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Abstract. In recent years an increasing number of studies
on thermophilic and hyperthermophilic proteins aiming
to elucidate determinants of protein thermostability have
yielded valuable insights about the relevant mechanisms.
In particular, comparison of homologous enzymes with
different thermostabilities (isolated from psychrophilic,
mesophilic, thermophilic and hyperthermophilic organ-
sims) offers a unique opportunity to determine the strate-
gies of thermal adaptation. In this respect, the medium-

sized amylolytic enzyme a-amylase is a well-established
representative. Various studies on a-amylases with very
different thermostabilities (melting temperature T,, = 40
—110°C) report structural and dynamical features as well
as thermodynamical properties which are supposed to
play key roles in thermal adaptation. Here, results from
selected homologous a-amylases are presented and dis-
cussed with respect to some new and recently proposed
strategies to achieve thermostability.
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entropy.

Introduction

A vital property of most proteins is to maintain their native
and in general unique structure under given environmental
conditions. It has been demonstrated in many cases that
the ability to build up and to maintain this native and
functional structure within a particular range of temper-
ature (or of pH, pressure, salinity) is an intrinsic property
of the protein itself which is determined by the amino acid
sequence [1]. According to the very different habitats in
which the organisms thrive, the temperature range where
the native structure is present can vary significantly
[2-4]. In particular, psychrophilic (cold adapted) and
thermophilic or hyperthermophilic (heat adapted) organ-
isms are important sources of proteins which can be used
as prototypes in comparative investigations to study the
determinants of structural stability under extreme condi-
tions [5—7]. Numerous comparative studies of homolo-

gous proteins, mainly from mesophilic and thermophilic
sources [8—16], but in some cases also psychrophilic
[17, 18] sources have been performed. The question
especially of how proteins deal with extreme temperatures
(thermal adaptation) is not only related to thermostability,
but also to a proper functionality of the proteins at given
temperatures.

Native and functional protein structures are held together
by a subtle balance of non-covalent forces or interactions,
such as H bonds, ion pairs, and hydrophobic and van der
Waals interactions. At elevated temperatures these non-
covalent interactions are too weak or become counterbal-
anced by other interactions, and proteins start to unfold.
Protein unfolding can be observed by many different tech-
niques, including differential scanning calorimetry (DSC),
fluorescence, circular dichroism (CD), Fourier trans-
form infrared (FTIR) and nuclear magnetic resonance
(NMR) spectroscopies, and sedimentation techniques (see
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for example [19-21]). The melting temperature, T, as
determined by calorimetry and spectroscopic techniques,
is typically the same as measured by the above-mentioned
experimental approaches. In most cases the loss of sec-
ondary and tertiary structure is concomitant with enzyme
inactivation at high temperatures. Small monomeric pro-
teins commonly unfold via a two-state transition, where
the unfolding intermediate states are not or barely accu-
mulated. Some proteins regain their native and functional
structure upon cooling. From this kind of unfolding, a so-
called thermodynamically reversible unfolding, the ther-
modynamic parameters that characterize the transition can
be determined. Larger multi-domain proteins, however,
generally exhibit a different behavior. It is assumed that,
mainly, exposed hydrophobic and charged residues are
responsible for the fact that proteins, in particular the un-
folded states, form aggregates. These aggregates often re-
sult in irreversible unfolding. In this case the characteriza-
tion of the unfolding process in terms of thermodynamic
parameters is not straightforward and has been attempted
only in rare cases [22, 23].

Thermostability of a-amylases

Various determinants of protein stability and proposed
mechanisms for how proteins achieve sufficient structural
stability under extreme environmental conditions have
been reported. Thermostability appears to be conferred
by a variety of strategies. Numerous structural strategies, a
greater number of ionic interactions, disulphide bridges
and prolines, a greater extent of hydrophobic-surface
burial, as well as improved core packing, shorter surface
loops and higher states of oligomerization have all been
proposed and at least partly proven to be responsible for
increased thermostability (see for example [5-7]). Inter-
estingly, for nearly all the described structural strategies,
counter-examples (for other sets of homologous proteins)
can be found where the specific mechanism is not ob-
served or utilized [24]. Thus, many different forces and
interactions may and often do contribute to thermal sta-
bility. The challenge is to pinpoint which of the different
factors and interactions are the most critical for the specific
proteins [25]. In order to attain this goal not only factors
directly related to structural properties, as mentioned
above, but also dynamical properties (structural flexibility

Table 1. List of selected homologous a-amylases for which the 3D structures have been solved and their thermostability properties have

been identified.

Origin PDB entry No. of MW [kDa] No. of Add. /other No. of SS T, [°]

residues Ca ions ions bridges

(no. cys.)

