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ABSTRACT. The thermal stability of the cold-activeamylase (AHA) secreted by the Antarctic bacterium
Alteromonas haloplanctisas been investigated by intrinsic fluorescence, circular dichroism, and differential
scanning calorimetry. It was found that this heat-labile enzyme is the largest known multidomain protein
exhibiting a reversible two-state unfolding, as demonstrated by the recov&hy.givalues after consecutive
calorimetric transitions, AHc:a/ AHef ratio close to unity, and the independence of unfolding thermodynamic
parameters of scan rates. By contrast, the mesophifimylases investigated here (from porcine pancreas,
human salivary glands, yellow meal beeBacillus amyloliquefaciengandBacillus licheniformi¥ unfold
irreversibly according to a non-two-state mechanism. Unlike mesoph#imylases, the melting point of

AHA is independent of calcium and chloride binding while the allosteric and structural functions of these
ions are conserved. The thermostability of AHA at optimal conditions is characterizedrhyt43.7

°C, aAHcq of 238 kcal mot?, and aAC, of 8.47 kcal mol! K. These values were used to calculate

the Gibbs free energy of unfolding over a wide range of temperatures. This stability curve shows that (a)
the specificAGnaxof AHA [22 cal (mol of residue)?] is 4 times lower than that of mesophilicamylases,

(b) group hydration plays a crucial role in the enzyme flexibility at low temperatures, (c) the temperature
of cold unfolding closely corresponds to the lower limit of bacterial growth, and (d) the recombinant
heat-labile enzyme can be expressed in mesophilic hosts at moderate temperatures. It is also argued that
the cold-activen-amylase has evolved toward the lowest possible conformational stability of its native
state.

Psychrophilic organisms, either microorganisms, algae, by adaptation to low temperatures. It is also shown that this
invertebrates, or fish, live in permanently cold environments enzyme is unexpectedly well suited to folding studies of large
and have the surprising ability to grow efficiently at proteins.
temperatures close to the freezing point of cellular water.  Alteromonas haloplancti823 is a Gram-negative bacte-
However, nearly all biochemical reactions involved in cell rium collected along the Antarctic ice-shell where the water
metabolism are strongly temperature dependent: for instancetemperature remains stable betweel °C and 2°C. It
reaction rates are reduced-380-fold when the medium  secretes a Ct and C&*-dependenti-amylase (49 340 Da)
temperature is decreased from 37 &3 To cope with this sharing extensive sequence and structural similarity with
strong temperature dependence of the enzyme reaction ratesjertebrate and inseet-amylases §&-10). Binding of one
these extremophiles synthesize heat-labile enzymes possesshloride and one calcium ion induces the allosteric activation
ing a high specific activity and catalytic efficiency at low of thesea-amylases 11, 12), but calcium also strongly
temperaturesl( 2). Heat-lability has been commonly related stabilizes their conformation18—15). Most microbial
to the lack of selective pressure for stable proteins in cold a-amylases, such as those secrete®agillusandAspergil-
environments, but this classical view has frequently been lus species, only bind Ca and display very low sequence
challenged. It is now believed that the weak stability reflects identity with CI-dependent enzymes but adopt the same fold
a more resilient or flexible enzyme structure, ensuring a better (16, 17). All are monomers of about 50 kDa and exhibit a
accommodation of substrates and enhancing the fast con-central main domain A formed by #/@)s-barrel, a small
formational changes required by catalysds-7). We report [-pleated domain B protruding betwe@s and as, and a
here a spectroscopic and microcalorimetric studltéro- C-terminal globular domain C consisting of a Greek key
monas haloplanctisx--amylase (AHA} showing how the motif. B. amyloliquefacienandB. licheniformisare meso-
thermodynamic stability of this heat-labile enzyme is tailored philic strains which synthesize heat-stablamylases. This
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extra-stability has recently been correlated with the occur- 6000 — , 80
rence of a calciumsodium—calcium metal triad in the main
C&" binding site, bridging domains A and B of these 3000 |
enzymes 17). Representatives of bott-amylase groups
have been included in this study as mesophilic references. o
MATERIALS AND METHODS
-3000 -
SourcesRecombinant AHA was expressedHscherichia
coli grown at 18°C and purified as described 18). The 6000 -]
three-dimensional structure, the catalytic constants, and the §
ion binding parameters of this recombinant enzyme were - -80
found to be identical to those of the wild-typeamylase 9000
(18, 19). Porcine pancreatie-amylase was from Boehringer
Mannheim. Human salivard. amyloliquefaciensind B. 12000 “7————— T T -120
licheniformis a-amylases were from Sigmal. molitor 200 220 240260 200 320
a-amylase 20) was a generous gift of Dr. S. Strobel (Max A (nm)

Planck Institut fu Biochemie, Planegg-Martinsried, Ger- . . .

