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ABSTRACT: To elucidate how enzymes adapt to extreme environmental conditions, a comparative study
with a thermostable--amylase fromBacillus licheniformis(BLA) and its mesophilic homologue from
Bacillus amyloliquefacien®AA) was performed. We measured conformational stability, catalytic activity,
and conformational fluctuations on the picosecond time scale for both enzymes as a function of temperature.
The objective of this study is to analyze how these properties are related to each other. BLA shows its
maximal catalytic activity at about 905 °C and a strongly reduced activity (only 20% of the maximum)

at room temperature. AlthoudB. licheniformisitself is a mesophilic organism, BLA shows an activity
profile typical for a thermophilic enzyme. In contrast to this, BAA exhibits its maximal activity at about
80 °C but with a level of about 60% activity at room temperature. In both cases the unfolding temperatures
Tm are only 6°C (BAA, T, = 86 °C) and 10°C (BLA, T = 103 °C), respectively, higher than the
temperatures for maximal activity. In contrast to many previous studies on other thermeptabophilic

pairs, in this study a higher structural flexibility of the thermostable BLA was measured as compared to
the mesophilic BAA. The findings of this study neither indicate a proportionality between the observed
dynamics and the catalytic activity nor support the idea of more “rigid” thermostable proteins, as often
proposed in the concept of “corresponding states”.

A prerequisite for thermophilic organisms to thrive and strategies for thermal adaptation. Despite their enormously
to survive in extreme environments with temperatures ef 70  different thermostabilities, thermophilic enzymes and their
90°C and more is a thermal adaptation of their constituents. mesophilic counterparts often share the same catalytic
In particular, the stability and catalytic activity of enzymes mechanism, a high sequence homology, and a rather similar
are well-known to be highly affected by the temperature. three-dimensional structurd<6). Many experimental ap-
Most proteins from mesophilic organisms are not able to proaches have been applied to identify determinants of
resist high temperatures, because they lose their specificthermostability. Thermostability in different thermozymes
three-dimensional structure by thermal unfolding or suffer seems not to be achieved by a general universal strategy but
from thermoinactivation due to other mechanisms such aspy 3 combination of individual strategies, such as an
deamidation of Asn/GIn residues, (2). Therefore, thermal  jncreased number of hydrogen bonds and salt bridges, an
adaptation of thermophilic enzymes is characterized Dy optimized packing of the hydrophobic core, shortened surface
proteins (i) keeping their folded and native structure at high o455 increased number of prolines, and an increase in buried
temperatures and (ii)_ _showing sufficient catalytic actiyity hydrophobic residues(7, 8). It is a widely assumed view
under the same conditions. These remarkable properties o5y o of the these stabilizing determinants are associated
thermozy_mes have atracted Increasing attention, be.caus?’/vith a decrease of structural flexibility3(9). Surprisingly,
they are Important for many biotechnological a_ppllc_:at|0ns several recent studies comparing mesophilic and thermophilic
(3). The comparison of homologous enzymes with different proteins did not support this hypothesi¢-13). Neverthe-
thermostabilities offers a unique opportunity to elucidate . - . '

less, conformational flexibility not only is a parameter that
has an impact on protein stability but is, on the other hand,
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conformational flexibility are related. For this purpose we
studied twoo-amylases, both from mesophilic sources, but
with very different thermostabilities. Supplementary to a
mesophilico-amylase fronBacillus amyloliquefaciend8AA)*

we analyzed an extreme thermostakleamylase from
Bacillus licheniformis (BLA) which is widely used in
industrial processes of starch degradatibf).(AlthoughB.
licheniformisitself is an mesophilic organism, it produces a
very heat-resistant-amylasé that is even more thermostable
than the related enzyme produced by thermophilic organisms,
such aBacillus stearothermophili€l5). To characterize the
structural stability of both enzymes, we determined stability
curves by measuring tryptophan fluorescence as a function
of temperature. These stability studies were supplemented
by measurements using DSC. The catalytic enzyme activity
was determined with the natural substrate (starch) in the same
temperature range. In addition, neutron spectroscopy was

applied to monitor fast structural fluctuations in both enzymes '(:éGLlepllsBCFthallsgm)Ctl%fﬁ of);-an:ylas_e frﬁmB. tliChendifct))rmtirs]
1 i H H y entry . e structure IS characterize y three
occurring on the picosecond time scale. These essentlaldis,[inCt domaing, a centralifa)-barrel (domain A), domain B

thermal equilibr_ium fluctuations as well as theirtemperaturg (upper part of the structure) and domain C (lower part). The

dependence directly reflect the response of the proteinpositions of calcium binding sites (solid circles) indicate the

structure to a particular environmental condition or a change importance of calcium for stabilizing the structure by forming

in these conditions. There is much evidence that nature has2dditional links connecting domains C and A as well as domains
.y - B and A. The substrate binding site is localized in a cleft between

optlmlzgd not only structural features put also dynamical the central domain A and domain B.

