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A Measure of Conformational Entropy Change during Thermal Protein
Unfolding Using Neutron Spectroscopy

Jörg Fitter
Research Center Jülich, IBI-2: Structural Biology, D-52425 Jülich, Germany

ABSTRACT Thermal unfolding of proteins at high temperatures is caused by a strong increase of the entropy change which
lowers Gibbs free energy change of the unfolding transition (DGunf ¼ DH � TDS). The main contributions to entropy are the
conformational entropy of the polypeptide chain itself and ordering of water molecules around hydrophobic side chains of the
protein. To elucidate the role of conformational entropy upon thermal unfolding in more detail, conformational dynamics in the
time regime of picoseconds was investigated with neutron spectroscopy. Confined internal structural fluctuations were analyzed
for a-amylase in the folded and the unfolded state as a function of temperature. A strong difference in structural fluctuations
between the folded and the unfolded state was observed at 308C, which increased even more with rising temperatures. A simple
analytical model was used to quantify the differences of the conformational space explored by the observed protein dynamics
for the folded and unfolded state. Conformational entropy changes, calculated on the basis of the applied model, show
a significant increase upon heating. In contrast to indirect estimates, which proposed a temperature independent conformational
entropy change, the measurements presented here, demonstrated that the conformational entropy change increases with rising
temperature and therefore contributes to thermal unfolding.

INTRODUCTION

The stability of the folded state of a protein, which is the

native and functional state under physiological conditions, is

operated by a subtle balance of enthalpic and entropic con-

tributions. Both contributions consist of opposing fractions

which either stabilize or destabilize the folded state. The

conformational entropy of the polypeptide chain is larger for

unfolded state compared to the more compact folded state

characterized by much more restricted conformational space.

Therefore, this contribution stabilizes the unfolded state

(DSconf[ 0). The interaction of solvent water with nonpolar

side chains of the protein stabilizes the folded state, because

solvation of these side groups induces ordering of water

which is unfavorable. Since nonpolar groups are exposed to

the solvent mainly in the unfolded state and not in the folded

state, this contribution stabilizes the folded state (DShyd\0).

With the assumption of a reversible ‘‘two-state’’ unfolding

process (i.e., only the folded or the unfolded state occurs),

the temperature dependence of the free energy DGunf as

a function of temperature describes a parabolic-shaped curve

(Fig. 1) (Becktel and Schellmann, 1987). The slope of this

curve is given by the total entropy change DStot, which is zero
at the temperature of maximal stability (compensation:DSconf
1 DShyd ¼ DStot) and is characterized by increasing positive

values with increasing temperature. At the melting temper-

ature Tm, Gibbs energy DGunf becomes zero and thermal

unfolding occurs. The parameters determining this curve are

measured with techniques (e.g., calorimetry) that cannot

distinguish between contributions related to protein-solvent

interactions or related to sole protein properties, such as

the conformational entropy. Nevertheless, experimental and

calculated Gibbs energies of hydration of amino acid side

chains were used to determine the hydration contribution and

the residual conformational contribution to the entropy

change (Privalov and Makhatadze, 1993; Sturtevant, 1977).

According to these studies, the temperature dependence of

conformational entropy change differs significantly with

respect to calorimetric total entropy change.DSconf was either
constant with temperature (Sturtevant, 1977; Baldwin, 1986)

or even decreased with rising temperature (Privalov and

Makhatadze, 1993; Privalov, 1997). Therefore, hydration

effects were assumed to play the major role for thermal

unfolding. The generally accepted view is that thermal un-

folding mainly occurs because with increasing temperature

fewer water molecules are tied down in regions of ordered

water around nonpolar side chains (Fersht, 1999).

