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ABSTRACT The esterase from the hyperther-
mophilic archaeon Archaeoglobus fulgidus is a
monomeric protein with a molecular weight of
about 35.5 kDa. The enzyme is barely active at
room temperature, displaying the maximal en-
zyme activity at about 80°C. We have investigated
the effect of the temperature on the protein struc-
ture by Fourier-transform infrared spectroscopy.
The data show that between 20°C and 60°C a small
but significant decrease of the B-sheet bands oc-
curred, indicating a partial loss of pB-sheets. This
finding may be surprising for a thermophilic pro-
tein and suggests the presence of a temperature-
sensitive B-sheet. The increase in temperature
from 60°C to 98°C induced a decrease of a-helix
and B-sheet bands which, however, are still easily
detected at 98°C indicating that at this tempera-
ture some secondary structure elements of the
protein remain intact. The conformational dynam-
ics of the esterase were investigated by frequency-
domain fluorometry and anisotropy decays. The
fluorescence studies showed that the intrinsic
tryptophanyl fluorescence of the protein was well
represented by the three-exponential model, and
that the temperature affected the protein confor-
mational dynamics. Remarkably, the tryptopha-
nyl fluorescence emission reveals that the indolic
residues remained shielded from the solvent up to
80°C, as shown from the emission spectra and by
acrylamide quenching experiments. The relation-
ship between enzyme activity and protein struc-
ture is discussed. Proteins 2000;38:351-360.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

The structural, functional features of enzymes isolated
from thermophilic bacteria have attracted the interest of
many researchers in the last two decades. Thermophilic
enzymes possess unusual stability towards the denaturing
action of heat and chemical protein denaturants. As a
result, they can be used as biocatalysts under rather harsh
environmental conditions.! Moreover, their unusual prop-
erties prompted their use as protein models for addressing
a number of fundamental problems in understanding the
determinants of protein structure.?

Despite the many studies on thermophilic enzymes and
proteins,® ® relatively few studies have been carried out on
the conformational dynamics of very stable enzymes.
Evidence from hydrogen-deuterium exchange shows that
at a given temperature, thermostable enzymes are less
flexible than thermolabile ones, and more specifically that
enzymes from thermophilic microorganisms are, at room
temperature, less flexible than those from mesophiles.®~8
Moreover, recently Tang and Dill have studied the tempera-
ture-induced fluctuations in the lattice model, and con-
cluded that proteins having greater stability tend to have
fewer large fluctuations, and hence lower flexibility.®

Time-resolved fluorescence is one of the most common
spectroscopic methods used to elucidate the structural and
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Fig. 1. Original absorbance spectra of AFEST at
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dynamic aspects of the protein structure.'® Tryptophan
residues in proteins are often used as probes to monitor the
structural changes of the macromolecules in solution.®
However, the photo-physics of indolic residues in proteins
is complex, involving multiple non-radiative pathways,
such as excited-state proton transfer, excited-state elec-
tron transfer and solvent quenching.'°~12

The esterase gene from the hyperthermophilic archaeon
Archaeoglobus fulgidus (AFEST), showing homology with
the mammalian hormone-sensitive lipase (HSL)-like group
of the esterase/lipase family,'® has been overexpressed in
Escherichia coli as a monomeric protein with a molecular
weight of about 35.5 kDa. The enzyme is scarcely active at
temperature as low as 10°C where about 10% of the
maximal activity at 80°C is displayed.'* Moreover, it
contains three tryptophan residues, localized at the posi-
tions 139, 209, and 218 in the protein primary structure. A
3D model has been constructed (Manco G., personal com-
munication) on the basis of the recently solved structure of
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0.000

20°C upon subtraction of buffer. Continuous and
dashed lines represent the spectra of protein in H,O
and 2H,0, respectively. The spectra were normalized
to the amide | band intensity.

1500.0

the homologous protein from Bacillus subtilis'® which
indicates that the enzyme possesses the «/f hydrolase fold
typical of the esterase/lipase family.®

Here we report the effect of the temperature on the
structural features of AFEST. In particular, we used
Fourier Transform infrared spectroscopy (FT-IR) to gain infor-
mation on the stability of the secondary structure of the protein.
The conformational dynamics of AFEST were monitored
by frequency-domain intensity and anisotropy decays.