properties of these structures to provide molecules most

efficiently adapted to their biological function (see, for mM CaClk was added to the buffer for saturating all calcium

example, refsl6—18). binding sites and 1 mM Cagplus 20 mM EDTA was added
to obtain calcium-freer-amylase.
EXPERIMENTAL PROCEDURES Fluorescence Spectroscop§rotein unfolding was moni-

tored by measuring the fluorescence from aromatic residues
(phenylalanine, tyrosine, tryptophan), where contributions
Yfrom Trp residues dominate the fluorescence emission near
340 nm (for more details, see ref3 and 24). Protein
solutions (enzyme concentrations, 0.01 mg/mL) were filled
into quartz cuvettes with a light path length of 1 cm.
Fluorescence emission changes for batamylases (each
with 17 Trp residues per molecule) were monitored with the
Luminescence Spectrometer LS 50B (Perkin-Elmer) as a
function of temperature, applying excitation and emission
wavelengths of 280 and 342 nm, respectively. For these
measurements heating rates between 0.2 &@irhin were
used. The intensities obtained were corrected for intrinsic
temperature dependence of tryptophan fluorescence as
described elsewherg%). In addition, measurements as a
function of GdmCI concentration and of pH were performed
in order to monitor chemical unfolding transitions.
Differential Scanning CalorimetryTo study thermal
unfolding at temperatures near and above 1G0 calori-
metric measurements were performed using a VP-DSC
MicroCalorimeter (MicroCal). To avoid evaporation of
aqueous solutions at high temperatures, excess pressure (2
bars) was applied. Measurements were carried out by
applying a heating rate of 2C/min and with enzyme
concentrations of 0.09 mg/mL in 0.5 mL solution volume.
1 Abbreviations: BLA, Bacillus licheniformisa-amylase; BAA, Thermograms with subtracted baselines were analyzed and

Bacillus amyloliquefaciensx-amylase; DSC, differential scanning  fitted to determinéT,, and AH,,, using the MicroCal Origin
calorimetry; Tr,, melting temperatureAH,, enthalpy change upon

Enzymeso-Amylase is an amylolytic enzyme that hy-
drolyzes starch, glycogen, and related polysaccharides b
cleaving internab-1,4-glycosidic bondsid). For all com-
parative studiesx-amylase fromB. licheniformis (BLA,
thermophilic enzyme, 58 550 Da; purchased from Sigma-
Aldrich) and fromB. amyloliquefacien$BAA, mesophilic
enzyme, 58 403 Da; purchased from Fluka) were used.
SDS—polyacrylamide gel electrophoresis revealed single
bands for each enzyme, indicating purity faramylase
material as obtained from the producers. Although only the
three-dimensional structure of BLA has been determined so
far [see Figure 119)], there is much evidence that the
structure of BAA is very similar. Both enzymes consist of a
monomer with three domains exhibiting af/dq)-barrel as
a central structure unit. Sequence alignment of BLA and
BAA revealed a very high homology (81% identity, 88%
similarity; see refl9). The enzymes were dissolved in buffer
with 30 mM Mops and 50 mM NaCl at pH 7.4. Due to three
calcium binding sites in both structures @efamylase, the
calcium concentration plays an essential role for thermosta-
bility (20—22). In a-amylase as purchased from the distribu-
tor the calcium binding sites are not fully saturated.
Therefore, to obtain defined and reproducible conditions, 1

thermal unfolding;AS,, entropy changeAG,., Gibbs free energy software. . . .

change; AC,, change in heat capacity; Mops, B-torpholino)- Enzyme Acitiity. For enzymatic activity measurements as
propanesulfonic acid; EDTA, ethylenediaminetetraacetic acid; GdmCI, a function of temperature the starelodine method was used
guanidinium chioridef,, activation energy for enzyme catalysts, (26, 27). This method is well suited for temperature-
temperature of maximum catalytic activity; INS, incoherent neutron A

scattering. dependent measurements, because activities are measured

2 For simplicity we denote BLA as a thermophilic enzyme. effectively at the chosen incubation temperatures between
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20 and 100C. Five milliliters of substrate solution (10 mg/ — Fg /(2D ») ® o) +B (3
mL starch from corn dissolved in standard buffer, 30 mM Sno(Qv) [Sneo Q) ® Sed Q)] (3)
Mops, 50 mM NaCl, 1 mM CagG] pH 7.4) was added in a

test tube and maintained for 10 min at an incubation the resolution functior.{Q.w) (obtained from vanadium

