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The a-amylase secreted by the antarctic bacterium Alteromonas haloplanctis displays 66% 
amino acid sequence similarity with porcine pancreatic a-amylase. The psychrophilic a-amylase is 
however characterized by a sevenfold higher k,,, and k,,/K,,, values at 4°C and a lower conforma- 
tional stability estimated as 10 kJ . mol-' with respect to the porcine enzyme. It is proposed that both 
properties arise from an increase in molecular flexibility required to compensate for the reduction of 
reaction rates at low temperatures. This is supported by the fast denaturation rates induced by 
temperature, urea or guanidinium chloride and by the shift towards low temperatures of the apparent 
optimal temperature of activity. 

When compared with the known three-dimensional structure of porcine pancreatic a-amylase, 
homology modelling of the psychrophilic a-amylase reveals several features which may be assumed 
to be responsible for a more flexible, heat-labile conformation: the lack of several surface salt 
bridges in the @/a)* domain, the reduction of the number of weakly polar interactions involving an 
aromatic side chain, a lower hydrophobicity associated with the increased flexibility index of amino 
acids forming the hydrophobic clusters and by substitutions of proline for alanine residues in loops 
connecting secondary structures. The weaker affinity of the enzyme for Ca2+ (Kd = 44 nM) and for 
C1F (Kd = 1.2 mM at 4°C) can result from single amino acid substitutions in the Ca2+-binding and 
CIF-binding sites and can also affect the compactness of a-amylase. 

The physical basis of the forces driving the folding of a 
polypeptide chain and maintaining the final structure remains 
only understood in general terms. Accordingly, the relative 
contributions of the determinants of protein stability, mainly 
the various weak electrostatic interactions and the hydropho- 
bic effect, are still under debate (Creighton, 1991). Amongst 
the several approaches currently used, the analysis of pro- 
teins from extremophiles provides valuable insights on the 
molecular strategies adopted in response to environmental 
stress such as extremes of pH, pressure, salinity or temper- 
ature (Zuber, 1988 ; Jaenicke, 1991). Enzymes from thermo- 
philic microorganisms for example seem stabilized by 
strengthening one or a combination of noncovalent interac- 
tions making use of a small number of amino acid replace- 
ments (Fontana, 1991; Jaenicke, 1991). 

By contrast, psychrophilic microorganisms persisting at 
low temperatures have received little attention. Enzymes 
from these organisms are characterized by marked heat labil- 
ity which has been commonly correlated with environmental 
conditions (Ushakov, 1964). However, enzymes from psy- 
chrophiles also display high specific activity which is the 
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main property for enzyme adaptation to catalysis at low envi- 
ronmental temperatures. Hochachka and Somero (1984) have 
argued that enzymes which can readily undergo conforma- 
tional changes during catalysis at low temperature are capa- 
ble of supplying most of the energy for activation events and 
can reduce the activation energy barrier of their chemical 
reactions. Thermal instability is regarded as the consequence 
of the highly flexible structure of cold-active enzymes. Psy- 
chrophilic enzymes that have evolved towards high confor- 
mational flexibility and catalytic efficiency therefore repre- 
sent appropriate candidates for protein-stability analysis. 
Cloning of genes from psychrophilic bacteria in Escherichia 
coli results in the expression of thermolabile recombinant 
enzymes active at temperatures close to 0 "C demonstrating 
the intrinsic character of these properties (Feller et al., 1991; 
Davail et al., 1992; Rentier-Delrue et al., 1993). In most 
cases however, the analysis of psychrophilic protein se- 
quences has been impaired by insufficient isology with their 
mesophilic counterparts. 

We have previously reported the characterization and the 
nucleotide sequence of the a-amylase secreted by a Gram- 
negative antarctic bacterium Alteromonas haloplanctis 
(Feller et al., 1992). In this study, we report typical stability 
parameters of A. haloplanctis and porcine pancreatic a-amy- 
lases. A model of the heat labile a-amylase has been con- 
structed on the basis of the three-dimensional structure of the 
porcine enzyme recently solved at 0.21 -nm resolution (Qian 
et al., 1993). 
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Table 1. Kinetic parameters for the amylolytic activity of A. haloplanctis and porcine pancreatic a-amylases. Linear reaction rates were 
recorded in 100 mM Hepes, 50 mM NaC1, 10 mM MgC12, pH 7.1. Assays using Np(Glcp)70CH3CH2+ as substrate also contained 23 U/ml a- 
glucosidase as coupling enzyme. Substrate concentrations were varied from 0.4-4 X K,. k,,, values for starch are calculated on the basis of 
maltose released. Values are the mean of at least three determination sets. SE for k,,, and K ,  was S 5 %  [ N ~ ( G ~ c ~ ) ~ O C H , C H ~ + ]  and G8% 
(starch). 