MATERIALS AND METHODS
Materials

Deuterium oxide (99.9% 2?H,0) was purchased from
Aldrich Chemical Co. (Milwaukee, WI). All the other
chemicals were commercial samples of the purest quality.
Preparation and purification of AFEST

The purification of homogeneous AFEST was reported
previously.'* Typically the specific activity of the homoge-
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Fig. 2. Deconvolved spectra of AFEST at 20°C in

H,O (A) and in 2H,0 (B).
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Fig. 3. Deconvolved spectra of AFEST as a 2
function of the temperature (A) and as a function of <
time at 98°C (B). The spectra, obtained in H,O, were
collected from 20°C to 95°C in 5°C steps (see R
Materials and Methods). A reports the spectrum at
20°C and the spectra from 60 to 98°C. B: the protein
was maintained at 98°C for 6 min and then the 0.000
spectrum was collected. The other spectra were 1750.0

collected upon maintaining the protein at 98°C for a
total time of 16, 26, and 36 min.

neous enzyme was approximately 3,000 U/mg at 80°C by
using 0.2 mM p-nitrophenyl exanoate as substrate in a
mixture of 40 mM Na,HPO,/NaH,PO,/ 0.09% (w/v) arabic
gum/ 0.36% (v/v) Triton X-100/ 2% (v/v) propan-2-ol (pH
7.1). Protein samples were concentrated and placed in 50
mM Tris-HCI, 2.5 mM MgCl,, 0.5 mM EDTA, 1 mM DTT
buffer, pH 7.1 by means of an Amicon ultrafiltration
apparatus equipped with PM-30 membranes.

Protein Assay

The protein concentration was determined by the method
of Bradford,'” with bovine serum albumin as standard.

Preparation of Samples for Infrared Measurements

Typically, 1.5 mg of protein dissolved in 500 pl of buffer
used for AFEST purification were centrifuged in a “30 K
microsep” micro concentrator (Dasit) at 3000 X g and 4°C
and concentrated into a volume of approximately 40 pl.
Then 300 pl of 50 mM Tris-HCI, 2.5 mM MgCl,, 0.5 mM
EDTA, 1 mM DTT buffer, prepared in 'H,O pH 7.1 or
?H,0 p?H 7.1, were added and the sample concentrated
again. This procedure was repeated several times in order
to completely replace the buffer, in which the protein was
originally dissolved, with the Tris buffer. The washings
took 24 hours, which is the time of contact of the protein
with the ?H,0 medium prior FT-IR analysis. In the last
washing the protein sample was concentrated to a final
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volume of approximately 40 pl and used for the infrared
measurements.

Infrared Spectra

The concentrated protein samples were placed in a
thermostated Graseby Specac 20500 cell (Graseby-Specac
Ltd, Orpington, Kent, UK) fitted with CaF, windows and 6
or 25 pum spacers for measurements in 'H,O or 2H,0
medium, respectively. FT-IR spectra were recorded by
means of a Perkin-Elmer 1760-x Fourier transform infra-
red spectrometer using a deuterated triglycine sulphate
detector and a normal Beer-Norton apodization function.
At least 24 hr before, and during data acquisition the
spectrometer was continuously purged with dry air at a
dew point of —40°C. Spectra of buffers and samples were
acquired at 2 cm ™! resolution under the same scanning
and temperature conditions. Typically, 256 scans were
averaged for each spectrum obtained at 20°C, while 16
scans were averaged for spectra obtained at higher tem-
peratures. In the thermal-denaturation experiments, the
temperature was raised in 5°C steps from 20°C to 95°C.
Before the spectrum acquisition, samples were maintained
at the desired temperature for the time necessary for the
stabilization of temperature inside the cell (6 min). The
deconvoluted parameters for the amide I band were set
with the half-bandwidth at 18 ecm™' and a resolution
enhancement factor of 2.5.18
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Fig. 4. Difference spectra between two original absorbance spectra obtained in H,O at different
temperatures. Difference spectra were originated by making the difference between two spectra obtained at

the temperature reported in the Figure.

Fluorescence Spectroscopy

Frequency-domain measurements were performed as
previously described.!® The excitation source was a syn-
chronously-pumped frequency-doubled rhodamine 6 G dye
laser at 298 nm. The Trp emission was selected by a
Corning 7-60 and 345 nm cut off filters. All intensity decay
measurements were performed with magic angle polarizer
conditions. Temperature of the sample compartment was
stabilized with the precision better than =0.5°C using
Lauda RMT6 waterbath.