temperature. An enzyme solution (0.025 mg/mL) with o
measurements): denotes a normalization factor and exp-
standard buffer was prepared and warmed to the same

temperature. Subsequently, 0.5 mL of enzyme solution was E);ch()/fgap dglé%igilge?iita"tﬁg %?flfir;?\?efiﬁg;?e?%?sgaﬂitlib-
added to the substrate solution, keeping this during 5 min rium?luctuat.ions occurrig in the enzyme, the uasi—glastic
reaction time at the incubation temperature. The digest is broadening observed inthg r Wy fit,t d qu rentzian
then added to 5 mL of stopping reagent (0.1 M HCI) at room g observed in (he spectra was Titted by Lorentzians.
p N Therefore, the theoretical scattering function
temperature. After mixing, 0.5 mL of this mixture was added
to 5 mL of iodine-iodide solution (0.05 mg/mL iodine and —P?
0.5 mg/mL potassiumiodine in HO). The intensity of the  SheolQ@) = € ™ 2 [A(Q)d () + A(Q)L,(H,,w)] (4)
blue color (absorbance at 620 nm), which is characteristic
for the substrateiodine complex, was measured in a is parametrized by the elastic and quasi-elastic incoherent
spectrometer (UV-2101PC, Shimadzu). The enzyme activity structure factors\, and A;, respectively, and the width of
was calculated by using the quasi-elastic contributiohl; = (71)"!. The scattered
intensity is separated into an elasiien)-shaped component
activity (unit/mL) = D[(R, — R/Ry] x 100 (1) (experimentally observed with the resolution widtly and
a quasi-elastic Lorentzian-shaped contributigfiH,,w) (see

in the absence of enzymR,is the absorbance of the digest, fluctuations with correlation times of approximately ©.1
andD is the dilution factor of the enzyme. 10 ps and with amplitudes ranging from 0.5 to 4 A. For

further methodical details, see refg and 30.

applying a convolution®, energy convolution operator) with

Neutron Spectroscopyor both enzymes an amount of
125 mg ofa-amylase was dissolved in 2.5 mL 0O buffer RESULTS
(standard buffer conditions; see Enzyme Activity) and filled
into a slab-shaped aluminum sample container [inner sample  Conformational StabilityGibbs free energy of the unfold-

volume: 40 mm (width)x 50 mm (height)x 1 mm ing transition is determined by enthalpidd and entropic
(thickness)], which was closed with a cap using a Teflon AS contributions

ring sealing. Neutron scattering experiments have been
carried out using the time-of-flight (TOF) spectrometer —cV_F= _

NEAT (Hahn-Meitner Institut, Berlin)Z8, 29). TOF spectra AGy(T) =G~ — G = AH(T) — TAST) ©)
were measured using an incident wavelength of 5.1 A, with
an elastic energy resolution of %V, and within an angular
range of 13.3 < ¢ < 136.7. The required sample temper-
atures were set using a cryofurnace. All samples, including
the vanadium standard, pure buffer solution, and the empty
can, were measured with a sample orientation angte of

In a reversible two-state unfolding proce&sS,«(T) describes
the ratio between molecules in the ensemble being in the
folded state as compared to those in unfolded state at the
given temperature. A positive value &fG,n; corresponds
to an ensemble with the major proportion of proteins in the
135> with respect to the incident neutron beam direction. folded state (for.more detaﬂs,_see D). At the m?'“”g
The TOF spectra were corrected, normalized, grouped, andtempe_ratureTmbw[th AGun(Tm) = O, Whherehenthalplc ?Bd
transformed to the energy transfer scale. For our purpose agntroplc contributions compensate each other, an equilibrium
measuring time of abaw7 h at NEAT was adequate for | etween proteins in the folded and unfolded state is achieved
sufficient counting statistics. Due to strong solvent scattering, in the ensemble. Although botizramylases we study here
do not unfold reversible in a typical two-state procekss, (

spectra from pure buffer were subtracted from spectra of ) ! ! N
enzyme solutions. The difference spectra obtained represen?z’ 32), Tm values can b_e obtained from sigmoidal stability
curves as shown in Figure 2. Botit-amylases show a

scattering mainly related to incoherent scattering from oronounced dependence™f on the calcium concentration
nonexchangeable H-atoms afamylase (about 3400 per L . e
9 aramy ( P (see Table 1). The distinct effect of calcium for stabilizing

a-amylase molecule). In a neutron scattering experimentwithb th protein structures is indicated by an enorm incr
predominantly incoherent scattering the double differential oth protein Sructures 1s cated by an enormous increase
of the melting temperatures by more than 4D due to