a-Amylase Assay Substrate 
temperature 

starch Np(Glcp),OCH,CH'+ 

k,, Km kcaJKm kcat Km kcatlK, 

"C 

25 
Porcine 4 

25 

A. haloplanctis 4 

s-1 . pM-1 
S-' g .1-' s-' . g-1 . 1  S-' PM 
490 1.09 450 233 820 0.28 

1363 1.27 1075 1504 186 8.08 

71 1.05 68 38 276 0.14 
326 1.12 292 394 87 4.54 

MATERIALS AND METHODS 
Sources 

The heterotrophic aerobic strain A. haloplanctis A23 was 
isolated near the Dumont d'Urville antarctic station (60'40' 
S, 40"Ol'E). Porcine pancreatic a-amylase was from Sigma 
(A6255). 

Purification of A. haloplanctis a-amylase 
The antarctic strain was cultivated at 4°C for 3 days in 

3.5 1 broth containing 10 g/l bactotryptone, 5 g/l yeast ex- 
tract, 20 g/l NaC1, 10 g/l sea salts, 20 g/l maltose, pH 7.6, 
vigorously aerated by air bubbling. After centrifugation at 
11 000 g, the culture supernatant was adjusted to 0.02% 
NaN3, concentrated to 400 ml and diafiltrated against 50 mM 
Tris/HCl, 1 mM CaCl,, pH 7.5, using a Minitan tangential 
flow ultrafiltration unit (Millipore) fitted with PTGC mem- 
branes (10-kDa retention limit). The sample was loaded on 
a DEAE-agarose column (2.5 cmX40 cm) equilibrated in 
the above mentioned buffer and eluted with a NaCl linear 
gradient (500 ml each starting buffer, 0-0.8 M NaC1). 
Fractions containing amylolytic activity were concentrated 
to 10ml and applied onto a Sephadex G-100 column 
(2.5 cmX 100 cm) eluted with 50 mM Tris/HCl, 1 mM CaCl,, 
pH 7.0, followed by gel filtration on an Ultrogel AcA 54 
column (2.5 cmX 100 cm) eluted with the same buffer. For 
further experiments, the purified a-amylases were condi- 
tioned in the appropriate buffers by gel filtration on a PD-10 
column (Pharmacia). 

Enzyme assay 
The standard assay was carried out at 25°C with the a- 

amylase EPS kit (Boehringer) using 3.5 mM 4-nitrophenyl- 
a-~-maltoheptaoside-4,6-O-ethylidene [Np(Glcp),0CH3CHZ+] 
as substrate and excess (23 U/ml) of a-glucosidase as cou- 
pling enzyme in 1 O O m M  Hepes, 50mM NaCl, 1OmM 
MgCl,, pH 7.1. Activities towards the synthetic substrate were 
recorded in a thermostated Uvicon 860 spectrophotometer 
(Kontron) and values were calculated using an absorption co- 
efficient for 4-nitrophenol of 8980 M-' . cm-' at 405 nm 
(Raucher et al., 1985). The amylolytic activity was also deter- 
mined by the dinitrosalicylic acid method (Bernfeld, 1955) 
using 1% soluble starch (Sigma) as substrate in the above- 
mentioned buffer. 

Analytical procedures 

The enzyme concentrations were determined spectropho- 
tometrically by using Aol" = 2.41 at 280 nm for the porcine 
a-amylase (Levitzki and Steer, 1974) and A''" = 1.90 at 
280 nm for the bacterial a-amylase. The kinetic parameters k,, 
and K,  were determined by the initial velocity method using 
a nonlinear regression computer fit of the saturation curves. 