Intensity decays were analyzed in terms of the multi-
exponential model,

It)= zaiexp(ft/*ri) 1

i

where «; are the pre-exponential factors, T; the decay
times, and 3o; = 1.0. The fractional intensity f; of each
decay time is given by

;T

= E“ﬂj @
j

and the mean lifetime is (1) = X f; 7;.

The time fluorescence anisotropy was obtained by a
least-squares analysis of the differential polarized phase
and modulation ratio*®-2°

r(t)=r, > .gexp(—t/d,) (3)

k

where g, are fractional amplitudes, ¢, rotational correla-
tion times, and Xg,. = 1.0. For calculations of the goodness-
of-fit parameter x2 the uncertainties in the differential
phase angles and modulation ratios were assumed to be
3A = 0.2 deg and 3A = 0.005, respectively during the
non-linear least square analysis.

RESULTS AND DISCUSSION
Absorbance Spectra

Figure 1 shows the original absorbance spectra of AFEST
in H,O (continuous line) and in ?H,O (dashed line). The
exchange of H,O with 2H,0 causes a change of the shape of
the amide I band and a downshift in wavenumber of its
maximum from 1655 cm ™' to 1639.8 cm™'. The 'H/H
exchange also causes a decrease of the amide II band
(1549.2 cm ') intensity and the extent of exchange gives
information on the accessibility of the solvent (*H,0) to the
protein.?! Since the spectrum of the protein in 2H,O shows
a residual amide II band (1551.3 cm ™ ?) it is clear that,
upon a contact of the protein with 2H,O for 24 hr at 4°C
(see Materials and Methods), the amide hydrogens were
not completely exchanged with deuterium. The 1580.9
cm ! and 1515.6 cm ™! bands are due to amino acid side
chain absorption.?2

Deconvolved Spectra and Secondary Structure

The deconvolved spectra of AFEST in H,O and H,0 are
shown in Figure 2, traces A and B, respectively. These
resolution-enhanced spectra show the amide I (1700-1600

cm ! range) components due to a particular secondary
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Fig. 5. Fluorescence emission spectra of AFEST K | . ‘ . | K ; . | l | . |
(at different temperatures) and NATA (at 25°C). The 0.0
spectra were normalized to 1 as regard the fluores- 300 320 340 360 380 400 420 440

cence emission. The excitation was at 295 nm. The
absorbance of the protein and NATA solutions was
below 0.1. The protein concentration was 0.05 mg/ml.

structure. In H,O (spectrum A) three main bands are well
visible. In the spectrum (B) these bands are located to a
lower wavenumber and can be assigned to a-helix (1656.2
cm-1) and B-sheets (1639.6 cm ™ * and 1632.4 cm ™ 1).23 The
asymmetry of the 1656.2 cm ™! band indicates the presence
of another not well visible component close to 1647cm™*!
due to unordered structures.?®

The 1666 cm ™! and 1678.7 cm ™! bands can be assigned
to turns, the 1694.6 cm ! to B-sheets and the 1687.5 cm !
to turns and/or B-sheets.?* The bands below 1615 cm ™! are
due to amino acid side chain absorption®? while the 1550.6
cm ™! peak represents the residual amide II band.?*

Thermal Denaturation

The increase in temperature caused changes in the
amide I’ band reflecting different phenomena. In particu-
lar, Figure 3A shows that between 20°C and 60°C a small
but significant decrease of the B-sheet bands (1639.6 cm™*
and 1632.4 cm ! in Fig. 2) occurred, indicating a partial
loss of B-sheets. This finding could suggest the presence of
a temperature-sensitive B-sheet. The increase in tempera-
ture from 60°C to 98°C induced a decrease of a-helix and
B-sheet bands which, however, are still visible at 98°C
indicating that at this temperature the secondary struc-
ture elements of the protein are only partially lost. At 98°C
the band close to 1618 cm ™ reflects protein intermolecular
interactions (aggregation) brought on by the thermal
denaturation.?® Keeping the protein at 98°C, for the time
indicated in the Figure 3B (and Fig. 3 legend), results in a
further protein denaturation as revealed by the decrease
in intensity of the a-helix and B-sheet bands and by the