cross section calcium saturation. At least for BLA the calcium effect is
not surprising, because the calcium binding sites are located
at strategic positions in the structure providing additional
stabilizing connections between the three domains (see Figure
1). The high sequence homology between BLA and BAA
determines the number of neutrons scattered into a solid angleand the fact that the residues involved in calcium binding
elementdQ2 and an energy transfer elemeib. Here binc are mainly conserved in the BAA structure indicate large
denotes the incoherent scattering length, wkijlandk; are similarities in calcium binding for both enzymes (see refs
the wave vectors for the incident and scattered neutrons,19 and 21). The measurements have been performed with
respectively (with momentum transf€ = k; — ko). The different heating rates. In particular, for calcium-free samples
spectra obtained, which were grouped from originally 140 (i.e., with EDTA) the heating rate has a strong influence on
spectra into 11 spectra, were fitted using the corresponding melting temperatures. Heating rates of 0.2

6% 1k,
3000 m[bmc Sne(Q.0)] 2
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FIGURE 2: Stability curves ofa-amylase as determined by T o4
tryptophan fluorescence emission intensities. All curves (here only * !
for BAA), measured with enzymes in buffer with different calcium 0.2 B =
concentration, show a sigmoidal shape representing thermal unfold- 00
ing transition. The midpoint of these transition curves denotes the : 5 4 6 8 10 12 14
melting temperatur&,. An increase in calcium concentration shifts oH

Tm to higher temperatures [€achelated, 20 mM EDTA added to .
the standard buffer; heating rate, 02/min; no C&* added, a low FIGURE 3: (A) Stability curves measured at room temperature (23

(a feW micr0m0|ar) but unknown amount Of @a heating ra’[e, OC) as afunction Of the Chemical denaturant deCl BO'[h enzymes
0.5°C/min; C&*+ added, standard buffer with 1 mM Cagheating were measured in buffer with 20 mM EDTA correspon(_jing to
rate, 1°C/min]. The corresponding melting temperatutasfrom calcium-freea-amylase. [GdmCl}, denotes the concentration of
measurements with BAA and BLA are given in Table 1. GdmCI which corresponds to the equilibrium in the ensemble

between the folded and the unfolded state (it is the equivalent to
Tm in the thermal unfolding). (B) Stability curves measured at 40
°C as a function of pH. Unfolding in the region of acidic low pH

Table 1: Thermodynamic ParametersocoBmylase Thermal

Unfolding® (<6.0) and in basic high pH>9.0) was described with sigmodial
BAA BLA curves (BLA, dashed lines; BAA, solid lines). The corresponding
midpoints are rather similar for both enzymes (BAA,pH4.0 and
ASn(KJ ASn(kJ
T oan, el Sl 11.5; BLA, pHy, 4.1 and 11.9).
(°C) (kImoly) K1) (°C) (kImofl) K9 ] _ _
, extraction (see Table 1). In contrast to the difference in
with EDTA 40 52 X X
without CaCy/ 54 76 chemical denaturation caused by GdmCI, the pH dependence
EDTA of stability is rather similar for both enzymes (Figure 3B).