As an approach to elucidate more details about the role

of the conformational entropy during thermal unfolding,

neutron spectroscopy was applied to measure structural

fluctuations of a well characterized protein, the a-amylase

from B. licheniformis (BLA, 58,550 Da). This amylolytic

enzyme is rather heat stable and well characterized with

respect to thermal and thermodynamic stability (Feller et al.,

1999, Fitter et al., 2001a) (Fig. 1). BLA has a monomeric

structure and consists of 483 residues. In the time window of

neutron spectroscopy, the observed picosecond motions are

dominated by side-chain reorientations and segmental

movements of flexible polypeptide backbone regions

(Kneller and Smith, 1994; Tarek and Tobias, 2002). To

obtain a measure of the conformational entropy change

contribution, conformational fluctuations for the folded and

the unfolded state of a-amylase were measured as a function

of temperature. Although folded proteins exhibit a certain
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rigidity, conformational fluctuations are, nevertheless, pres-

ent in the native state. Besides their importance for protein

activity (Frauenfelder et al., 1991; Rasmussen et al., 1992;

Fitter et al., 1998; Kay, 1998; Zaccai, 2000) these

fluctuations can contribute significantly to the conforma-

tional entropy of proteins (Karplus et al., 1987; Doig and

Sternberg, 1995; Yang and Kay, 1996).

MATERIALS AND METHODS

Sample preparation and characterization

a-Amylase from B. licheniformis (purchased from Sigma-Aldrich) was

dissolved in D2O buffer (30 mMMops, 50 mM NaCl, 3 mM CaCl2, pH 7.8)

and purified by the use of a desalting column (Econo-Pac 10 DG, Bio-Rad).

To replace all exchangeable hydrogens of the protein by deuterium, the

sample was kept for 5 h at 508C in a buffer with 30 mMMops, 50 mMNaCl,

3 mMCaCl2, 20 mM EDTA, pH 7.8. The H/D exchange of amide protons in

the protein was monitored by measuring the amide II band (1550 cm�1)

using FTIR spectroscopy (see Fitter and Heberle, 2000). The number of not

exchanged hydrogens for each BLA molecule is ;3400. Due to the

procedure of keeping the protein at ‘‘prefolding’’ conditions (i.e., 508C and

20 mM EDTA) for several hours, the H/D exchange of exchangeable

hydrogen can be assumed as completed, in a good approximation. Therefore,

we do not expect any further H/D exchange upon protein unfolding (see

below). Exchanged hydrogens in the solution were removed by four

subsequent washing procedures with standard D2O buffer. Finally the

protein solution was separated into two aliquots, one adjusted to pH 13

(condition for the unfolded state), and the other one was left at pH 7.8

(folded state) (see Fitter et al., 2001a). CD spectroscopy revealed no

significant difference between thermal unfolded and pH unfolded BLA

structures. In both cases the secondary structure elements were strongly

reduced with respect to the folded state (Fitter, unpublished results). Both

protein solutions (30 mg enzyme/ml solution) did not show aggregation at

this concentration between 308C and 708C.

Conformational dynamics measured with
neutron spectroscopy

Quasielastic incoherent neutron scattering (QENS), which is a commonly

used technique in neutron spectroscopy, makes use of the 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 10�9 to 10�14 s (Bee, 1988).

Using samples with the protein dissolved in D2O, all nonexchangeable

hydrogens (which are distributed quasihomogeneously in the molecule)

serve as probes to monitor local fluctuations occurring in the structure. In

a neutron scattering experiment with predominantly incoherent scattering

the double differential cross section

d
2
s

dVdv
¼ 1

4p
3

jk1j
jk0j 3 b

2

inc 3 Sinc Q; vð Þ� �
(1)

determines the number of neutrons scattered into a solid angle element dV

and an energy transfer element dv. Here binc denotes the incoherent

scattering length, and k0 and k1 are the wave vectors for the incident and

scattered neutrons, respectively (with momentum transferQ¼ k1� k0). The
information on dynamics of all individual hydrogen atoms can be obtained

from the incoherent scattering function Sinc(Q, v) using the formalisms of

self-correlation functions developed by Van Hove (1954). According to the

diffusive and liquidlike character of the predominant part of the motions, the

quasielastic scattering (within the energy transfer range of about62 meV) is

in the focus of the most neutron scattering studies on proteins. Because the

observed hydrogens are part of the protein structure their individual diffusive

motions are confined in space. Considering the diffusive character of

equilibrium fluctuations occurring in proteins, the quasielastic broadening

observed in the spectra can be fitted reasonably by Lorentzians.