Alteromonas haloplanctis
(AHA)
psychrophile 1AQH 453 49.358 1 1Cl 4(8) 44
Pig pancreatic
(PPA)
mesophile 1DHK 496 55.357 1 1Cl 4(12) 65
Aspergillus oryzae
(TAKA)
mesophile 6TAA 478 52.490 2 - 409) 71
Bacillus subtilis
(BSUA)
mesophile 1BAG 619 68.421 3 - 0(1) 83
Bacillus amyloliquefaciens
(BAA)
thermophile (mesophile) 1E43 483 58.843 4 INa 0 86
Bacillus licheniformis (BLA)
thermophile (mesophile) 1BLI 483 58.274 3 1Na 0 102
Pyrococcus woesi/furiosus
(PWA)/(PFA)
hyperthermophile IMXG 435 50.175 1 Zn, 3Mg 2(5) ~110

The given melting temperatures have been determined under calcium-saturated conditions. The X-ray structure assigned to the a-amylase
from Bac. amyloliquefaciens (PDB entry 1E43) has been solved from a chimeric fusion construct consisting of residues 1-300 from BAA
and 301-483 from BLA[40]. Bac. amyloliquefaciens and Bac. licheniformis are both mesophilic organisms but contain very thermostable
a-amylases which are therefore often denoted as thermophilic enzymes. The a-amylase from the hyperthermophilic archaeon Pyrococcus
woesi (PWA), is identical to the extracellular a-amylase from Pyrococcus furiosus (PFA), for which the given stability properties have been
determined [42, 43]. Another intracellular a-amylase from Pyrococcus furiosus (which will not be discussed here) has a larger molecular
mass (76261 Da), but shows a rather similar thermostability compared with the intracellular PFA [41, 42].
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of the protein) and features of the unfolding transition
(e.g., rate constants of the unfolding and refolding transi-
tion, reversibility of the transition etc.) are worth studying
in detail.

In principle, even mesophilic proteins can be extremely
thermostable, and the task of elucidating determinants of
thermostability is not confined to studies of proteins from
extremophiles (see table 1). However, there are often
two primary motivations for studying thermophilic and
hyperthermophilic proteins. Besides an academic interest
in ascertaining the major attributes and mechanisms of
how proteins achieve extreme thermostability, thermo-
philic proteins have attracted increasing attention because
of their potential use in biotechnology processes [7]. The
starch-degrading enzyme a-amylase plays an important
role in both fields of interest [26-28]. a-Amylase (1,4-
a-D-glucan glucanohydrolase EC 3.2.1.1) catalyzes hy-
drolysis of a-1,4-glucosidic linkages of starch [26]. It is
found in eubacteria as well as in eukaryota and has a huge
variation in temperature and pH optima. Bacterial and
fungal a-amylases, and in particular the enzymes from
the Bacillus species, are of special interest for large-scale
biotechnology processes due to their remarkable ther-
mostability and because efficient expression systems are
available for these enzymes. Enzymes with a-amylase
activity are found in two structurally different glycoside
hydrolase families (family 13 and 57; for more details see
[29] and references therein). a-Amylases have been iso-
lated from various organisms (psychrophilic, mesophilic,
thermophilic, hyperthermophilic) and show an extremely
broad range of melting temperatures (40-110°C). Over
the last 2 decades this monomeric multi-domain protein
(50-70 kDa) has become an important model system
for investigating thermal adaptation of medium-sized
enzymes [29-33].

In this review studies are reported that investigate mole-
cular mechanisms and determinants of thermostability
and thermal adaptation in the case of a-amylases. By way
of example, seven homologous a-amylases with different
thermostabilities were chosen for a comparative analysis.
Besides well-approved features which are known to
play an important role for the thermostabilization of a-
amylases, further properties such as structural flexibility
and properties of the unfolded states as well as of the
unfolding transition will be discussed with respect to
their impact on thermostability.

Structural properties of the native state

Most of the known a-amylase structures consist of a
monomer with three domains exhibiting an (f/«a)-barrel
(domain A) as a central structural unit. A listing of inten-
sively studied a-amylases for which a three-dimensional
(3D) structure has been solved (see fig. 1) is given in
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table 1. Domain B, which together with the central domain
A forms the substrate binding cleft, and domain C are
located at opposite sites of the central TIM-barrel. In con-
trast to the central part of the structure, domains C and B
vary in size and structure among the a-amylases. Fur-
thermore, nearly all known a-amylases have at least one
conserved calcium binding site. Most of the known a-
amylases have even more calcium binding sites, which
contribute substantially to the structural stability [34-39].
As shown in table 1, selected a-amylases vary dramatically
with respect to their individual thermostabilities. Although
the corresponding 3D structures appear rather homologous
at first, various proposals on the stabilizing role of
structural features have been reported for the individual
a-amylases [35, 37, 40—44]. In several studies specific
locations in the protein structures have been identified
which are relevant for thermostability. Comparative
studies on various mutants of Bacillus licheniformis a-
amylase (BLA) [45, 46], of Bacillus amyloliquefaciens
a-amylase (BAA) [47] and of PFA [48] have demonstrated
that mutation of individual residues either increases or
decreases overall thermostability. A detailed overview
about these features was also given by Nielsen et al. [30].