withCaCh 86 1412 393 103 1521 404 For BLA as well as for BAA the native structure is stable
2 Thermodymamic parameters as obtained from fluorescence spec-between 6.0< pH < 9.0. The destabilizing effect occurring
ggﬁgi(:%sar(‘\?vitfgogagbsfvé ;hze?;ﬁgﬂigeri fODrStge(S”;gsfziStliZi”gi)”g at extreme pH values is caused by repulsive electrostatic
Enthalpy and entropy changes have been galculated frongSC data.energ,Ies bet_ween Cha.rged. grpups and by energy changes
associated with the burial of ionized groups (see, for example,
) ref 33). As shown in the thermograms of Figure 4, the
°C/min and less gav@&, values of about 40C for BAA unfolding of BLA and BAA is not characterized by a sharp
and 52°C for BLA. With larger heating rates of IC/min cooperative transition as often found for pure two-state
we observed for these calcium-free sampflgwvalues of 53 unfolding processes of smaller single-domain proted. (
°C (BAA) and 62°C (BLA) (data not shown). These results  Nevertheless, the unfolding of both enzymes occurs “quasi-
indicate that in the case of heating rates above°G/2nin cooperatively” since the three individual transitions contrib-
an equilibrium at the given temperature is not reached. This uting to the single peak in the thermogram hayevalues
behavior is caused by an irreversible step in the denaturation ather close to each other. For both enzymes a number of
process (see Discussion). For other buffer conditions (i.e., three transitions fits the data most reasonable. Furthermore,
no C&" added and C4 added) we do not observe this strong  the “width” of the transition spans in both cases ap-
dependence on the heating rate. In particular, fof"Ca  proximately 20°C. Besides the fact that both transitions are
saturateda-amylase (with 1 mM CaG) the Try value is  separated on the temperature scale by’@7the thermal
shifted only by about IC, if changing the heating rate from  nfolding process is qualitatively rather similar for both
0.2 to 1°C/min. enzymes. For both enzymes, contributions from protein
Besides the strong calcium effect, there is still an intrinsic association/dissociation to the transition peaks can be ruled
higher conformational stability for the thermophilic BLA as out, because th&., values did not show any dependence on
compared to the mesophilic BAA. For all conditions BLA enzyme concentrations (data not shown). The fact that a
showsT, values larger by 1222 °C as compared to those number of three separated subtransitions occur during the
from BAA. This difference in the conformational stability thermal unfolding suggests a relation to the three-domain
between both enzymes is supported by measurements of thetructure ofa-amylase. Recently, Feller et a23) observed
unfolding transition caused by chemical denaturants (seea rather similar thermal unfolding for BLA and BAA with
Figure 3A). BLA in the calcium-free state needs a higher three individual transitions. Furthermore, also deamylase
concentration of GdmCI to unfold than BAA. The absolute from the thermophilicPyrococcus furiosughe thermal
values of [GdmCI],, are rather small for botli-amylases, unfolding was best described by three separate subtransitions
because the enzymes are already destabilized by calcium(35). Alternatively to the assumption that each subtransition
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FiGURe 4: Thermograms measured with both enzymes in standard =057 " °
buffer (i.e., saturated calcium binding sites) using DSC. For both &
enzymes the peak in heat capacity change as a function of 5107 _
temperature, specifying the thermal unfolding transition, can be = f‘fffﬁ?‘;‘;”f?;ﬂfs [kmol"}
deconvoluted into three nearly cooperative transitions, represented U a1 LA)
by Gaussian curves (dashed lines). The sum of the Gaussians (dotted 1~ 69 (BAA)

-2.0

T

lines) fit the experimental values (solid lines). These transitions 27'10.3 3.0x10° 33'10.3

revealed individuaT,, values rather close to each other (BARw: X o X

= 82°C, Ty, = 85.5°C, T,3 = 87.6 °C, meanT,, = 86.5 °C; 1T K]

OB(':-A‘TLml = t97 ? gmz = &ta C, 1.;'“3 =105 fCihmeGanTm =103 EFGure5: a-Amylase activity as function of temperature. (A) The
)- The integrated peak intensity (sum of the Gaussians) gives g |ative catalytic activities are shown as determinecbf@mylase

the enthalpy change during thermal unfoldifgim. in standard buffer (under calcium saturation). The absolute activities

; g ; i .. of both enzymes at their individual optimal temperatures (BAA,
reflects the unfolding of an individual domain, a “hierarchic Topt= 80°C; BLA, Top = 90 °C) are the same within the limit of

running unfolding process” is more probable. In the latter gpor (approximately:-5%). (B) Arrhenius plot of the data shown
case, a higher thermal-induced mobility of domains C and above in order to determine activation energies for the catalytic
B with respect to the central domain A might be related to process. While only one activation energy (6.9 kJ THodlescribes
the first subtransition, before subsequent transition domain the temperature dependence of BAA within a temperature range
unfolding occurs. As shown in Figure 1 the compactness of f:roﬂ_zlskgo rggf(l:,’ a‘}gt%’V(';g(t)"l’g’aé:'iagggelgeggf) (if"fgcg S'Zary
theo-amylase structure and the relative mobility of domains 5 represent the temperature dependence of BLA.
B and C with respect to domain A are strongly determined
by the calcium. Supporting this view, DSC thermograms 1.00 ],
from calcium-freex-amylase (data not shown) revealed much \
broader “peak structures” (with clearly separated peaks)
which are shifted to lower temperatures.