The following parameters were used for calculation: Ficure 1: Circular dichroism spectra in the far-UV (left panel)
many). * and near-UV (right panel) of AHA (upper curves) and PPA (lower
AHA (49 340.58 Da, 453 aa), PPA (55 375.16 Da, 496 aa), curves) at 20°C. Raw data and smoothed spectra are illustrated.
BAA (54 835.61 Da, 483 aa), human salivamyamylase In the far-UV, AHA (0.33 mg/mL) and PPA (0.27 mg/mL) in 5
(55 906.64 Da, 496 ad], molitoro-amylase (51 273.78 Da, MM Mops, 50 mM NaCl, 1 mM CaGJ pH 7.2. In the near-UV,
471 aa), and®. licheniformisa-amylase (55 265.37 Da, 483  AHA (0.92 mg/mL) and PPA (0.76 mg/mL) in 10 mM Mops, 50

: . mM NacCl, 1 mM CaC}, pH 7.2
aa). Unless otherwise stated, the standard buffer ensurmgm a mM Cacl, p

(deg cm? dmol™)

optimal enzyme stability contained 30 mM MoplaOH, that Mops buffer was used. When the absence of monovalent
50 mM NaCl, 1 mM CaGl pH 7.2. anions in the medium was required, calcium was added in
Spectroscopic TechniqueBhermal unfolding ofx-amy- the form of CaSQ@ (10). Thermograms of AHA were

lases was monitored by fluorescence using a Perkin-Elmeranalyzed according to a single non-two-state transition model
LS50 spectrofluorometer at excitation and emission wave- in which Ty, AHca, andAHe are fitted independently using
lengths of 280 and 350, nm respectively. The absorbance athe MicroCal Origin software (version 2.9). Deconvolution
280 nm of the samples+60 «g/mL) was below 0.1. The  of the heat capacity function of mesophiicamylases was
sample chamber was purged with nitrogen to prevent performed using a model for multiple two-state transitions

condensation on the optical surfaces at temperateBeXC. in which AH., = AHeg for each transition. The magnitude
Raw data were normalized using the pre- and posttransitionand source of the errors in tig, and enthalpy values have
base line slopes as describexi)( been discussed elsewheR®), Fitting standard errors on a