More general stabilization features, such as oligomeric
state, number of disulphide bridges, number of bound
divalent ions, or the number and volume of cavities (com-
pactness), do not show a correlation with thermostability
throughout the set of homologous a-amylases presented
in table 1. With the exception of Alteromonas haloplanctis
a-amylase (AHA) [35], all a-amylases discussed here are

Figure 1. Three-dimensional structures of various a-amylases (see
table 1) as determined by X-ray crystallography. The structures
were produced using the program MOLMOL [88]. For simplicity,
the bound ion atoms (Ca, Cl, Na, Zn etc.) are not shown.
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Table 2. The effect of calcium on thermostability in terms of melting
temperatures is given here.

Enzymes T, [°C] T, [°C] AT, [°C]
Casaturated  Ca depleted

AHA 44 44 0

PPA 65 48 17
TAKA 71 57 14
BSUA 83 46 37

BAA 86 38 48

BLA 102 52 50
PWA/PFA ~110 n.d. n.d.

The data were taken from the following references. AHA and PPA
[35]; TAKA [36]; BSUA, Fitter et al., to be published; BAA and
BLA [37]; for PWA/PFA, only thermoinactivation data are available
[42, 48, 50]; for the most similar intracellular PFA see [41].

stabilized by calcium at elevated temperature. As shown
in table 2, the difference in melting temperatures, AT,,
between calcium-saturated and calcium-depleted samples
varies in the range from 14 up to 50°C. For the most
homologous pair of a-amylases, namely BAA and BLA
(81% identity, 88% similarity [44]), this difference is
extremely large, at about 50°C, and nearly identical for
both enzymes. Although calcium exerts this strong in-
fluence on the thermal stability of both enzymes, the
specific difference in thermostability between BAA and
BLA (~15°C) is the same with and without calcium and
seems not to be related to the calcium binding properties,
but appears to be an intrinsic property of the protein
structures themselves [49]. The Bacillus subtilis a-amylase
(BSUA) exhibiting three calcium binding sites, like BLA,
shows a AT, of 37°C upon calcium binding, while Taka
a-amylase A (TAKA) (two calcium ions) and pig pan-
creatic a-amylase (PPA) (one calcium ion) show much
smaller AT,, values. With respect to these examples, the
number of binding sites seems to show at least a tentative
correlation with respect to the difference in thermostabil-
ity between calcium-saturated and -depleted a-amylase
samples. Early studies on PWA/PFA at room temperature
demonstrated that Ca?* is not required for stability [42,
50] which gave rise to the assumption that calcium is not
essential for thermostabilization of this enzyme. However,
a more recent study indicates that calcium is required for
PFA thermostability at elevated temperatures, while below
75°C it is not required [48]. The role of other ions for
structural stabilization appears to be less important, but is
on the other hand less well investigated. It is assumed that
zinc at least participates in the thermostabilization of PFA
[48]. From structural analyses on BLA and on BAA it is
well known that both enzymes exhibit a unique Ca-Na-Ca
metal triade at the interface between the A and B domains
[40, 51]. Therefore, sodium seems to play an essential
role for stabilizing BAA and BLA, since the sodium-free
buffers exhibit a T,, value 20°C below that of samples
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with sodium under calcium-saturated conditions [49].
Recently, the structure of a a-amylase from Bacillus sp.
(AmyK38) was solved. This structure has no calcium
ions, but at least two sodium ions replace the calcium and
play an important role in retaining the structure [52].