Cl--free a-amylase was prepared by gel filtration on a PD- 
10 column eluted with 25 mM Hepes/NaOH, pH 7.0. The 
dissociation constants for C1- were calculated from computer- 
fitted activation curves generated by NaCl titration in the 
above-mentioned reaction mixture except that the buffer was 
replaced by 25 mM Hepes/NaOH, pH 7.0. Apo a-amylase 
(Cl-, Ca2+-free) was prepared by overnight dialysis of the na- 
tive enzyme against 25mM Hepes/NaOH, 5 mM EGTA, 
pH 8.0. Activation kinetics obtained by calcium titration were 
performed in 25mM HepesBaOH, 50mM NaC1, 5mM 
EGTA, 3.5 mM Np(Glcp)70CH,CH2+, 23 U/ml a-glucosidase, 
pH 8.0. The desired free Ca2+ concentration was set by addi- 
tion of 50 mM CaC1, according to a program developed by 
Robertson et al. (1982). The data points were computer fitted 
according to the Hill equation. 

Guanidinium chloride (GdmCl) denaturation curves were 
recorded according to Pace et al. (1989). Enzymes (36 pg/ml) 
were subjected to increasing GdmCl concentrations in 30 mM 
Mops, pH 7.0. Following 4 h incubation at 25"C, the fluores- 
cence intensity of the samples was recorded using a Perkin 
Elmer LS 50 spectrofluorimeter at an excitation wavelength 
of 280 nm. Emission wavelengths were 340 nm and 347 nm 
for the porcine and A. haloplanctis a-amylases respectively. 

Molecular modelling 

The psychrophilic a-amylase model was constructed from 
the porcine pancreatic a-amylase coordinates using the pro- 
gram TURBO-FRODO (Roussel and Cambillau, 1990). Few 
insertions were operated and deletions mainly affected surface 
loops between Ap3 and Bfl, between Aa4 and A/35 and be- 
tween Ap8 and Aa8. Amino acid replacements were generated 
in the low energy conformation. Energy minimization and 
low-temperature molecular dynamics were carried out using 
X-PLOR (Briinger et al., 1987). 
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Fig. 1. Effect of assay temperature on amylolytic activity. Specific 
activities of A. huloplunctis (0) and porcine pancreatic (0) a-amy- 
lases were recorded at increasing temperatures using 3.5 mM 
Np(Glcp),OCH,CH*+ as substrate under standard assay conditions. 
Reaction rates are reported relative to the maximal activity recorded. 

RESULTS 

Thermodependence of enzyme activity 

The kinetic parameters k,,, K ,  and the physiological effi- 
ciency k,,lK, for the amylolytic activity of the bacterial and 
the porcine a-amylases are given in Table 1. The k,,, of the 
psychrophilic a-amylase towards the natural substrate at 4 "C 
is seven times the value displayed by the porcine enzyme. As 
a result of similar K,  values for starch in both enzymes, the 
k,,,lK, ratio is also more favourable to A. haloplanctis a-amy- 
lase. The same behaviour is recorded using the synthetic sub- 
strate Np(Glcp)70CH,CH2+, although the Michaelis constants 
of A. haloplanctis a-amylase are larger. The thermodependen- 
cies of the amylolytic activity of both enzymes are shown in 
Fig. 1. The drastic shift of the apparent optimal temperature 
of activity (from 50°C for the porcine enzyme to 30°C for the 
bacterial enzyme) indlcates that thermally induced alterations 
of the catalytic mechanism occur at moderate temperatures in 
the case of the psychrophilic a-amylase. 

a-Amylase stability 

The thermal stability of the amylolytic activity of both a- 
amylases is shown by the denaturation curves at 50°C 
(Fig. 2A). The half time of inactivation (tJ for the A. ha- 
loplanctis protein is approximately 20 times lower than for the 
porcine a-amylase. The difference in free energy of stabiliza- 
tion between both enzymes, estimated by the relation AAG = 
2.3RTlog(t,,It,,), amounts to 8 kJ . mol-'. As shown in 
Fig. 2B, urea also induces a very fast inactivation of A. ha- 
loplanctis a-amylase. The GdmCl denaturation curves of both 
a-amylases monitored by intrinsic fluorescence are shown in 
Fig. 3. As the denaturant concentration increases, the fraction 
of native porcine enzyme molecules decreases according to a 
biphasic decay; the transition step can arise from the unfolding 
of different domains. The concentration for half denaturation 
[GdmC1],,2 is 1.4 M. In the case of A. haloplanctis a-amylase, 
GdmCl induces a fast denaturation of the protein structure 
with a [GdmCl],, value of 0.8 M. The curve only displays a 
minor deviation corresponding to the transition step of the 
porcine protein indicative of a less accentuated resistance of 
the bacterial a-amylase structure to GdmC1. The difference 
in conformational stability between the psychrophilic and the 
porcine a-amylases has been estimated by the relation AAG = 