Neutron-scattering experiments and data analysis

Three different samples (folded protein in D2O buffer, unfolded protein in

D2O buffer, and D2O buffer only) were measured in a slab-shaped aluminum

container (inner sample volume: 40 3 50 3 1 mm), which was sealed with

a cap using a Teflon ring seal. The neutron-scattering measurements were

performed with all three types of samples at 308C, 508C, and 708C using the

time-of-flight spectrometer IN6 (Institute Laue-Langevin, Grenoble). Time-

of-flight spectra were measured using an incident wavelength of 5.1 Å with

an elastic energy resolution Gres between 90 and 120 meV (fwhm). A

concentration of 30 mg BLA/ml D2O was used, which corresponds to

;100,000 D2O molecules/BLA molecule. Assuming a scattering power of

1/11 of a deuterium with respect a hydrogen (considering coherent and

incoherent contributions) one obtains;20% scattering from the protein. To

avoid problems with strong coherent scattering from D2O, we considered

only spectra with Q values\1.6 Å�1 in our data treatment. We subtracted

the spectra measured with pure D2O buffer (Ssol) from those obtained with

protein solutions (SPS), To isolate the incoherent scattering solely from not

exchanged protein hydrogens. In this subtraction procedure we applied an

‘‘excluded volume fraction’’ factor of fex ¼ 0.023 which considers the

volume of 30 mg BLA/ml D2O. The excluded volume fraction factor of the

protein is calculated on the basis of a specific volume for the dry protein

being 0.76 ml/g.

Sdiff Q;vð Þ ¼ SPS Q;vð Þ � 1� fexð Þ3 SSol Q;vð Þ: (2)

The obtained difference spectra were grouped from originally 120 spectra

into 16 spectra. These spectra were fitted by a scattering function Smeas(Q,

v), where Q is the momentum transfer and �hv is the energy transfer.

Smeas(Q, v) is given by

Smeas Q;vð Þ ¼ F3 e
��hv=2kBT 3 Sdiff Q;vð Þ � Sres Q;vð Þ½ �1B;

(3)

FIGURE 1 The stability curve of a-amylase from B. licheniformis (BLA)

with DGunf as function of temperature. Here the Gibbs free energy for the

unfolding transition is given by DGunf(T)¼ GU� GF¼ DH(T)� T3 DS(T)
¼ DHm (1 � T/Tm) 1 Dcp [T � Tm � T 3 ln(T/Tm)] with the melting

temperature Tm ¼ 1038C, the enthalpy change DHm ¼ 2686 kJ mol�1, and

the change in heat capacity Dcp ¼ 32.74 kJ mol�1 K�1 (Fitter, unpublished

results; Feller et al., 1999).
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applying a convolution (�, energy convolution operator) with the resolution

function Sres(Q, v) (obtained from vanadium measurements). F denotes

a normalization factor and exp(��hv/2kBT) gives the detailed balance factor.

B is a linear and constant background. Beside internal structural fluctuations,

whole molecule motions of proteins, such as translational and rotational

diffusion, may occur for proteins in solution. They are much slower as

compared to internal structural fluctuations. For small globular proteins the

apparent diffusion coefficient (including translational and rotational

diffusion of the whole protein) is on the order of 10�6–10�7 cm2 s�1.

However, it was reported recently that even these slow motions can have an

impact on spectra measured with neutron scattering (Perez et al., 1999). The

translational diffusion is proportional to 1/R (R, hydrodynamic radius of the

protein), and the rotational diffusion scales with 1/R3, whereas for both types

of diffusion, the diffusion is proportional to the viscosity of the protein

solution. In the case of a-amylase (with R on the order of 25–30 Å and in

mM concentration) additional line broadening due to whole molecules

motions can be assumed to be small with respect to the given energy res-

olution (Gres � 100 meV), as used in our measurements. Due to the fact that

in a comparative study, contributions from whole molecule motions would

cancel out to a large extent, in the applied data analysis whole molecule

motions were not treated explicitly or separated from internal dynamics.