Temperature dependence of enzymatic activity

In various studies the enzymatic activity of several a-
amylases was measured as a function of temperature.
One use of these measurements is to determine the
temperature of maximal enzymatic activity (T,,,), which
is an important parameter in characterizing the thermal
adaptation process [23, 37, 42]. The temperature depen-
dence and the apparent T, principally depend on the
procedures used to assay enzymatic activity (buffers, heat
rate and incubation times, thermostability of the sub-
strate etc.; see for example [53]). However, temperature-
dependent activity plots with data taken from the literature
allow at least a qualitative comparison (see fig. 2). As
expected, the temperature of maximal activity is clearly
related to the thermostabilities of the selected a-amylases.
Typically the observed T, values are 5-15°C below the
melting temperatures. Interestingly, BLA, and particu-
larly BAA, displays a rather high enzymatic activity far
below T, which seems to be related to the fact that the
sources of theses rather thermostable enzymes are
mesophilic organisms (see table 1). In contrast, AHA,
PPA and PWA appear to be adapted to a much narrower
temperature range.
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Figure 2. The temperature dependence of enzymatic activity as
measured for various a-amlyases (see table 1). The temperature of
the greatest enzymatic activity can be attributed as an apparent T
The data were taken from the following references. AHA (T, =
30°C) and PPA (T, = 50°C), [23]; BAA (T,, = 80°C) and BLA
(T, = 90°C), [37] and PWA/PFA (T, = 100°C), [42].
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Figure 3. Presentation of protein stability curves as a function of
temperature calculated on the basis of data as published in the litera-
ture [35, 36] using the modified Gibbs-Helmholtz equation: AG(T)
= AH,, (1-T/T,)+AC[T-T,~T:In(T/T,)]. The following thermody-
namic parameters were used: AHA: ACp, 35.4 kJ K! mol'; T,
316°K; AH,,, 995.8 kJ mol!; TAKA: ACp, 36.4 kJ K-! mol'; T,
336°K; AH,,, 2250 kJ mol; (here a T,, of 63°C was obtained for
samples without additional calcium) BAA: ACp, 36.0 kJ K-! mol;
T.., 359°K; AH,,, 2037.7 kJ mol .

m>

The unfolding transition

Spectroscopic and microcalorimetric studies reveal
detailed insights in the unfolding transitions of several a-
amylases. While CD spectroscopy monitors the integrity
of secondary structural elements, tryptophan fluorescence
spectroscopy can be used to measure the 3D compactness
of a protein. In contrast to spectroscopic techniques
which only report on protein properties during the unfold-
ing transition, differential scanning calorimetry measures
the change of heat capacities (ACp), which also in-
cludes contributions from the surrounding solvent (e.g.,
rearrangement of hydration water).

The stability of proteins is primarily characterized by
their thermodynamic stability, which in the most general
case is determined by the difference in the free energy,
AG, between the folded (N) and the unfolded (U) state
(AG = AH —TAS). In the simplest case a two-state model
with a reversible unfolding transition is applied to deter-
mine thermodynamic parameters at the thermodynamic
equilibrium. The temperature dependence of AG allows
deeper insights into mechanisms of how thermostability
is achieved. Since protein unfolding is known to be
accompanied by a non-zero ACp, the Gibbs-Helmholtz
plots (parabolic stability curves in fig. 3) are distinctly
non-linear, and one observes thermal unfolding at high
temperatures (T,, at AG = 0) as well as at low temperatures
(‘cold denaturation’ point). These plots give valuable
information about enthalpic contributions (AH change of
enthalpy), often related to the structural stability of a
protein, and entropic contributions (AS change of en-
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Figure 4. Thermograms measured using DSC (4) and spectro-
scopic data (B) displaying the thermal unfolding transition for BAA
and BLA. The single peaked DSC data can be deconvoluted into
three nearly cooperative transitions, represented by Gaussian curves
(dashed lines). The CD data were measured in the far UV region, and
the intensity as measured at 222 nm is shown as a function of tem-
perature. The tryptophan fluorescence signal was obtained from a
red shift of the fluorescence emission spectra with peak maxima
between 336 nm (folded state) and 341 nm (unfolded state). The
data were taken from [37, 49].

tropy), which have also been shown to play a role in
reaching high thermostabilities [9, 54]. Examples of
stability curves are shown for three different a-amylases
in figure 3. The comparison between TAKA and BAA
demonstrates that high thermodynamic stability at room
temperatures (i.e., large maximal AG) is not necessarily
related to high thermostability (or thermal stability, i.e., a
high T,). However, in another example where AHA is
compared with BAA or with TAKA, a large maximal AG
is related to thermostability.

The unfolding transition as monitored by the above-
mentioned techniques often appears to be rather cooper-
ative, which is demonstrated in figure 4 for BAA and
BLA. With respect to the applied heating rate of approx-
imately 1 °C per minute, both enzymes exhibit a transition
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width of about 20 °C. Similar rather cooperative transitions
have been observed at their corresponding melting tem-
peratures for other a-amylases, namely, AHA, PPA and
TAKA [35, 36]. With the exception of AHA, all a-amy-
lases studied so far exhibit an irreversible unfolding
transition. In addition to a remarkably high reversibility
(99%) for a 50-kDa multi-domain protein, AHA displays
a much narrower transition width (~10 °C transition width
at 1°C/min heating rate), and shows all the attributes of a
pure two-state unfolding transition [35]. The irreversible
unfolding transitions, as generally observed for mesophilic
and thermophilic a-amylases under in vitro conditions,
are mainly caused by aggregation of the enzymes in the
unfolded state at elevated temperature. A simple model
that considers irreversible steps in the thermoinactivation
process is given by the Lumry-Eyring model [55]:

K, K;
N<—>U—D
Kf

Here N is the native state, U is the unfolded state and D
stands for the final denatured state. However, in some
cases thermodynamic parameters have been determined
on the basis of equilibrium studies where the irreversible
steps were assumed to have slower rates than the reversible
steps [23, 35-37]. Such results should, however, be taken
with caution, because small changes in the obtained ther-
modynamic parameter (e.g., ACp) may have large effects
in the corresponding stability curves (see fig. 3).