Circular dichroism spectra were recorded using a Jobin series of five DSC measurements made under the same
Yvon CD6 spectropolarimeter under constant nitrogen flow. conditions in the present study were found tod&1 K on
In the far-UV region, spectra were recorded in a 0.2-cm cell Tm and+4% on both enthalpies.
at a protein concentrations 6f0.3 mg/mL; in the near-Uv
region, a 1.0-cm cell was used for protein concentrations of RESULTS
~1 mg/mL. Mops concentration was reduced to 5 mM in  Circular Dichroism.Crystal structures of AHAZ?3) and
the far-UV region and to 10 mM in the near-UV region. of jts CI-- and C&*-dependent-amylase homologues from
Spectra were averaged over five scans and corrected for the/ertebrates 34—26) show an identicabi-helix ands-sheet
buffer signal. Raw data were expressed in terms of the meancontent (30% and 20%, respectively). This, however, is not
residue ellipticity p] using the known mature-amylase  reflected by the far-UV circular dichroism spectra. Porcine
sequences for calculation of the mean residue weight. Bothpancreatiax-amylase (PPA), which is the closest structural
spectrometers were interfaced to a Neslab water bath, anchomologue of AHA, displays the classical spectra of all
temperature was varied at a rate of 60 K.h a-amylases reported so far, with equivalent minima near 208
Differential Scanning CalorimetryMeasurements were  and 222 nm (Figure 1). Deconvolution of these spe@i@ (
performed using a MicroCal MCS-DSC instrument at a scan correctly predicts the secondary structure content of the
rate of 60 K 't and under 2 atm nitrogen pressure. Samples mesophilica-amylase. By contrast, far-UV spectra of AHA
were dialyzed overnight against the appropriate buffer, the are characterized by a weaker signal at 208 nm, correspond-
latter being used in the reference cell and for buffer base ing to an apparent loweax-helix fraction. It appears that in
line determination. Protein concentration was determined by solution,a-helices of AHA possess a weaker optical activity,
the bicinchoninic acid protein assay reagent (Pierce) after possibly reflecting less organized helical structures. In the
dialysis and was-~3.5 mg/mL except fofl. molitor a-amy- near-UV spectral region, the intensity and sign of AHA
lase (0.63 mg/mL) and human salivaxyamylase (1.4 mg/  spectra reflect the distinctive environment of aromatic
mL). Buffers used were 30 mM Mops between pH 6.6 and residues as already pointed out by crystallographic studies
7.8, 30 MM Mes between pH 5.6 an 6.5, and 50 mM sodium (19).
acetate between pH 4.75 and 5.5, and contained 50 mM NaCl Thermal Stability of o-Amylases.Thermal unfolding
and 1 mM CaCGl When required, calcium and chloride recorded in the far- and near-UV shows that both the
removal was carried out by dialysis as describEg) éxcept secondary and tertiary structures of AHA unfold simulta-
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T ' mesophilic homologues belonging to the~&@lependent
100 @;’%ﬁ fn group or toBacillus and Aspergilluso-amylases. A key

— 7 T ; feature of AHA unfolding is its reversible denaturation
=, | 5;‘ } | according to a single cooperative transition between the
2 50- p £ i native (N) and the unfolded (U) state:
& & =~
g - j f 1 N=U 1)
&
s qﬂ“‘a. © ape . -
0 | m‘%‘y@ W . By contrast, all mesophilic-amylases unfold irreversibly

as a result of aggregation which cannot be avoided by
20 40 60 80 100 changing the pH, buffer, or ionic strength or by adding

moderate concentrations of urea, guanidinium chloride,
) ) pyridine, dimethyl sulfoxide, 2-propanol, EGTA, reducing

FIGurRe 2: Thermal unfolding of AHA (left) and BAA (right)  a4ents or detergents. A higher degree of reversib#i§Q@s)

rleocor;d,\ﬁ d,\%p‘grcggarrg,'\(ﬂ:hﬁ’fcr? alt ZWZ],%A nggg”gﬁ?;%?&g% was obtained by guanidinium hydrochloride-induced unfold-

concentrations at 222 nm, AHA (0.30 mg/mL), BAA (0.25 mg/ ing (data not shown). On the other hand, these mesophilic
mL); and at 278 nm, AHA (1.45 mg/mL). o-amylases unfold with AHc./AHe ratio much larger than
unity, revealing large deviations from the two-state model,
. as already suggested by spectroscopic methods. When
aggregation does not impair the calorimetric traces, decon-
volution of the excess heat capacity function reveals three
transitions corresponding to the two-state unfolding of three
cooperative units (Figure 3 and Table 1). Similar deconvo-
lutions into three cooperative domains have also been
reported for Taka-amylase froAspergillus oryza€28) and
for the a-amylase from the hyperthermophilic archaebacte-
rium Pyrococcus furiosu@9). These three calorimetric units
are strongly reminiscent of the three structural domains
displayed by their crystal structures, as frequently observed
in microcalorimetric analysis of large proteirn30j.
Equilibrium Unfolding of AHA.The validity of the
thermodynamic equations related to eq 1 requires that N and
U are in equilibrium and thus that both the reversibility and
the two-state transition are unambiguously established.
Reversibility is well demonstrated by two consecutive DSC
scans of AHA (Figure 4) showing99% recovery ofAHcg,
30 40 50 60 70 80 90 100 110 i.e., the calorimetric denaturation enthalpy calculated from
the area under the heat absorption pe2®.(The validity

FiG 3: Thermal unfolding ofi-amylases. Upper panel: relative of the two-state model is also demonstrated -fa/AHer

IGURE 3. - . . . . .