Nevertheless, there will be a certain contribution from whole molecule

motions, which is supposed to be more pronounced for the folded state as

compared to the unfolded state (Pan et al. 1997). One can assume that

slightly faster whole molecule motions of the folded and more compact

structure would contribute more strongly in the time window of our neutron

scattering measurements as compared to those of the unfolded state. As

a consequence, this may lead to a slight underestimation of internal

dynamics of the unfolded state as compared to the folded state.

Basically, the theoretical incoherent scattering for confined internal

motions is given by:

Sdiff Q;vð Þ¼ e
� u

2h iQ2

3 ½A0ðQÞ3d vð Þ1A1ðQÞ3L1 H1;vð Þ�:
(4)

The scattered intensity is separated into an elastic d(v)-shaped component

(experimentally observed with the resolution width Gres) and the quasielastic

Lorentzian-shaped contribution L1(H1, v), parameterized by the width H1

and by the quasielastic incoherent structure factor A1. The intensity of the

elastic component is given by the elastic incoherent structure factor A0.

Faster motions are taken into account by the Debye-Waller factor,

exp(�hu2i 3 Q2), where hu2i gives the global average mean square dis-

placements of vibrational motions of the hydrogens. Whereas the line width

of the LorentzianH1¼ (t1)
�1 is related to the corresponding correlation time

t1 of all moving hydrogens, the Q dependence of the elastic incoherent

structure factor A0 gives information about the geometry and the amplitudes

of the motions.

For a more detailed analysis we applied the ‘‘diffusion inside a sphere’’

model introduced by Volino and Dianoux (1980). Here A0 is given by

A0 Qð Þ ¼ 3
sin Qrð Þ � Qrð Þ3 cos Qrð Þ

Qrð Þ3
� �2

(5)

and is parameterized by the radius of the sphere r. It is noteworthy, that in the

case of biological macromolecules the obtained correlation times t1 and the

radius value r must be understood as averaged parameters, because the

dynamic behavior of the ;3400 hydrogens in the protein is much more

complex and can only be approximated by the model used here.

In this simple model the radius roughly describes the conformational

space explored by the hydrogens as parts of the protein structure. Because

the number of parameters which can be gained from the measurements is

limited (only the Q dependence of A0), it is reasonable to use a simple model

characterized by only one parameter (radius r).
Further, we have to consider the fact that a certain part of the solvent

water molecules is strongly interacting with the protein (hydration water,

which is often dynamically more restricted as compared to bulk water).

Therefore the obtained difference spectra may show an underestimated

quasielastic scattering. Here we shortly approximate the possible influence

of this contribution on the analysis of internal dynamics in the protein.

Assuming that a protein is more or less fully hydrated at h ¼ 0.3–0.5 g

solvent/g protein (Rupley and Careri, 1991) and that mainly this water shows

a pronounced difference in the dynamical behavior with respect to bulk

water we obtain in our case a contribution of hydration water to the total

amount of D2O which is ;1.4%. Scattering from the hydration water is on

the order of 5% compared to the scattering of the protein.

RESULTS AND DISCUSSION

Conformational dynamics of the folded and
unfolded state

To investigate scattering occurring mainly from nonex-

changeable hydrogens of the protein, we analyze difference

spectra with subtracted solvent scattering (see Materials and

Methods). A comparison of difference spectra obtained from

BLA in the folded state and in the unfolded state is shown in

Fig. 2. Both spectra show a distinctive quasielastic scatter-

ing (Fig. 2, a and b, shaded area), which is much more

pronounced in the case of the unfolded state as compared to

the folded state. Within an energy transfer range from �1 to

2 meV, three spectral contributions, an elastic component,

a single Lorentzian, and a constant background provide

sufficient fit quality for the measured data. The obtained line

widths of the Lorentzians H1 ¼ 150 6 10 meV are the same

for both states within the limit of error, and remain constant

over the Q range used here. The resulting elastic incoherent

structure factors (A0) are shown as a function of Q in Fig. 2 c.
Here we observe clearly smaller A0 values and a steeper

decrease of these values with Q for the unfolded state as

compared to the folded state. This feature was analyzed in

more detail by fitting the data with a simple model describing

confined structural fluctuations (see Materials and Methods).