Inactivation and unfolding kinetics

Most studies determining the thermostability of proteins
are performed under equilibrium conditions. However,
the use of kinetic studies can reveal additional interesting
features of thermostability, particularly for transitions
with irreversible steps. Following transition state theory,
not only AG but also the barrier height of the transition
state determines the folding and unfolding rates and
therefore controls protein stability with respect to the cor-
responding time regime. Recently it was demonstrated in
some cases that a higher thermostability was accompanied
by significantly smaller unfolding rates (K,) as compared
with their mesophilic homologues [8, 56-58]. In contrast,
at least for proteins with reversible unfolding, only small
differences in the (re-)folding rates (K,) were observed
[56]. This reveals that a low K, value may be a key feature
in kinetically protecting the native state of thermophilic
proteins (kinetic stabilization).

In this respect, for a-amylases mainly studies on thermo-
inactivation kinetics are available from the literature.
Although the thermo-inactivation does not occur neces-
sarily at the same temperature at which the structural
unfolding transition takes place (see table 1, fig. 2 and
[23]), this approach is quite often used to characterize the

Thermostability of a-amylases

Table 3. For the three most thermostable a-amylases, the half-life
periods as measured at different temperatures near the temperature
of maximal enzymatic activity (for T, values see fig. 2) are given.

T[°C] Half-life Conditions
periods: t ;,

BAA 80 50 min pH ~7; 1 mM CaCl*
Ty =80°C 90 2 min pH ~7; 1 mM CaCl*
BLA 90 250 min pH ~7; 1 mM CaCl*#
Ty =90°C 95 20 min pH ~7; 1 mM CaCl}
PWA/PFA 100 >12h pH 4.5; no add.Ca**
Ty = 100°C 110 4h pH 4.5; no add. Ca?*®

120 2h pH 4.5; no add. Ca?**

The data were taken from the following references. #, [37]; ¥, [59];
*, [60]; %, [45]; %, [42].

thermostability of proteins [37, 42, 45, 59, 60]. For BAA,
BLA and PFA, the half-life periods of residual enzymatic
activity, as measured at elevated temperatures, are given
in table 3. The most interesting feature here is that
enzymes with a higher thermostability exhibit their enzy-
matic activity of longer duration at elevated temperatures,
compared with less thermostable enzymes. This seems to
support a kinetic stabilization mechanism in the case of
the selected a-amylases.

Depending on the protein concentration and taking into
account much longer time scales, significant unfolding
can also occur below the apparent melting temperature (see

1.0

0.9

Thermal unfolding
atT<T_

0.8

0.7+

0.6

fraction CD signal

0.5

O BAA
o444

time [h]

Figure 5. Long-term stability of samples in 2 mM EDTA buffer as
measured with CD spectroscopy at 25 °C (data taken from [49]). For
these calcium-depleted samples the following melting temperatures
have been determined: T,, = 38°C for BAA and T,, = 52°C for BLA
(see table 2).
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for example [61]). An example of such behavior is given
in figure 5 for BAA and BLA. The melting temperature
of BLA under calcium-depleted conditions is approxi-
mately 27°C higher than the room temperature (25 °C) at
which the measurements were performed (see table 2).
Therefore, only a very small amount of BLA (5%) was
unfolded after 2 days. In contrast, BAA has a melting
temperature which is only 13 °C above room temperature.
Taking into account the transition width for the unfolding
transition of BAA (£10°C, see fig. 4), BAA starts to
unfold even at room temperature. Due to irreversible
aggregation of the unfolded state (see the Lumry-Eyring
model) and considering long time scales of the corre-
sponding measurements, the unfolded state is cumulative.
As a result, one obtains 50% unfolded BAA after 2 days
at room temperature. This example demonstrates that an
operative stability strongly depends on the relation of the
different rates (K, K; K;) in the Lumry-Eyring equation
and on the protein concentration (for more details see also

[61D).

