calcium ions and is generated by enthalpic
contributions, which is partly compensated by increased entropy
changes. Although further properties of homologous α-amylases may
also contribute significantly to the individual thermostability of the
respective enzyme (see for example a comparison of BLA and BAA
[9,30]), extreme thermostabilities of α-amylases with melting
temperatures above 80 °C are only achieved by using calcium (ligand)
binding. In this regard the presented study offers a valuable attempt to
rationalize the thermodynamic basis of calcium stabilization in α-
amylases.
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