Temperature Dependence of Catalytic Aityi. Enzyme
activities were determined using the stardbdine method
in a temperature range between 20 and 10QFigure 5).
In this temperature range the substrate (starch) is stable and
senses no modifications which might affect the determination
of enzyme activity (see Experimental Procedures). As shown
in Figure 5A the catalytic activity differs significantly in the 0.00 i : : .
low-temperature region between both enzymes. Surprisingly, 0 100 200 300 400
the thermostable BLA shows a behavior, typical for a real time [min]
thermophilic enzyme, despite the fact that BLA originates Ficure 6: Relative enzymatic activities as a function of time for
from a mesophilic source. The activity for BLA at moderate both enzymes in standard buffer incubated at their individual
temperatures (2040 °C) is only 20-40% of the maximum  OPtimal temperatureSop:
activity reached at a temperature of abouf@Q(Toyy). Even mechanism of thermal inactivation seems to be qualitatively
above 90°C up to 100°C the activity for BLA is near the  rather similar for botha-amylases: in both cases the
maximum value. In contrast to this, the mesophilic BAA maximum activity is reached at a temperatufgy,{ just a
exhibits already in the low-temperature region an activity few degrees below the individual melting temperature.
which more than 60% of the maximum value, which is Besides the question at which temperature an enzyme shows
reached at 80C (Tou). Above this temperature BAA is  a maximal activity, it is important to know how long this
irreversibly inactivated. The low catalytic activity of BLA  high level of activity can continue at that temperature. In
at moderate temperatures is related to high catalytic activationparticular, for industrial starch processingamylase must
energies as given in Figure 5B. In particular, in the keep its activity at high temperatures for a time as long as
temperature region between 25 and°@E, from BLA is possible. Figure 6 demonstrates why BLA is so widely used
more than 6 times larger as compare to the correspondingfor industrial applications. After a more pronounced initial
value obtained for BAA. At temperatures above %D the decrease in activity, it keeps a rather high level of activity
activation energy of BLA is only larger by a factor of 1.5 for several hours &y, While BAA loses its activity at the
than that of BAA. Despite these significant differences in correspondingTo,: Within @ much shorter time. The data
the temperature dependence of the enzyme activity, thepresent here have been obtained from measurements with

O BlAatT _=90"C
® BAAatT  =80°C

0.754

0.50+

rel. activity

0.254
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FIGURE 7: Energy transfer spectrum representing incoherent neutron FIGURE 8: Quasi-elastic structure factors representing structural
scattering of nonexchangeable hydrogen atomsaiamylase fluctuations on the picosecond time scale. The given values
solution. To determine the amplitude of quasielastic scatteking ~ (Symbols) were obtained from analysis of the experimental data
(represented by the light gray area under the Lorentzianhich (see Figure 7). Further analysis by fitting the data with simple
is related to structural fluctuations), the experimental spectrum analytical models (lines) is described elsewhe®.(

circles) is fitted by expressions given in Experimental Procedures . .
geqsgénd 4). yexp 9 P hydrogens performing the observable motions and the

] ) amplitudes of these motion are directly reflecting the
a-amylase under calcium saturation. Other measurementsonformational flexibility of the systems. As expected, the
(not shown here) with calcium-free amylase at room tem- gata from measurements performed af6%show larger,
perature revealed that calcium has no effect on the catalyticya|yes and therefore a higher conformational flexibility as
activity. In contrast to this, lower activity values were compared to the 36C data. Interestingly, for both temper-
observed with increasing temperature as compared to calciumyyres the thermophilic BLA shows largai values com-
bounda-amylase. This indicates that calcium has not a direct pared to BAA, indicating a higher conformational flexibility
impact for the catalytic mechanisms but preserves enzymatictor A Within the limits of error, these differences (high
activity at higher temperatures due to the stabilizing effect. o A, values approximately-67% larger for BLA) are the
This behavior was observed for batkamylases, BLA and  same for both temperatures. Although theses differences are
BAA. ] - ) small, they are significant and fully reproducible [as shown

Conformational Flexibility Incoherent neutron scattering i earlier experimentsl@)]. A more detailed analysis using

(INS), which is a commonly used technique in neutron gimple analytical models to interpret the experimental data
spectroscopy, makes use of a large incoherent cross sectiofy gescribed elsewherg?).

of hydrogen nuclei 40 times larger than incoherent cross
sections of other elements in biological samples) and is well DISCUSSION
suited to study internal molecular motions in a time range
from 10°to 10" **s. Using the enzymes dissolved in@

all nonexchangeable hydrogens (which are distributed “quasi-
homogeneously” in the molecule) serve as probes to monitor
local fluctuations occurring in the structure. In a neutron

scattering experiment with predominantly incoherent scat- denaturation was already observed by Tomazic and Klibanov
tering, information on the dynamics of individual hydrogen (15. Therefore, they proposed a simple scheme which

atoms can be obtained from the incoherent scattering function! : .
Sne(Q,w) using the formalism of self-correlation functions mvolveg one step O.f rev_er5|_b|e ur?foldmg and a subsequent
(see, for example, re36). According to the diffusive and step of irreversible inactivatiord{):

liquidlike character of the predominant part of the motions K, K

(with samples at physiological conditions), the quasi-elastic N < U - [ (6)
scattering is in the focus of our analysis (see Figure 7). Figure