Properties of the unfolded state

It is obvious from basic principles that not only properties
of the folded state but also properties of the unfolded state
have an impact on protein stability and on the unfolding
transition. One property which is more or less directly
related to the conformational entropy of the unfolded
state is given by structural compactness. In general, a
native protein structure is efficiently packed and appears
considerably compact. The native protein exhibits a rather
restricted conformational freedom, at least in the interior
of the structure. Upon unfolding, a larger degree of con-
formational freedom is accompanied by less compact
structures. The increase in size of expanding protein
structures can be monitored by the use of tryptophan
fluorescence spectroscopy or by dynamic light scattering.
The fluorescence emission intensity, which in many cases
peaks at wavelengths A, between 330 and 340 nm for
the native state, shows a typical decrease in signal intensity
with increasing temperature. At the unfolding transition
one observes an additional decrease in signal intensity
and a characteristic red shift (A1, ~5-20 nm) of the
emission peak. These red shifts, which have been ob-
served for many proteins during the unfolding process, are
caused by an increased solvent accessibility of tryptophan
residues as provided in the fully unfolded state [62].
Fully accessible tryptophan residues reveal an emission
spectrum which peaks around 350 nm. In comparative
studies the fluorescence emission red shift can be used to
follow the structural expansion of the protein structure
during the unfolding process. For BAA, BLA and TAKA,
thermal unfolding and denaturant-induced unfolding (8 M
GndHCI) was analyzed using this approach (see fig. 6).
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Figure 6. Normalized fluorescence emission spectra for the folded
(solid lines) and for unfolded (thermal unfolded, dashed lines, Gnd-
HCl induced, dotted lines) states as measured with A, 280 nm. The
data were taken from [49].
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For BAA and BLA, thermal unfolding is characterized by
rather small red shifts (AA,,, ~ 4-5 nm), while denatu-
rant-induced unfolding reveals much larger red shifts of
about 15 nm [49]. In contrast, the less thermostable
TAKA a-amylase exhibits a much larger red shift of
about 10 nm upon thermal unfolding and a similar red
shift for denaturant-induced unfolding. In general, more
compact unfolded states, indicated by smaller red shifts
for thermally unfolded BAA and BLA as compared with
TAKA, lower the conformational entropy AS between the
folded and unfolded state. This can have a stabilizing
effect with respect to thermal unfolding. For BAA and
BLA, structural expansion upon denaturant-induced
unfolding was also measured by dynamic light scattering
(DLS) [49]. The corresponding hydrodynamic radii are
rather similar for both folded states (3.2 nm) and differ
for the fully unfolded state, with 5.2 nm for BLA and
6.1 nm for BAA. Thermally unfolded proteins exhibit
strong aggregation, which makes it impossible to measure
hydrodynamic radii for monomeric proteins. For both
BLA and BAA, the secondary structural elements (mea-
sured using CD spectroscopy) completely disappear on
thermal and denaturant-induced unfolding. On the basis
of current data, it is not yet possible to say to what extent
the compactness of unfolded states has an impact on the
thermostability of a-amylases. Interestingly, in the case
of several other proteins (thermophilic single-domain pro-
teins), results indicate that compactness and ‘residual
native structures’ in the unfolded state play a role in ther-
mostabilization [63—65].