In this model, localized diffusive motions, observed with-

in our accessible Q-v space, are spatially restricted to the

volume inside a sphere with the radius r. In terms of the

applied ‘‘diffusion inside a sphere’’ model (Volino and

Dianoux, 1980) we obtain a larger radius value for the

unfolded protein (r¼ 1.81 Å) as compared to the folded state

(r ¼ 1.17 Å). Most of the nonexchangeable hydrogens of

BLA are localized in side groups (;80%), and therefore the

observed dynamics represents mainly diffusive side group

reorientations with an average correlation time of ;4.4 ps

confined in the volume given by the radii. Faster vibrational

motions, considered by the Debye-Waller factor, were ob-

tained for both states with rather similar values of hu2i ¼
0.156 0.03 Å2. Results of the vibrational motions are much

less trustworthy in our data analysis, because they are much

stronger influenced by the solvent subtraction procedure and

by the applied background term in the fit (see Eq. 3 in

Materials and Methods). Therefore, in this study we focused

only on the quasielastic contribution of scattering and its

impact on the conformational entropy.
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In accordance with a vast body of experimental evidence

and with principles of the famous ‘‘protein folding funnel’’

(Onuchic et al., 1997), the unfolded state is characterized by

a larger degree of freedom for structural relaxations.

Therefore, proteins in this state are more flexible (Receveur

et al., 1997; Dyson and Wright, 1998; Bu et al., 2000; Fitter

et al., 2001b), with less defined and heterogeneous structures,

leading to a higher conformational entropy as compared to

the folded state.

The temperature dependence of dynamics
in both states

For a meaningful statement on the role of protein dynamics

for entropy changes during thermal unfolding, data of protein

dynamics as a function of temperature are required. The

evolution of internal dynamics for both states as a function

of temperature is already apparent in the raw data. A com-

parison of spectra measured with proteins in the folded and in

the unfolded state is shown for three different temperatures

(Fig. 3). In all spectra the strong contribution of solvent

scattering (dashed line) is visible. As already shown in the

previous section, we find a smaller intensity in the elastic

region and more pronounced quasielastic scattering for the

unfolded stated as compared to the folded state at T ¼ 308C
(Fig. 3 a). Qualitatively, this behavior is also recognizable

for the other temperatures. Interestingly, the increase of

quasielastic scattering with rising temperatures is much more

pronounced for the unfolded state as compared to the folded

state. This important feature is analyzed in more detail by

fits applied to the corresponding difference spectra. For all

temperatures we obtained reasonable fits with a Lorentzian

width of H1 ¼ 150 6 10 meV. Within the limit of experi-

mental errors, in the applied fits only the structure factors are

affected significantly by protein unfolding or increasing the

temperature. In Fig. 4 the elastic incoherent structure factors

(A0) are shown for the folded (a) and the unfolded state (b).
The Q dependence of the structure factors, as measured for

both states at different temperatures, yields the following

features: i), With increasing temperature A0 decreases more

strongly with Q (i.e., more quasielastic intensity at high Q

values). ii), The decrease of A0 with Q is more distinctive for

the unfolded state as compared to the folded state. This result

was quantified by fitting the data with the diffusion inside

a sphere model. The resulting radius parameters are given in

Table 1. In terms of this model we obtain larger radii, and

therefore a larger part of the conformational space explored

by confined motions, with increasing temperature. The im-

portant result with respect to thermodynamics is given by

the fact, that the difference in conformational dynamics

between the folded state and the unfolded state increases with

rising temperature. Due to lower energy barriers between

adjacent conformational substates in the unfolded state,

a certain increase in temperature results in more pronounced

thermal fluctuations as compared to the folded state.