Wavelength (nm)

increase in intensity of the band close to 1617 cm ™! due to
aggregation. However, after 36 min at 98°C the spectrum
still shows a-helix and B-sheet bands indicating an uncom-
plete denaturation. In order to check the loss of secondary
structure at low temperatures, we calculated the differ-
ence spectra between two original absorbance spectra
recorded at 5°C interval temperatures (Fig. 4). The nega-
tive bands between 1700—1600 cm ' represent a lower
content of a particular secondary structure in the sample
recorded at higher temperature.?® In particular, the two
negative bands at 1637.8 cm ™! and 1629.7 cm ™! in the
spectrum (25-20°C) indicate that even the increase of
temperature from 20°C to 25°C causes a loss of B-sheets.
The loss of B-sheets belonging to the 1637.8 cm ™! and
1629.7 cm ™ ! bands is observed till at temperature of 50°C
(spectrum 50-45°C) although at this temperature the
negative 1637.8 cm™ ! band is slightly visible. On the
contrary the other B-sheet negative band (1631 cm™?) is
visible till 60°C and then disappears in the spectra (65—
60), (70—65), and (75-70). These data support the idea of a
domain with B-sheets particularly sensitive to tempera-
ture. On the other hand when the temperature is further
raised a negative band close to 1640 cm™ !, representing
the unfolding of the more temperature resistant -sheets,
clearly appears in the (85-80°C) spectrum and becomes
more intense at higher temperatures. Between 90—-85°C a
loss of turns starts to occur, as revealed by the negative
1664.4 cm™ ! band. However, because of its broadness this
band could also contain information on a-helix unfolding
which is much more marked in spectra (95-90) and
(98-95) as revealed by the negative bands at 1661.7 cm ™!
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and 1659.1 cm ™!, respectively. The negative band at
1556.3 cm ™! in the (25-20°C) spectrum is shifted to 1544.6
cm ™! in the (98-95°C) spectrum and it mainly represents
a further 'HH exchange caused by the increase of
temperature and by protein unfolding.?® The positive
peaks at 1618.4 cm ™' and 1684.3 cm ™! represent protein
aggregation brought on by thermal denaturation®! that
significantly starts at (90—85°C).

The thermal denaturation of the protein was also fol-
lowed by monitoring the amide I’ bandwidth as a function
of the temperature,?” and at 98°C as a function of the time.
When a protein undergoes thermal denaturation, a sharp
increase of the amide I band width is observed at T, .%"
Our results do not show such increase indicating that at
98°C the secondary structure of the protein is still stable.
However, a small but continuous increase in the width was
observed even at low temperatures (data not shown),
indicating small conformational changes occurring at low
temperatures, and further supporting the above men-
tioned findings.

Fluorescence Analysis

Figure 5 shows the fluorescence emission spectra of
AFEST at 25°C, 45°C, 65°C and 80°C as well as the
spectrum of N-acetyltryptophanylamide (NATA) at 25°C.
The spectra were normalized to 1 as regard the fluores-
cence intensity. The AFEST emission spectrum at 25°C
displays a maximum at 337 nm. The position of the

400

500

Fig. 6. Effect of acrylammide on AFEST fluores-
cence emission at different temperatures. The Stern-
Volmer plots were calculated according to Eftink.2%-%°

emission maximum is blue-shifted compared with the
emission maximum of NATA, suggesting that the protein
fluorescence emission arises from indolic residues that are
partially buried in the protein matrix.?® Figure 5 also
shows AFEST spectra at 45°C, 65°C and 80°C. The spectra
at 45°C and 65°C completely overlay the spectrum at 25°C,
and the AFEST spectrum at 80°C still displays an emis-
sion maximum centered at 337 nm. Also shown for compari-
son is the emission spectrum of NATA, which displays an
emission maximum near 353 nm. These spectra demon-
strate that the tryptophan residues in AFEST remain in a
protected environment even at 80°C. The inset of Figure 5
shows the effect of temperature on AFEST and NATA
fluorescence intensity. Both the AFEST and NATA fluores-
cence intensities linearly decrease with temperature in-
crease. The emission intensity of AFEST decreases with
increasing temperature, but to a smaller extent than
NATA, supporting our suggestion of a protected trypto-
phan environment from 25 to 80°C.