The role of structural fluctuations and protein
flexibility

Temperature exerts a profound influence on the balanced
interplay of structural flexibility and rigidity. Although
folded proteins exhibit a certain rigidity that maintains
their unique 3D structure, conformational fluctuations
are, nevertheless, present in the native state. Often these
fluctuations are required for proper functioning [66—69].
One of the motivations for performing comparative studies
on the dynamic properties of homologous proteins with
different thermostabilities, is the perception that ther-
mostable proteins should have more rigid structures as
compared with mesophilic or even psychropilic proteins.
The ‘corresponding state hypothesis’ argues that proteins
show a similar structural flexibility at their adapted tem-
perature [70]. As a consequence, thermophilic proteins
exhibit reduced flexibility at room temperature and appear
more rigid compared with mesophilic or psychrophilic
proteins. This correlation between thermostability and
rigidity of protein structures has been observed in various
studies [71-75]. A comparison of protein flexibility be-
tween homologous proteins was studied by measuring
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structural dynamics using FTIR (H/D exchange kinetics)
[71, 76], dynamic quenching of tryptophan fluorescence
[23, 49, 74, 75], NMR [77, 78] and neutron spectroscopy
[73, 76], as well as molecular dynamics (MD) simulation
techniques [10, 72, 79]. All techniques can be utilized to
probe internal structural fluctuations, but they are very
different with respect to time scales and to amplitude of
motion. The NMR technique clearly has the best potential
for detailed experimental investigation of motion on
different time scales and with a spatial resolution which
cannot be reached by any other of the above-mentioned
techniques. But it is limited to smaller proteins structures.
With respect to several dynamics studies of homologous
a-amylases, the results revealed are rather divers. A com-
parative analysis of AHA, PPA and BAA using fluores-
cence quenching supports the concept of corresponding
states [23]. It was found that a decreasing quenching
efficiency, indicative for increasing protein rigidity, was
correlated to increasing thermostability (AHA — PPA —
BAA). In another case of comparative studies of BAA
and BLA, three different techniques were employed. With
respect to amide-proton exchange kinetics (fig. 7A) BLA
shows larger exchange rates and larger fractions of ex-
changed protons compared with BAA, which is indicative
of a more flexible BLA structure, at least with respect to
faster exchange processes. On a longer time scale the
exchange rates of both enzymes are quite similar. Fluores-
cence quenching (fig. 7B) shows no difference between
BLA and BAA. The observed amide-proton exchange
kinetics are generally related to conformational changes
which appear rather infrequently and can be attributed as
slower motion. A certain cooperativeness of several local
and faster fluctuations is required to make an amide-proton
inside the protein structure accessible to solvent molecules.
Fluorescence quenching is not explicitly related to a
certain time scale, but like amide-proton exchange, it
depends on the accessibility of special groups (tryptophan
residues), often also located in the interior of the protein.
Therefore, this technique also probes fairly slow structural
fluctuations. A much more direct measure of internal pro-
tein dynamics is given by neutron spectroscopy. Incoherent
neutron scattering (INS) makes use of a large incoherent
cross-section of hydrogen nuclei (~40 times larger than
incoherent cross-sections of other elements in biological
samples), and is well suited to study internal molecular
motions in a time range from sub-picoseconds to nano-
seconds [80, 81]. According to the diffusive and liquid-like
character of most motion in proteins, one mainly observes
an elastic scattering amplitude (A,) and a quasielastic
scattering amplitude (A,) (see fig. 8A). Figure 7C shows
the Q-dependence (Q is related to an inverse amplitude of
motion) of the elastic scattering amplitude (normalized to
unity with A, + A, = 1). The Q-dependence of A, looks
qualitatively quite similar for all measurements. Because
we observe localized fluctuations, mainly reorientational
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Figure 7. (4) Normalized fractions of non-exchanged amide protons
as a function of exposure time with D,0O solvent measured with BLA
and BAA for 20 and 30°C. The experimental data points have been
obtained from amide II intensities (at 1550 cm™) as detected by FT-
IR spectroscopy (data from [76]). (B) Stern-Volmer plots of tryptophan
fluorescence quenching by acryl amide. The collision quenching
constant, K, values determined in the region up to 100 mM are given
by the slope of the fitting line. They are identical for BLA and BAA
within the limits of error (3.37 M at 20°C and 3.84 M at 40°C;
data from [49]). (C) Elastic incoherent structure factors as a function
of neutron momentum transfer, Q, for BLA and BAA as measured
with protein solutions at 30 and 60 °C. The normalized structure fac-
tors, A, have been calculated from elastic (zero energy transfer @
= 0 within the given energy resolution) and quasielastic (nonzero en-
ergy transfer fico # 0) scattering contributions as shown in the energy
transfer spectra (see fig. 8A). The data were taken from [37].
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movements of polypeptide side groups, A, starts at its
maximum value (i.e., unity) in the low Q-range. A de-
crease of A, with increasing Q, more precisely the slope
of A, versus Q, is related to motion with average ampli-
tude in the range between 1 and 3 A. Above Q=1.5A"a
constant level with Aj-values between 0.4 and 0.3 is
reached. These values give the fraction of hydrogens
(normalized to unity) in the protein structure not partici-
pating in motion visible within the resolution limits of the
spectrometer. The complementary fraction of hydrogens
directly reflects the conformational flexibility of the en-
zyme. As expected, the data from measurements per-
formed at 60 °C show smaller A, values and therefore a
higher conformational flexibility as compared with the
30°C data. Interestingly, for both temperatures BLA
shows smaller A, values compared with BAA, indicating
a higher conformational flexibility for BLA. Within the
limits of error, these differences (at high Q, A, values
are ~6—7% larger for BLA) are the same for both temper-
atures. Although theses differences are small, they are sig-
nificant and fully reproducible [37, 76]. As a result, we
conclude that the example of BLA and BAA does not
support the corresponding state hypothesis.

It is still a matter of debate to what extent the corre-
sponding state hypothesis is implemented and valid in
thermal adaptation processes. Possibly the major fea-
tures and effects are only visible between proteins from
quite different (i.e., psychrophilic, mesophilic, thermo-
philic) sources. In this case typical features would not be
observable for two rather thermostable proteins originat-
ing from organisms which are not adapted to very differ-
ent temperatures (both, BAA and BLA, are from meso-
philic sources). However, other examples in the literature
reveal similar results which also do not support the cor-
responding state hypothesis [77—79]. Another important
aspect in this context is related to the fact that motion
does occur on different time scales with different ampli-
tudes and located in different parts of an enzyme. Some
of this motion might be related to enzymatic activity;
some might be related to a pre-stage of an unfolding
process and thus most probably plays a role in protein
stability. Therefore, the role of structural fluctuations in
thermal adaptation is most probably manifold and com-
plex [78], and most of the techniques applied cover only
a very limited portion of the motion occurring in protein
structures.