8 shows theQ dependence of the quasi-elastic structure where N is the native fully active state, U is the thermally
factors @ values) as measured at 3Q (solid symbols) unfolded state, and | is the irreversibly inactivated state.
and at 60°C (open symbols). Th® dependence &, looks Information about the first transition can be obtained from
qualitatively rather similar for all measurements. Because data characterizing the conformational unfolding, while
we observe localized fluctuations, mainly reorientational parameters describing the second transition can be extracted
movements of polypeptide side groups,starts at zero in ~ from temperature-dependent activity measurements. Both
the low Q range Q is related to an inverse amplitude). An  kinds of measurements have been performed in the present

Because of its biotechnological potential the mechanisms
and determinants af-amylase thermostability (in particular
for BLA) have already been studied in the paks, (21, 32,

35) and are still in the focus of actual resear@8-(40).
The fact that BLA as well as BAA exhibits irreversible

increase of\; with increasingQ (i.e., the slope of\; in Q) study. By comparing melting temperatures (Table 1) and the
for the data shown here is related to motions with amplitudes corresponding temperatures of maximal catalytic activity
in the range between 2 d8 A in average. Abov&® = 1.5 (Tops see Figure 5A), we findoy values which are 613

A1 a constant level witth; values between 0.6 and 0.7 is °C below the melting temperatures. Although not visible in
reached. These values give the fraction of hydrogensour data, BLA also shows a drastic irreversible inactivation,
(normalized to the unity) in the protein structure participating similar to that of BAA, but at temperatures above 115

in motions visible in ourQ-w window. This fraction of (21). Ty values andy values are shifted similarly to higher
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temperatures for BLA as compared to BAA, and the to be present in nature. Interestingly, in a study which
difference betweeily, and Tr, is, within the limits of error, compares structural features of thermohilic and mesophilic
rather similar (10°C in average) for both enzymes. These (f5/a)-barrel hydrolases (including-amylases), in average,
observations support the fact that the irreversible process ishigher crystallographic therm&factors were observed for
rather similar in both enzymes while the reversible thermal the thermophilic enzymesl®). Although crystallographic
unfolding is different for BAA and BLA (BAA, T, = 86.5 B-factors have to be considered with caution because they
°C; BLA, T,y = 103 °C). A similar hypothesis, based on often include other contributions which are not related to
thermoinactivation studies only, was proposed by Tomazic dynamical properties of the proteins, these results support
and Klibanov (5). our finding of a thermostable-amylase, which is character-
The question which structural features are responsible forized by a higher conformational flexibility as compared to
the higher thermostability of BLA with respect to BAA is  their mesophilic counterparts. A meaningful parameter for
still not fully clarified yet. Unfortunately, only the BLA  analyzing mechanisms of thermostability is given by Gibbs
structure has been solved, and therefore a comparison at théree energyAG as a function of temperature (see eq 5). For
level of an atomic model is not possible. From studies on many proteins (and for the first process-NU in our case)
BLA it is supposed that mainly two features contribute to AG as a function of temperature can be described by a
BLA thermostability: (i) the region between domain A and parabolic bell-shaped curve intersecting the abscissa (i.e.,
domain B stabilized by the triadic E&Na—Ca metal binding AG = 0) twice, indicating a “cold denaturation” in the low-
site which is surrounded by a network of electrostatic temperature region and a thermal unfoldingTatat high
interactions and (ii) some additional salt bridges in other temperatures30). It is obvious from these stability curves
regions of the structur@(, 38). By comparing the difference  that a high thermodynamic stability (i.AGmax Often found
in melting temperatures between calcium-free and calcium- at room temperatures) is not necessarily related to a high
saturatedo-amylases, we find a little more pronounced thermal stability (i.e., largdy,). Therefore, the analysis of
“calcium-induced” conformational stabilizing in BLA (52  structural properties, supposed to be important for protein
vs 103°C; ATy, = 51 °C) as compared to BAA (40 vs 86 stability, can give only a limited amount of information about
°C; ATy, = 46 °C). A more pronounced difference of mechanisms of thermal adaptation.
stabilization between BLA and BAA is found for other Among possible effects of conformational flexibility on
contributions not related to calcium (BAA,, = 40 °C, vs protein stability the fluctuations, observed in this study, may
BLA, T = 52°C). The different susceptibilities to chemical also be correlated to catalytic properties. Equilibrium fluctua-
denaturants, as shown in Figure 3A, confirm the importance tions on the picosecond time scale are supposed the be
of further stabilization mechanisms not related to calcium required for catalytic activity, because they help to overcome
binding. barriers in the conformational energy landscape of the
The hypothesis that stabilization features, like additional proteins and thereby “lubricate” conformational changes on
salt bridges, make the protein structure less flexible and longer time scales (micro- to milliseconds) which are often
therefore more stable is only one part of the story. Confor- directly related to the catalytic mechanism (see, for example,
mational motions which are part of motions in the unfolding refs16 and17). With respect to the mesophilic BAA, larger
pathway can be hindered by additional hydrogen bonds or catalytic activation energies for BLA (Figure 5A) are found
salt bridges and stabilize the structure. Certainly, the reduc-for the same temperature rang& & 60 °C), where
tion of these motions leads to a reduced flexibility (i) in the picosecond fluctuations in the BLA structure are more
corresponding region of the protein and (ii) with respect to pronounced as compared to BAA (Figure 8). This result is
the particular time scale of these motions. At the same time somehow surprising and offers many possible explanations.
additional conformational motions occurring in other regions Maybe the active site (substrate binding site) is more rigid
of the proteins structure and /or at different time scales canin BLA and exhibits higher energy barriers as compared to
stabilize the folded state. If these motions increase the BAA. In this case even more pronounced (overall) confor-
conformational entropy of the folded state with respect to mational fluctuations in BLA would not be sufficient to
the unfolded state, a resulting change of conformational overcome these particular energy barriers at lower temper-
entropy during unfolding\S,¢ will be smaller, and increased  atures. Another interesting feature in this respect is the fact
flexibility (of the folded state) has a stabilizing effect (see that catalytic activity and conformational flexibility, as
eq 5). Therefore, the larger conformational flexibility on the observed here, are not proportional. A much larger difference
picosecond time scale observed for BLA as compared to in activity between both enzymes is observed for’80as
BAA is not contradictory to their corresponding thermosta- compared to 60C, while for both temperatures the differ-
bilities (see Figure 8). In fact, these results and further studiesence in flexibility is rather similar. Although the correlation
on the dynamical behavior af-amylases in the unfolded of catalytic and dynamic properties has already been analyzed
state indicate that mechanisms of entropic stabilization in detail for various proteinsg(l—53), a comparison of these
contribute to the high thermostability of BLAZ, 37). Such properties betweedifferentproteins is not straightforward.
a mechanism to achieve thermostability was also proposedin particular in our case, where (i) detailed structural
for other proteins42, 43) and is in some cases supported information is available only for BLA and (ii) obtained
by a higher conformational flexibility of the more thermo- dynamical properties are averaged over the whole structure
stable protein44). On the other hand, most studies published (i.e., without spatial resolution), an interpretation of how
so far indicate a reduced conformational flexibility for the these two properties are related can only be rather specula-
thermophilic enzyme as compared to the mesophilic homo- tive. On the basis of the results presented here, we can,
logue @, 5, 8, 45—50). These opposed findings indicate that nevertheless, state that aspects of the “corresponding states”
an universal mechanism for thermostabilization seems nothypothesis are not confirmed by our example of mesophilic
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and thermophilica-amylase. This widely accepted view
concerning the relation between mesophilic and thermophilic