In order to estimate the extent of tryptophan shielding
from the solvent we examined collisional quenching by
acrylamide. Acrylamide is a highly water soluble and polar
substance which does not penetrate the hydrophobic inte-
rior of proteins. Figure 6 depicts the effect of acrylamide on
AFEST fluorescence emission at 25°C, 65°C and 85°C. The
addition of acrylamide to the protein solution at 25°C
results in a Stern-Volmer plot curved downward, suggest-
ing that at this temperature some of AFEST indolic
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cence was excited by a frequency-doubled rhoda- 3

mine 6G dye laser at 298 nm and the absorbance of
the enzyme solution was below 0.1 at the excitation
wavelength. Emission was selected by a Corning
7-60 and cut-off 345 nm filters. The protein concentra-
tion was 0.05 mg/ml.

residues might be almost completely buried in the protein
matrix. The calculated Kgy and k, are 3.5 M " and 1.1 X
105 M~ ! sec™ !, indicating that AFEST indolic residues are
about 10% accessible to the solvent. The addition of
acrylamide to the enzyme solution at 65°C and 85°C
results in linear Stern-Volmer’s plots. The calculated Kgy,
constants at 65°C and 85°C are about 3.5 M~ ' at both
temperatures. The quenching rate constants (k,) at 65°C
and 85°C are 1.8 X 10° M~ ' sec 'and 2.3 X 10° M ! sec™ 1,
respectively. These results indicate that the protein trypto-
phan residues are shielded from the solvent even at high
temperature (about 20% of the AFEST indolic residues are
accessible to the solvent at 85°C), suggesting that AFEST
structure is still well conserved at 85°C.2952

The intensity decays of the intrinsic fluorescence of
AFEST were measured using the frequency-domain
method.?® The data were analyzed in terms of the multi-
exponential models®* and are shown in Figure 7. Figure 8
shows the temperature dependence of AFEST fluorescence
decay parameters. In all cases, the best fits were obtained
using the three exponential model, characterized by re-
duced x2 values that were much lower than those obtained
with simpler models (data not shown). The mean lifetime
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values of AFEST at 25°C, 45°C, 65°C, and 85°C are 3.2 ns,
2.7 ns, 2.0 ns, and 1.4 ns, respectively. AFEST at 25°C
displays three lifetime components at 0.72 ns (1), 2.5 ns
(t9) and 7.7 ns (15). The middle-lived component (t,) is
almost coincident with the typical lifetime value observed
for the monomeric tryptophanyl residue,'® while the long-
lived component (75) can be ascribed to tryptophan resi-
dues located in compact homogeneous, partly buried and/or
unrelaxed interiors of protein matrix.’® Increasing the
temperature to 45°C resulted in a decrease of the middle-
and long-lived components to 2.1 ns and 7.0 ns, respec-
tively. The short-lived component (1) shifted to 0.58 ns. A
further temperature increase to 65°C caused a markedly
decrease of the long-lived component to 5.9 ns, leaving the
short and middle-lived components almost unchanged.
Finally, at 85°C the protein displays the lifetime compo-
nents at 0.55 ns 1.8 ns and 4.3 ns, whose fluorescence
intensity fractions are 0.10, 0.33 and 0.57, respectively.
The frequency-domain anisotropy decays of AFEST
are shown in Table I. The best fits were obtained by the
two exponential model. At 25°C, the two-exponential
anisotropy decays indicate both local motions of AFEST
tryptophanyl residues and flexibility degree of the side
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Fig. 8. Temperature dependence of AFEST fluorescence emission
decay parameters. The experimental conditions were as described in
Figure 7.

chains of the macromolecule. The short correlation time
at 0.17 ns is associated with the local freedom of the
tryptophanyl residues, as described in several studies of
anisotropy decays of proteins.?*=3® The longer correla-
tion time above 25 ns can be associated both to the
overall rotation of the protein and to segmental motions
of the side chains of AFEST. When the temperature is
increased both the short and the long correlation times
became shorter, suggesting a gradual increase of the
overall flexibility of the protein structure. This conclu-
sion is supported by the gradual increase in the fraction
of the shortest correlation time.