With respect to the possible impact of internal fluctuations
on thermostability, additional flexibility can stabilize the
native state of a protein under certain conditions. In gen-
eral, conformational motion which is related to the unfold-
ing pathway can destabilize the native state. Therefore,
hindrance or suppression of this motion by additional
hydrogen bonds or salt-bridges will stabilize the structure.
This is an example of enthalpic stabilization. Moreover,
conformational fluctuations can also increase the confor-
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mational entropy of the folded state with respect to the
unfolded state. A resulting change of conformational en-
tropy during unfolding, AS, will be smaller, and increased
flexibility (of the folded state) has a stabilizing effect (see
above). Therefore, the larger conformational flexibility on
the picosecond time scale observed for BLA as compared
with BAA is not contradictory to their corresponding
thermostabilities (see fig. 7C). In order to demonstrate
that entropic stabilization does indeed play a role, one has
also to measure the structural fluctuations of the unfolded
states. In the case of BLA, the dynamical properties for
both states are presented in figure 8. As expected, the
unfolded state is much more flexible compared with the
more compact folded state at the same temperature
(fig. 8A, B). With increasing temperature for both states,
the structural fluctuations become more pronounced
(steeper decrease of A, with Q, see fig. 8C) at higher
temperatures. The important feature here is that the
unfolded state shows a more pronounced increase in
fluctuation with rising temperature as compared with the
folded state. As a consequence, AS increases more and
more at elevated temperatures, which is at least partly
responsible for the downward curvature of the stability
plots shown in figure 3. The fact that at elevated temper-
atures AS (more precisely TAS) becomes larger than the
enthalpic term AH is the reason for thermal unfolding. In
principle, not only conformational entropy arising from
the protein structure contributes to AS, but so does the
hydration water. However, the measure of the protein
dynamics for the folded and unfolded state at different
temperatures allows the calculation of entropy changes
during heating (for further details see [82]). Only further
studies with other a-amylases can meaningfully deter-
mine whether and to which extent the conformational
entropy of the protein structure contributes to the differ-
ent thermostabilities of homologous a-amylases. Unfor-
tunately, measuring of dynamics with samples in the
unfolded state is a difficult task due to strong aggregation
of these states at elevated temperatures.

Conclusion and outlook

Many comparative studies on the thermostability of pro-
teins in the last years have shown that thermostability
occurs as a cumulative effect of many different, often
rather small stabilizing features [5, 25]. Comparative
studies with homologous a-amylases, which show an
enormous variety of thermostabilities, offer the possibility
to study features responsible for the thermostability of
a medium-sized multi-domain protein. For various a-
amylases, proposals about putative stabilizing mechanisms
have been described. The challenge is to figure out to
what extent the specific mechanisms really contribute to
individual thermostabilities. This holds not only for a-
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Figure 8. Energy transfer spectra as measured with neutron spec-
troscopy for BLA for the folded (4) and unfolded (B) state. The
shaded area represents quasielastic scattering caused by internal
structural fluctuations of the enzyme occurring in the picosecond
time regime. The corresponding normalized elastic structure factors,
A,, are given for both states in the temperature range from 30 to
70°C (data from [82]).

amylases but also for many other proteins. With respect to
irreversible unfolding and to strong aggregation, as often
observed for a-amylases, the situation for this multi-
domain protein is even more difficult. In particular,
reliable thermodynamic data and structural as well as
dynamic characteristics of the unfolded states are very
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difficult or even impossible to obtain. I have stated in this
review that besides structural features of the native state
and thermodynamic parameters, for example, in terms of
stability curves, structural and dynamic features of the
unfolded states can contribute significantly to ther-
mostability. Therefore, alternative and more suitable ap-
proaches are required to overcome the problems related
to aggregation of unfolded states.

At least two approaches can help to overcome this prob-
lem. First, fluorescence correlation spectroscopy (FCS)
can be applied to protein concentrations down to ~0.1 nM,
which should significantly reduce or even circumvent
aggregation of unfolded states. This technique measures
diffusion coefficients and has already been employed
successfully in studies on unfolded proteins [83]. Second,
studies with various proteins demonstrates that molecular
chaperones can suppress aggregation of non-native or
unfolded proteins [84, 85]. It has already been shown for
TAKA-amylase that chaperones (GroES and GroEL from
Escherichia coli) inhibit aggregation reactions that com-
pete with correct (re-)folding [86]. The mild conditions
of sol-gel encapsulation provide a further technique to
separate single proteins in isolated voids to reduce aggre-
gation of unfolded states [87]. Although these approaches
have a number of limitations (e.g., limited temperature
range) and would be applicable only for some of the
relevant aspects, studies with homologous a-amylases
using these techniques have great potential for progress
in this field of application.
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