T i m e  (min) 

Fig.2. Thermal stability (A) and urea denaturation (B) of the 
amylolytic activity. (A) A. haloplunctis (0) and porcine pancreatic 
(0) a-amylases were incubated at 50°C in 50 mM Tris/HCl, 1 mM 
CaCl,, pH 7.0, and residual activities were recorded under standard 
assay conditions using 3.5 mM Np(Glcp),OCH,CHZ+ as substrate. (B) 
A. huloplunctis and porcine pancreatic a-amylases (symbols as in A) 
were incubated at 25°C in the above mentioned buffer including 
3.2 M urea and residual activities were recorded under standard assay 
conditions. 
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curves. The 
fol;ded fractionf, of A. haloplunctis (0) and porcine pancreatic (0) 
a-amylases is plotted for increasing GdmCl concentrations. Fluores- 
cence intensities of a-amylases (36 pg/ml) were recorded at 25°C in 
30 mM Mops, pH 7.0. The fraction of protein in the folded state fp 

was calculated using fF = y-y,,/yn-yo, where yN and yo are the fluo- 
rescence intensities of the native state and the fully denatured state 
respectively; y is the fluorescence intensity at a given GdmCl concen- 
tration. 

A([GdmCl],,2)m,, where ma is the average value of the slopes 
from plots of [GdmCl] versus the free energy of unfolding, 
AG, = AG,,,-m[GdrnCl] (Pace et al., 1989). This difference 
in conformational stability amounts to 10 kJ . molF and is in 
reasonable agreement with the thermal inactivation estimate. 

Dissociation constants 
Removal of either Ca2+ or C1- results in the reversible 

inactivation of A. haloplanctis a-amylase. This allows the de- 
termination of the dissociation constants, Kdr by activation ki- 
netics following calcium or chloride titration. Fig. 4 shows the 
allosteric activation by these ions. The deduced Kd values are 
compared in Table 2 with those previously determined for the 
pancreatic a-amylase. The binding affinity for both ions is 
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p C a 2 +  N a C l  (mM)  

Fig. 4. Activation of A. haloplanctis a-amylase by Caw and C1-. 
(A) Calcium titration of the &'+-free enzyme in the presence of 
5 mM EGTA and chloride; pCa2+ = -log[Ca2+]. (B) Chloride titra- 
tion of the Cl--free enzyme at 4°C (0) and 25°C (W). 

Table 2. Dissociation constants of the Clb-amylase and the CaY 
amylase complexes. Kd data from A. haloplanctis a-amylase are de- 
rived from activation kinetics experiments shown in Fig. 2. SE for Kd 
was S 5 %  (Cl-) and 12% (Ca"). Kd data for porcine pancreatic a- 
amylase are taken from Levitzki and Steer (1974). 

a-Amylase Kd 

c1- Ca2+ 

4 "C 25 "C 25 "C 

mM nM 

A. haloplanctis 1.2 6.7 44 
Porcine 0.093 0.29 0.02 

significantly lower in the psychophilic a-amylase as indicated 
by a 10-20-fold increase of the Kd value for C1- and a 2000- 
fold higher K,-value for Ca2+. 

A. haloplanctis a-amylase structural model analysis 

Amino acid sequences of A. huloplunctis and porcine pan- 
creatic a-amylases can be aligned with 53% positional iden- 
tity. This value increases to 66% when considering amino acid 
residues of the same type (Fig. 5). Conserved amino acids oc- 
cur essentially in the secondary structures of the porcine en- 
zyme and in regions bearing functional residues pertaining to 
the active site as well as to the ion-binding sites. This favoura- 
ble degree of identity allowed the building of a model of the 
three-dimensional structure of the psychrophilic a-amylase. 
The predicted molecular architecture follows the pattern of 
known a-amylase structures (Swift et al., 1991; Qian et al., 
1993). The enzyme is made of a central barrel (domain 
A), a P-pleated domain B and a globular C-terminal domain 
C. Amino acids with their side chain directed towards the 
active site, amongst which Glu233, Asp300 and Asp197 are 
the main catalytic residues, are conserved suggesting a very 
close reaction mechanism in both enzymes. The structural 
model of A. huloplanctis a-amylase was analyzed in order 
to identify the weak interactions and the structural features 
potentially involved in the structure flexibility of the psychro- 
philic enzyme. The results are summarized in Table 3. 