proteins proposes that the enzymes show a conformational

flexibility and, directly related to this, a catalytic activity
which is more or less the same at their individual (physi-
ological) temperatures3( 9, 45, 47). This direct proportion-
ality between activity and flexibility, observed for example
in studies where H/D-exchange kinetics were measured to
obtain information about enzyme flexibility47), was not
found for thea-amylase pair (see also r&p). It is obvious
that deviations from this strict flexibilityactivity relation

can occur when a broader spectrum of time scales for
conformational fluctuations is involved and when part of
these fluctuations contribute to effects, such as entropic
stabilization. A remarkable feature in the temperature
dependence of the catalytic activity (Figure 5A) is the fact
that both enzymes need very high temperatures (just a few
degrees below,) to achieve maximal activity. Maybe the
vicinity of the substrate binding site to the €ba—Ca metal
binding site, which is important for protein stability (see
above), makes the active site rather “rigid” and allows
maximal activity only at rather high temperatures. Due to
this coupling the more pronounced calcium-effected stabi-
lization in BLA as compared BAA may correspond to the
lower catalytic activity of BLA at lower temperatures. Similar
observations have already been made for various other
proteins, where, for a high thermal stability, an enzyme must
“pay the price” of a loss in catalytic efficiency, 54). In

this context it is important to note that BLA shows this loss
in activity only in the low-temperature region. At high
temperatures (80C for BAA and 90 °C for BLA) the
absolute catalytic activity is nearly the same for both
enzymes.

As pointed out in this study, one key to elucidate the
interplay of activity and stability in enzymes is a really
detailed knowledge of conformational fluctuations occurring
in the structures. Although often difficult to obtain, we need
to know the dynamic properties orbaoad spectrum of time
scalesand withspatial resolutionIn particular, this kind of
information will give us the chance to decide whether
particular structural fluctuations are related to functional
properties and/or have an impact on the stability. Only on
the basis of this knowledge will we be able to figure out
which properties are varied by nature to adopt enzymes to
extreme environmental conditions.
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