The observed changes in the anisotropy decays induced
by the temperature suggest that the protein structure is
more flexible at high temperature, and in turn that the
observed increase in the enzyme activity at elevated

S. D’AURIA ET AL.

temperature can be related to an increase in the protein
flexibility.

CONCLUSIONS

Understanding the dynamics features of proteins is of
fundamental importance to shed light on the relationship
structure-function in proteins, and in turn to determine
the influence that the polypeptide chain exerts on the
active site. Biological activity and native structure of a
protein are strictly linked: small structural alterations in
the macromolecule may result in profound effects on the
protein activity.

In this study we have investigated the effect of tempera-
ture on the structure of the hyperthermophilic esterase
from the archaeon Archaeoglobus fulgidus. Usually, en-
zymes isolated from thermophilic microorganisms display
the maximal enzymatic activity near to the temperature of
the microorganism’s growth from which they have been
isolated, being almost inactive at room temperature. It is
therefore of interest to compare the properties of protein at
ambient and elevated temperatures.

Taken together, our FT-IR and fluorescence data point
out that the temperature affects both the secondary and
the three-dimensional organization of AFEST. In particu-
lar, the FT-IR data show that between 20°C and 60°C a
small but significant decrease of the B-sheet bands (1639.6
em ™! and 1632.4 cm ! in Fig. 2) occurred, indicating a
partial loss of B-sheet structure. This finding could suggest
the presence of a temperature-sensitive B-sheet involved
in the functional features of the enzyme: the enzyme
activity increases with the temperature increase, being
the enzyme scarcely active at room temperature and
displaying the maximal activity at 80°C.**

Additionally, the fluorescence and anisotropy decays
data show that the protein structure is still well con-
served at high temperature and that elevated tempera-
ture induces a more flexible protein structure which may
be also responsible of the increased activity of the
enzyme. Our results seem to support the conclusions of
Tang and Dill on the lattice model,' that is, protein
flexibility may be correlated to enzyme activity. In other
words, if greater stability implies less flexibility, then
cooling a thermophilic enzyme to near room tempera-
ture may freeze out the fluctuations that are necessary
for catalytic activity. Moreover, our data are also in good
agreement with several investigations on the conforma-
tional dynamics of thermophilic enzymes. In particular,
recently it has been suggested that the thermophilic
B-glycosidase from the archaeon Sulfolobus solfataricus
possesses a quite rigid structure at room temperature
(at which it is almost inactive), and, on the contrary, it is
quite flexible at the temperature at which it displays the
maximal enzymatic activity.>® Moreover, Varley and
Pain investigated the relationships between stability,
dynamics, and activity in 3-phosphoglycerate kinases
from yeast and the extreme thermophilic microorganism
Thermus thermophilus.® They found that while at a
given temperature the thermophilic protein was more
stable, its conformational dynamics as well as the
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TABLE 1. Fluorescence Anisotropy Decays of AFEST at Different Temperatures

a b 2¢

T (°C) by (ns)* ddy(ns)’ Sic 3y XRr
25.0 0.17 -0.01, +0.02 0.30 0.01
25.1 —-2.3, +2.6 0.70 0.01 1.50

45.0 0.05 —0.005, +0.007 0.34 0.01

9.1 0.6 0.66 0.01 1.20
65.0 0.07 0.01 0.37 -0.02, +0.01

5.7 —-003, +0.4 0.63 -0.01, +0.02 1.10
85.0 0.03 0.01 0.52 —0.01, +0.02

2.6 0.3 0.48 -0.02, +0.01 1.80

“For the definition of ¢, and g, see Eq. (3). For v,,. = 298 nm the r, was fixed to the value of 0.29.%®
bStandard deviations calculated by the Monte Carlo method.
“Reduced chi-square calculated for experimental uncertainties dp = 0.2 deg and dm = 0.005.

specific activity were both lower than for mesophilic
enzyme. As the temperature was increased, the thermo-
dynamic stability of the thermophilic protein ap-
proached that of the mesophilic one at its working
temperature. The conformational dynamics and the
specific activity of the thermophilic enzyme increased up
to the physiological operational temperature, and they
became similar to those of the mesophilic enzyme at its
operational temperature. These results suggested a
direct relationship between thermodynamic stability,
conformational dynamics and specific activity in globu-
lar proteins.
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