10 20 30 40 50 
********TPTTFVHLFEWNWQDVAQECEQYLGPKGYAAVQVSPPNEHI**T*GS 
QYAPQTQSGRTSIVHFEWRWVDIALECERYLGPKGFGGVQVSPPNENVVVTNPS 

A81 Aa 1 AB2a AB2b 
60 70 80 90 100 110 

O*WWTRYQPVSYELQSRGGNRAQFIDMVNRCSAAGVDIYVDTLINHM***AAGSG 
RPWWERYQPVSY KLCTRSGNENEFRDMVTRCNNVGVRIYVDAVI NHMCGSGAAAG 

Aa2 A03 BB1 
120 130 140 150 160 

TGTAGNSFGN***KSFP*I*YSPQDFHES*C*T*INNSDYGNDRYRVQNCELVGL 
TGTTCGSYQJGSWAVPY SAWDFNDGKCKTAS~ESYNDPYQVRDCQLV~ 

BC2 883 884 885 BB6 8137 B a l  BB8 
170 180 190 200 210 220 

ADLDTASNYVQNTIAAYINDLQAIGVKGFRFDASKHVAASDIQSLMAK***VN** 
LDLALEKDYVRSMIADYLNKLIDIGVAGFRIDASKHMWPGDIKAVLDKLHNLNTN 

8139 A a 3  A 0 4  A a 4  
230 240 250 260 270 

****GS*PVVFQEVIDQGGEAVGASEYLSTGLVTEFKYSTELGNTFRNGSLA*** 
W F P A G S R P ~ V I D L G G E A I S S S E Y F G N G R V T E F K Y G A K L G T V V R K W S G E ~  

AB5 A3105 A 0 6  A a 6 a  
280 290 300 310 320 

WLSNFGEGWGFMPSSSAVVFVDNHDNQRGHGGAGNVI*TFEDGRLYDLANVFMLA 
WGEGWGFMPSDMFVDNHDNQRGHGAGGSSILTFWDARLYKVAVGFMLA 
A3106b AB7 ACl7 

340 350 360 370 380 
YPYGYPKVMSSYDFHGDTDAGGP*N**V*PVHNNG*******NLE**CFASNWKC 
- HPYGFTRVMSSYRWARNFVNGEDVNDWIGPPNNNGVIKEVTINADTTC*GNDWVC 

A 0 8  
390 400 410 420 430 

EHRWSYIAGGVDFRNNTADNWAVTNWWDNTNNQISFGRGSSGHMAINKEDSTLTA 
EHRWREIRNMVWFRNV*VDGQPFANWWDNGSNQVAFGRGNRGFIVFNNDDWQ~ 

A a 8  CBl  CC2 CB3 
450 460 4 70 480 490 

TVQTDMASGQYCNVLKGELSADAKSCSGEVITVNSDGTINLNIG**AWDAM*AIH 
TLQTGLPGGTYCDVISGW*GNSCTGIKVYVSSDGTAQFSISNSAEDPFIAIH 
CB4 CR5 CB6 CB7 CB8 CB9 CC10 

KNAKLNTSSAS 453 AHA 
- AESKL****** 496 PPA 

Fig. 5. Amino acid sequence alignment of A. haZoplanct?s and por- 
cine pancreatic a-amylases. Residues are numbered according to the 
porcine a-amylase sequence with no number for inserted residues and 
no number shift for deleted residues. The secondary structures of the 
porcine enzyme identified by Qian et al. (1993) are underlined; de- 
leted or inserted residues are indicated (*). 238 amino acids of A. 
haloplanctis a-amylase are conserved in the porcine enzyme. When 
considering residues of the same type (G = A  = S, S = T, L = I = 
V, F = W = Y, E = D  = R = K, Q = N), 301 amino acid residues 
are conserved. 

Disulfide bonds 

A. haloplunctis a-amylase contains eight cysteine residues. 
Sulfhydryl titration by 5,5'-dithiobis-(2-nitrobenzoic acid) of 
both the native and the denatured enzyme in 8 M urea indi- 
cates that there is no free thiol group. Since the positions of 
these cysteine residues correspond to residues forming disul- 
fide linkage in the porcine a-amylase, four conserved disulfide 
bonds are proposed for the bacterial enzyme (28-86, 141 - 
160, 378-384,450-462). 