fluorescence signal. Lower panel: normalized microcalorimetric I’atIO. close to unity 1) where AHeq is mea;ured by the
records. From left to rightt AHA, PPA (closed symbols in relative amount of the heat absorbed to a given temperature
fluorescence, lower curve in DSC), molitor a-amylase (open  and is equivalent to the van't Hoff enthalpy. As shown in
symbols in fluorescence, upper curve in DSC), human salivary Table 2, AHA fulfills this condition at all pHs from the
fi‘(')?]rsn%’slagg’sﬁéﬁir(]tkgs‘gco;rg"ﬁgﬁgn'ir;(t)c;rmgi‘?acrgggi?t('gzrggp5" solubility limit to the optimal pH of stability. Moreover, the
transition in fluorescence normalized on the basig,pfecorded independence of the Ca'o“m,et“c trace.slof AHA_Of ;can rates
in DSC). All experiments were performed in 30 mM Mops, 50 (Petween 20 and 120 K™) is an additional criterion for

mM NaCl, 1 mM CaC}, pH 7.2. Other conditions are given under the equilibrium unfolding 2, 33) and confirms that no

Temperature (°C)

100

Temperature (°C)

Materials and Methods. significant kinetically controlled denaturation takes place
. . . during calorimetric transitions.
neously (Figure 2) with dn value estimated at 4%C. Heat- The difference between the heat capacity of the native and

induced aggregation of mesophilw-amylases precludes  yne ynfolded state AC;) has been calculated using the
similar reliable analysis, except fd. amyloliquefaciens  irchhoff relation:

a-amylase (BAA) which displays an intermediate state
during secondary structure unfolding (Figure 2). Such an AC, = dAH/aT 2
intermediate was also observed during chemically induced
unfolding of PPA 0) and BAA (not shown). Therefore, these A plot of AHca as a function ofT,, values obtained by
enzymes denature according to a non-two-state process. changing the pH of the unfolding medium (Figure 5) has a
Figure 3 illustrates the range of stabilities encountered slope of 8.47+ 0.16 kcal mot* K~1. This value is in good
within the a-amylase family, and Table 1 provides the agreement with those deduced from individual thermogram
thermodynamic parameters associated with thermal unfoldingbase lines (Figure 4). The validity of the calculat&@, is
recorded by microcalorimetry. As indicated by the large further emphasized when this value is replaced in eq 3 along
differences in transition temperaturga.y, the psychrophilic with AHqq and Ty, recorded in conditions of low stability
enzyme is by far the least stable when compared to its (pH 5.7). This function predicts a cold unfolding of AHA at
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Table 1: Thermodynamic ParameterscoAmylase Unfolding

a-amylase Tmax (°C) transitions i) Tm (°C) AHca (kcal mol?) SAHca (kcal mol?)
Alteromonas haloplanctis 43.7 1 43.7 238 238
porcine pancreas 65.6 2 60.7 122 819
65.2 197
Tenebrio molitoimeal beetle) 65.9 3 61.4 101 531
63.9 183
66.4 247
Aspergillus oryza¢Taka amylasé) 69.9 3 64.2 87 488
67.7 147
70.1 254
human salivary 70.3 2 67.4 144 393
70.4 249
Bacillus amyloliquefaciens 85.7 3 79.6 132 487
84.2 183
87.7 172
Bacillus licheniformis 102.5 3 96.0 165 642
100.7 233
104.3 244

aMinimal value due to aggregatiohData from @8).

250

200 +

-1 -1
10 kcal mol K

150

100

AHcal (kcal mol™)
3
|

Excess heat capacity

Tm (°C)

Ficure 5: Linear dependence of the calorimetric enthalpy on the
‘ ‘ : ‘ melting temperature for AHA®) and the first ©), second [),
20 30 40 50 60 and third () transitions of BAA.