Conformational entropy calculation from protein
dynamics and the impact on protein stability

Proper entropy calculations are difficult, because these

calculations require knowledge of the complete conforma-

FIGURE 2 Difference spectra of BLA in the folded (a) and the unfolded

(b) state. The number of scattered neutrons is given as a function of energy

transfer (here for sample at T ¼ 308C and Q ¼ 1.6 Å�1). The experimental

data (symbols) were fitted by a total scattering function (thick solid line)
which includes elastic scattering having (small) energy transfer values which

cannot be resolved by the resolution function (Gres ¼ 120 meV (fwhm);

dashed line), quasielastic scattering (shaded area) which is described by

a Lorentzian (width ¼ 150 6 10 mev (hwhm)), and a constant background

(not shown here). The lower part (c) of this figure shows the Q dependence

of A0 (symbols) and the fittedQ dependence according to the diffusion inside

a sphere model (solid lines).
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tional space and are strongly influenced by correlations

between the motions (Karplus et al., 1987; Schlitter, 1993).

However, on the basis of the applied analytical model an

estimation of a contribution to the conformational entropy

related to the observed picosecond dynamics is given here.

Due to the fact that mainly hydrogens located in the protein

side groups (more than 80%) contribute to the observed

scattering, we assume these side groups behave as single

individual moving particles (average mass;110 Da), which

explore a certain part of the conformational space during

their confined diffusive motions (Receveur et al., 1997). For

these groups we can calculate the conformational entropy by

SConf ¼ R ln Z. Here R is the gas constant (8.3144 J K�1

mol�1) and Z is the partition function with Z ¼ V/lD
3 deter-

mined by the de Broglie wavelength lD and the by V, the
accessible volume of the conformational space occupied by

the corresponding state (see e.g., Becker, 1985). With respect

to our problem V can be calculated using a definition

introduced with the diffusion inside a sphere model: V ¼
4 pr3/3. For amino acid residues moving at the given

temperatures (308C–708C), the thermal de Broglie wave-

length is lD ¼ h=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p � 0.1 Å. Therefore, lD
3 � V

and Boltzmann statistics is valid in the classical approxima-

tion (Becker, 1985). The conformational entropy change

FIGURE 3 A comparison of spectra from BLA in D2O buffer solution

(folded state, dashed-dotted line; unfolded state, solid line) and from D2O

buffer solely (dashed line). All spectra were measured at scattering angles

between 608 and 658, which corresponds to an average Q value of 1.27 Å�1.

Panels a–c show the increase of quasielastic scattering with rising

temperature, which is more pronounced for the unfolded state as compared

to the folded state.

FIGURE 4 Elastic incoherent structure factors (A0) determined from

difference spectra (see Fig. 2) given for the folded state (a) and the unfolded

state (b) at three different temperatures. The statistical error of the obtained

A0 (symbols, see also Fig. 2 c) is about 64%. The solid lines represent

structure factors calculated on the basis of the diffusion inside a sphere

model. The corresponding model parameters (radius of the sphere) are given

in Table 1.
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during unfolding with a radius of confinement for motions in

the folded state rf and in the unfolded state ru is given by

DSConf ¼ 3R ln
ru
rf
: (6)

Using radius values as determined at 308C we obtain for

DSConf a value of 10.85 J K�1 mol�1 per residue (or 2.6 cal

K�1mol�1 per residue). Compared to estimated andmeasured

DSConf values given in the literature (Privalov, 1997; Karplus
et al., 1987; Doig and Sternberg, 1995; Creamer, 2000; Xie

and Freire, 1994) our value is on average smaller by 30%–

60%. Due to fact that our analysis covers mainly the

picosecond time regime and contributions to the conforma-

tional entropy are also effected by fluctuations in other time

regimes, this deviation is pretty reasonable. Compared to

NMR studies on conformational entropy changes between

different conformational states (not only between the folded

and unfolded state, but also between different functionally

important conformational states of the folded protein), rather

similar values of DSconf (2–6 cal K�1 mol�1) were obtained

for a calcium binding protein upon calcium binding

(Spyracopoulos et al. 2001).