DISCUSSION 

The k,, and k,,lK,,, values of the a-amylase excreted by 
A. huloplunctis are larger than the values determined for the 
porcine enzyme over a temperature range of 0°C to at least 
25°C. This increase largely compensates for the reduction of 
the reaction rates occurring at low temperatures since both k,, 
and k,,lK, values for starch of the psychrophilic a-amylase at 
4°C are higher than the corresponding values of the pancreatic 
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Table 3. Structural parameters potentially involved in the stability 
of a-amylase conformation. - , denotes an expected decrease of sta- 
bility; (), low or undefined effect. ZH,, sum of the hydrophobicity 
values Hi from the PRIFT scale (Comette et al., 1987) for the 25 
substitutions in the hydrophobic clusters of A. haloplunctis and por- 
cine pancreatic a-amylases. 

Parameter a - A m y 1 as e 

A. halo- Porcine stability 
planctis 

Expected 
effect on 

Salt bridges 
Amino-aromatic interactions 
Oxygen-aromatic interactions 
Sulfur-aromatic interactions 
Aromatic-aromatic interactions 
Hydrophobic clusters (ZH,) 
Proline content 
Arginine content 
Disulfide bonds 
Helices dipoles - charges at Na 
Helices dipoles + charges at Ca 
Caz+ affinity 
C1- affinity 

7 
9 

13 
2 

19 
47 
13 
13 
4 
2 
3 

low 
low 

enzyme at 25°C. Hochachka and Somero (1984) have pro- 
posed that this catalytic efficiency can be gained by an appro- 
priate folding flexibility. A loose conformation of the psychro- 
philic a-amylase is indeed suggested by the susceptibility of 
secondary structures to unfolding at moderate temperatures 
(Feller et al., 1992), by the fast denaturation rates induced by 
temperature, urea or GdmCl and by the shift of the apparent 
optimal temperature of activity. The high dissociation con- 
stants for Ca” and C1- possibly also reflect a less compact 
protein structure. 

Ca2+-binding and C1--binding sites 
Calcium coordination in porcine pancreatic a-amylase oc- 

curs through a pentagonal bipyramid involving the carboxyl 
oxygens of Asp167 and the carbonyl oxygen of His201 at the 
apices, three water molecules, of AsnlOO and the main- 
chain carbonyl of Arg158. The latter is replaced by Gln158 in 
A. haloplanctis a-amylase whereas the other Ca2+ ligands are 
conserved. As Argl58 in the porcine enzyme coordinates the 
Ca” ion via the main-chain carbonyl, there is apparently no 
drastic modification of the A. haloplanctis a-amylase binding 
site that would account for its 2000 times lower binding affin- 
ity. In the porcine enzyme however, Argl58 forms a salt 
bridge with Glu246 and, as a result of its charge resonance 
structure, also forms an amino-aromatic interaction with 
Trp203 (alanine in A. haloplanctis a-amylase). The three resi- 
dues are conserved in all mammalian a-amylases. As these 
interactions are absent in the bacterial enzyme, Gln158 is less 
f i i y  oriented in the Ca2+-binding site. The Ca” of a-amy- 
lases bridges a cleft between domains A and B forming the 
active site (Qian et al., 1993). If the high specific activity of 
the psychrophilic a-amylase is a consequence of a more flexi- 
ble active site, then the substitution Argl58+Gln is certainly 
of importance through its effect of weakening interdomain 
contacts around the catalytic cleft. 

The chloride-binding site of the pancreatic a-amylase is 
composed by Arg195 (N@), Asn298 (N”) and the side-chain 
amine of Arg337 coordinating C1- in a bidentate mode. This 
chloride-binding site is conserved in all mammalian a-amy- 

lases but differs in A. haloplanctis by a lysine residue instead 
of Arg337. As lysine can only provide an unidentate coordina- 
tion, this substitution can account for the 10-20-fold lower 
Cl--binding affinity of the psychrophilic a-amylase. 

Calcium protects a-amylases against heat inactivation 
(Vihinen and MZntsAa, 1989) and we have found that chloride 
is required for optimal stability of A. haloplunctis a-amylase 
(Feller et al., 1992). It follows that the low Ca2+-binding and 
Cl--binding affinities are additional factors leading to a low 
stability. In thermophiles, stabilization by tight calcium bind- 
ing is well documented and involves either unusual high affin- 
ity or even extra Ca2’-binding sites (Teplyakov et al., 1990). 
No equivalent Cl--binding site has yet been described in ther- 
mophiles. 