Temperature (°C)

FiGURE 4: Two consecutive DSC endotherms of AHA showing €mains in the usual range for other large proteins [maltose
the reversible unfolding of the cold-active enzyme; the progress binding protein AC, = 21.3 cal (mol of residue} K~* for
base line of the reaction is dashed. Rescanning of AHA (3.17 mg/ 370 amino acids34) or AC, = 17.6 cal (mol of residue}

Eé)TxvaSHpgrg;r.med di“ ‘tibse.“9e.°f @a(ﬁo m'?{'_ MOPS'H5 mM 4 K (39 pepsinogenAC, = 16.5 cal (mol of residue}

P .2) In oraer to minimize postiransition scattering an -1 H H . lici —

after in situ cooling at 15C for 1 h, K™* for 370 amino alC|d§§{6), subt|I|S|n. BPN, AC, = 17.5
cal (mol of residue)* K=1 for 275 amino acids37)]. The

heat capacity change on unfolding of AHA also closely fits

Table 2: Thermodynamic Parameters of AHA Unfolding as a

Function of pH with those estimated for the irreversible, non-two-state
unfolding of Taka-amylase [8.7 kcal mélK~! (28)] and
AH AH
pH T (°C) (kcal nizrl) (kcal n?f(f)rl) AHea/ AHett of BAA (3.46, 2.17, and 2.98 kcal mol K~ for the first,
57 306 138 135 102 second, and third transitions, respectively) obtained in the
5.8 32.0 139 145 0.96 present StUdy (Figure 5)
5.9 34.4 166 175 0.95 Thermodynamic Stability of AHAhe stability curve of
g.g 3171; i?g igg 8-32 AHA can now be drawn with confidence using the modified
6.2 379 105 210 0.93 Gibbs—Helmholtz equation:
6.3 39.1 197 212 0.93
6.4 40.7 223 231 0.97 AG(T) =
12 487 238 224 1.06 AH (1= T/T,) + AC(T — T,) — TAC, In(T/T,) (3)

+1 °C, and indeed at this pH, both fluorescence and far- Figure 6 displays the denaturation free energy profile of AHA
UV CD signals recorded at decreasing temperatures display(at pH 7.2) and of small mesophilic and thermophilic proteins
a cold denaturation transition with a midpoint at the (<18 kDa) showing a single cooperative transition as
corresponding temperature. This is one of the rare favorableanalyzed by the same methodology. The molar Gibbs energy
cases whereAC, can be checked experimentally. The corresponds to the energy required to disrupt the structure,
calculatedAC, of AHA is among the largest values reported while the specific value (per mole of residue) allows a
for a protein, but when calculated per mole of residue [18.7 comparison of proteins with widely different size. The molar
cal (mol of residue)* K~ for 453 amino acids], the value  AGnax of AHA is not shifted toward low temperatures but
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FIGURE 6: Gibbs free energy of denaturation of AHA (heavy line), Temperature (°C)

of mesophilic proteins (continuous lines), and of thermophilic ¢ ee 7. Effect of calcium removal on DSC endotherms of AHA
proteins (dashed lines). Upper panel in molar units and lower panel 5her panel), PPA (middle panel), and BAA (lower panel). Three
in specific units (per mole of residue). By increasing ordefl qf conditions are illustrated: the native form with 1 mM2Cédotted);
AHA, T4 lysozyme, barnase, RNase T1, RNase A, spectrin SH3, \, cz+ added (dashed); and €aemoved (continuous) by 5 mM
barstar, phosphocarrier HPr, chymotrypsin inhibitor CI2, protein gcTa (AHA, BAA) or 20 mM EGTA (PPA). All buffers contained

G IgG binding domain, ovomucoid third domain, thioredoxin, 35 M Mop’s—NaOH, 50 mM NaCl, pH 7.2, and the indicated

ubiquitin, and the thermophilic proteins Sac7d and Ssd7¢d4g). concentration of CaGlor EGTA. Base line subtracted DSC data
Inset: molar Gibbs free energy of denaturation of AHA (heavy 1ove been normalized for protein concentration.

line), Taka-amylase, and BAA.

exceeds that of most proteins as a result of the large size CncTabIe 3: Effect of Calcium and Chloride Removal on Transition

. P ters

the cold-adapted enzyme. When the spedifi& is plotted, aramete
rather than the molar value, then AHA displays the lowest _ .~ .. (Ag « CAalAr':?'rl) (k%glArT']_'OCIE—Il)
stability at all temperatures between badtkis whereAG = y —
0. When compared to mesophilic-amylases (Figure 6, AHA  no C& —02 =35 —35
inset), the stability of AHA is 34 times | t all > mM ESTA 10 -6 %2
inset), the stability o is imes lower at a PPA  noCA&'b 36 -3 —16
temperatures. -28 -13