Further DSConf values of a-amylase obtained at higher

temperatures are 12.94 J K�1 mol�1 per residue (at T ¼
508C) and 14.45 J K�1 mol�1 per residue (at T ¼ 708C; see
Table 1). This temperature dependence clearly demonstrates

that the conformational entropy change of the unfolding

transition increases upon heating and therefore contributes to

thermal unfolding.

CONCLUSION

With respect to experimental techniques, mainly NMR

spectroscopy is used to calculate conformational entropies

(Yang and Kay, 1996) from bond vector fluctuations in the

backbone (Stone, 2001) and in side chains (Lee et al., 2002).

So far, temperature-dependent studies have been performed

only with proteins in the folded state (Stone, 2001). As shown

here and within the above given limitations, neutron

spectroscopy allows a direct measure of contributions to

the conformational entropy change arising from conforma-

tional picosecond fluctuations, mainly related to diffusive

side group reorientations. The presented results of the

dynamical behavior of a-amylase as a function of temper-

ature are indicative for the fact that the conformational

entropy change during unfolding was underestimated in the

past (Privalov and Makhatadze, 1993; Sturtevant, 1977;

Baldwin, 1986; Privalov, 1997) and seems to play a more

important role in thermal protein unfolding.

Further studies with other proteins are required to state,

whether the increasing conformational entropy change

during thermal unfolding is a general phenomenon in

proteins. Beyond this, further studies with other proteins

give valuable information about strategies how in different

proteins thermostability is determined. In particular, these

findings are elucidative to understand mechanisms of

thermal adaptation of thermophiles (Beadle et al., 1999;

Colombo and Merz, 1999; Fitter and Heberle, 2000), and for

developing thermostable enzymes for biotechnological

applications (Stone, 2001; Arnold et al., 2001).
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Becker, R. 1985. Theorie der Wärme. Springer-Verlag, Berlin.

Becktel, W. J., and J. A. Schellmann. 1987. Protein stability curves.
Biopolymers. 26:1859–1877.

Bee, M. 1988. Quasielastic Neutron Scattering. Hilger, Bristol, UK.

Bu, Z., D. A. Neumann, S.-H. Lee, C. M. Brown, D. M. Engelmann, and
C. C. Han. 2000. A view of dynamics changes in the molten globule-
native folding step by quasielastic neutron scattering. J. Mol. Biol. 301:
525–536.

Colombo, G., and K. M. Merz. 1999. Stability and activity of mesophilic
subtilisin E and its thermophilic homolog: insights from molecular
dynamics simulations. J. Am. Chem. Soc. 121:6895–6903.

Creamer, T. P. 2000. Side chain conformational entropy in protein unfolded
states. Proteins. 40:443–450.

Doig, A. J., and J. E. Sternberg. 1995. Side-chain conformational entropy in
protein folding. Protein Sci. 4:2247–2251.

Dyson, H. J., and P. E. Wright. 1998. Equilibrium NMR studies of unfolded
and partially folded proteins. Nat. Struct. Biol. 5 (Suppl):499–503.

Feller, G., D. d’Amico, and C. Gerday. 1999. Thermodynamic stability of
a cold-active a-amylase from antarctic bacterium Alteromonas halo-
planctis. Biochemistry. 38:4613–4619.

Fersht, A. 1999. Structure and Mechanism in Protein Science. W.H.
Freeman and Company, New York.

Fitter, J., S. A. W. Verclas, R. E. Lechner, H. Seelert, and N. A. Dencher.
1998. Function and picosecond dynamics of bacteriorhodopsin in purple
membrane at different lipidation and hydration. FEBS Lett. 433:321–325.

Fitter, J., and J. Heberle. 2000. Structural equilibrium fluctuations in
mesophilic and thermophilic a-amylase. Biophys. J. 79:1629–1636.

Fitter, J., R. Herrmann, N. A. Dencher, A. Blume, and T. Hauß. 2001a.
Activity and stability of a thermostable a-amylase compared to its

TABLE 1 Resulting radius parameter as obtained from

model fits (diffusion inside a sphere)

T (8C)
Folded

rf (Å)
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