Calcium- and Chloride-Induced StabilizatiodBalcium and 20 mM EGTA —19.5 —49 —90
chloride, when relevant, are integral components of the —20.2 —41

. . . BAA  noCatb -8.3 -21 —103

a-amylase native state and have therefore been included in 75 _33
all the above experiments. In the case of AHAZ?Car ClI~ ~6.0 —44
removal drives thé\Hc./AHex ratio from unity in the native 5mM EGTA —41.6 —67 -321
state to 1.8 in the ion-free state (by decreasing Alfk :gg-i :igg
term), indicating a less compact structure of the ion-free state .\ CF imMcC& -01 10 _10
(30, 35). PPA  noChH 1mMCa& —4.7 —24 ~57

As shown in Figure 7 and Table 3, calcium removal —-4.0 —-33
strongly destabilizes mesophilicamylases by shifting both aData are given as differenced)(between the parameters for the
Tm andAHcg to lower values. Cd removal also induces an  native state (Table 1) and the parameters measured in the indicated
increased separation of the constitutive transitiakig,{in conditions.” No calcium added;-1 uM Ca?* in buffer estimated by

Table 3), leading to flattened DSC traces. Thermograms of atomic absorption.

BAA indicate that this enzyme is nearly unfolded when

calcium is removed by EGTA. These results demonstrate slightly lower than that of the apo-enzyme (Table 3). No
that calcium is a main determinant of theamylase molecule  definitive explanation of this discrepancy can be offered, but
stability: the higher the thermal stability in the native the higherT,, of the apo-form can arise from ionic interac-

conformation, the higher the €ainduced increase of, tions of the carboxylate ligands of the binding site with
and of AH.,. The behavior of AHA differs significantly,  surrounding residues in the €&ree form. Interestingly also,
however, because €aremoval does not decrease thig the Ty, values of apo-PPA and apo-BAA are close to that of

On the contrary, thé, of the C&*-loaded form is even  AHA. It appears, therefore, that the stability of AHA in
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‘ 1 [ ‘ ' bell-shaped curve (Figure 6). Thus, the main adaptation here
is not to drive the thermodynamic stability toward low
temperatures but instead to take advantage of the symmetrical
AG curve to meet the adequate stability. Indeed, at temper-
atures below that ohGnax both the enthalpy and the entropy
of denaturation change their sign and become negative. As
a result, the enthalpic term changes from a stabilizing factor
of the native state to a destabilizing or&8), On the right
side of the stability curve, mesophilic enzymes reach the
necessary balance between the optimal stability (leading to
30 40 50 60 70 80 a compact molecule) and flexibility (required for the catalytic
function) by using the thermal dissipative force,TAS

) which in turn leads to thermal denaturation at high temper-
Ficure 8: Effect of chloride removal on DSC endotherms of AHA atures. By contrast, on the left side, cold denaturation of

(left curves) and PPA (right curves) showing the native enzymes : . .
(dotted) and the CHree forms (continuous) obtained after dialysis PrOt€ins occurs because the total Gibbs energy of hydration

against 30 mM MopsNaOH, 1 mM CaSQ@ pH 7.2. Base line of polar and nonpolar groups is negative and increases in
subtracted DSC data have been normalized for protein concentra-magnitude with decreasing temperatur@9) (It follows that
tion. the potential source of flexibility of the psychrophilic enzyme
. N - at 0°C is radically different from that of mesophiles at 37
optimal conditions corresponds to the lowest stability before o gnq mainly arises from group hydration. This finding
disruption of the native state of mesophiticamylases, as probably explains the frequently observed lowad psy-
far asTp, values are concerned. ~ chrophilic enzymes and the improved interactions with the
The allosteric activation mediated by the unusual chloride ggyent through charged surface residu&-43).
ion is well recognized, but Figure 8 shows that the anion  There are no substantiated reports of bacterial growth
also pro_vjdes a weak, but noticeable, extra stability to.t_he below—12°C (44), and, interestingly, the stability curve in
mesophilic a-amylase. In the case of the psychrophilic ontimal conditions predicts cold unfolding of AHA nead0
enzyme, chloride removal does not alter fhevalue and ¢ Therefore, cold denaturation of proteins such as this
only slightly decreaseAHc. (Table 3). In this respect, the  ;_amylase is certainly one of the limiting factors of life at
effect of chloride on AHA is similar to that of calcium. low temperatures. We have previously shown that the
recombinant AHA is not produced i. coli grown at 37
DISCUSSION °C whereas it is readily produced at 18 while keeping
Despite striking sequence and structure similarity with the wild-type kinetic propertieslg). At 37 °C, the psychro-
othera-amylases, it is noteworthy that AHA is the largest philic enzyme initiates the thermal unfolding transition
known protein that undergoes a reversible equilibrium (Figure 4) and is either denatured or fails to fold within the
unfolding. The weak hydrophobicity of its core cluste®s (  E. coli cell. By contrast, at 18C the stability curve of this
19) and the low melting temperature, at which hydrophobic enzyme reaches the optimal values (Figure 6), demonstrating
interactions are restrained, certainly account for the reversiblethe possibility to express heat-labile psychrophilic enzymes
character because, unlike mesopluliamylases, aggregation  in mesophilic hosts at moderate temperatures for biotech-
does not occur. On the other hand, the unique cooperativenological uses.
unfolding of AHA is best explained by the lack of significant Another key feature of AHA conformation is the disap-
interactions between its structural units and their very weak pearance of the strong calcium-mediated stabilization re-
stability, both leading to the simultaneous denaturation of corded for mesophili@-amylases. Three functions of the
all the structural elements (shown by circular dichroism) and main conserved Cé ion can be defined: the allosteric
a merged heat absorption peak. Should these properties bactivation (L1, 14); a structural function by bridging domains
extended to other psychrophilic enzymes, they would obvi- A and B, inducing the formation of the substrate-binding
ously constitute an invaluable material for folding studies site (17); and a stabilization role by promoting extra
of large proteins. energetically favorable interactions within the protein struc-
Plots of AG as a function of temperature give a complete ture @5, 46). According to our results, Cabinding to AHA
view of the enzyme stability at physiological and nonphysi- retains the allosteric function9( 10) and the structural
ological temperatures. The low stability of the psychrophilic function (as shown by the increase &ty and aAHca/
enzyme AGnax = 22 cal (mol of residue) at 17 °C and AHef ratio close to 1 in the Ca-loaded form) but has no
AG = 12 cal (mol of residue) at 0°C] essentially arises  capacity to provide the usually observed extra-stability,
from the lowAHg, andT,, values reported in Table 1. They despite Ca" chelating groups, binding site geometry, and
are the obvious consequence of the strongly reduced numbecoordination distances identical to those of mesophilic
of weak interactions stabilizing its three-dimensional structure a-amylases 19). It seems reasonable to conclude that the

Cp (kcal mol 'K

Temperature (°C)

(9, 19). For comparison, we have estimated tR6,y of low C&*-binding constantg) and the lack of stabilization

BAA (483 amino acids) to be 70 cal (mol of residu&ht effect arise from the loose conformation of AHA. The same
34 °C and theAGna of Taka-amylase (478 amino acids) to conclusion also applies to chloride binding, although the
be 79 cal (mol of residue} at 12°C anion effect is less pronounced. This chloride-induced

A striking feature of the AHA stability curve is the fact stabilization can be explained by the bridging of the
that unlike mesophilic proteins, the physiological temperature secondary structuregp, s, and g of the central barrel
for the psychrophilic enzyme lies far on the left side of the carrying the chloride ligands.
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Noticeably, we were unable up to now to produce site-

directed destabilized mutants of AHA: these mutants are

denatured a few hours after their productiorircoli, unlike

stabilized mutants which can be produced in large quantity. »q
This aspect, as well as the disappearance of the ion-mediated

extra stability and the simultaneous unfolding of all AHA

structural elements, suggests that it has evolved toward a 21-
state close to the lowest possible stability, i.e., that the high

degree of flexibility required for efficient catalysis at low

temperatures precludes further destabilization of the native

state. If AHA cannot be less stable (or more resilient), this

enzyme should be unable to further adapt to catalysis at low

temperature. This limitation would explain the imperfect

adaptation of psychrophilic enzymes, i.e., that their activity
at low temperature, although very high, remains generally
lower than that of mesophilic enzymes at 3.
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