Conformational stability of the psychrophilic enzyme 
The various structural factors potentially promoting flexi- 

bility of A. haloplanctis a-amylase (Table 3)  occur essentially 
in the domain A but also affect interactions between the 
three domains. When compared with the crystal structure of 
the pancreatic enzyme, the model of the psychrophilic a-amy- 
lase is characterized by the lack of 12 surface salt bridges. In 
most cases, this difference arises from the replacement of the 
basic residue of the pair by a glutamine residue or an aspara- 
gine residue. Weakly polar interactions were analyzed using 
the angles and interatomic distance parameters given by Bur- 
ley and Petsko (1988). As shown in Table 3, the number of 
amino-, oxygen-, and sulfur-aromatic interactions is lower in 
the bacterial protein. By contrast, the strong conservation of 
aromatic-aromatic interactions certainly reflects their essential 
function in the conformation of both enzymes. However, ther- 
mophilic enzymes and the thermostable a-amylase from Bacil- 
lus lichenifomis are protected against irreversible thermoinac- 
tivation through rigidification of the molecule by additional 
salt bridges (Perutz and Raidt, 1975; Tomazic and Klibanov, 
1988) and weakly polar interactions (Teplyakov et al., 1990). 

Amongst the 84 residues forming the hydrophobic clusters 
of the porcine a-amylase (Raimbaud et al., 1989), 25 subsitu- 
tions were noted in the corresponding positions of A. ha- 
loplanctis a-amylase. 80% of these substitutions are accompa- 
nied by a sharp decrease of the hydrophobicity index using 
either the statistical PRTFT scale or the experimental scale of 
Aboderin (see Cornette et al., 1987 for normalized values). In 
addition, 72% of these substitutions increase the main-chain 
flexibility parameter derived by Karplus and Schultz (1985) 
from the crystallographic temperature factor of individual 
amino acids. Assuming that urea and GdmCl act mainly by 
weakening hydrophobic interactions, their strong denaturing 
effect on A. haloplanctis a-amylase also suggests a low hydro- 
phobicity of the core clusters. Conversely, several studies 
(Mozhaev et al., 1988), especially a study on the a-amylase of 
Bacillus stearothermophilus (Brosnan et al., 1992) support a 
reinforcement of hydrophobic interactions in proteins from 
thermophiles. 

The psychrophilic enzyme has the lowest proline content 
found in a-amylases. The sequence aligment (Fig. 5 )  shows 
that 9 proline residues are conserved in both enzymes whereas 
12 proline residues are either deleted or substituted by small 
amino acids such as alanine. These substitutions/deletions 
mainly occur within loops or turns and favour the flexibility 
of the chain connecting adjacent secondary structures. Indeed, 
the thermostability of oligo-l,6-glucosidase from Bacillus 
thermoglucosidasius has been correlated with the presence of 
additional proline residues (Watanabe et al., 1991) because the 
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pyrrolidine ring severely restricts the available dihedral angles 
of the preceding residue and decreases the backbone entropy 
of unfolding. A. haloplanctis a-amylase also possesses a low 
arginine content. Since the charge resonance of the guanidi- 
nium group gives arginine the possibility to form more than 
one electrostatic bond (Mrabet et al., 1992), an increased argi- 
nine content has been correlated with heat stability in thermo- 
philic enzymes (Merkler et al., 1981). 

The disulfide bond Cys70-CysllS is absent in A. ha- 
loplanctis a-amylase. However, mesophilic a-amylases from 
Aspergillus oryzae (Swift et al., 1991) and Streptomyces limo- 
sus (Long et al., 1987) are also devoid of this disulfide linkage 
which does not seem of crucial importance for stability. Nega- 
tively charged side chains at the N-terminal first turn of a 
helices and positively charged side chains at the C-terminal 
last turn of a helices are considered as stabilizing factors 
(Shoemaker et al., 1987; Rentier-Delrue et al., 1993). A. ha- 
loplanctis a-amylase contains less favourable charge-dipole in- 
teractions than the porcine enzyme, but unfavourable charge- 
dipole interactions are numerous in both a-amylases so that 
no definitive conclusion can be drawn. 

In conclusion, the psychophilic enzyme alters several 
weak interactions in order to gain structural flexibility. Inter- 
estingly, enzymes from thermophiles reinforce the same type 
of interactions indicating that there is a continuum in the strat- 
egy of protein adaptation to temperature. One can reasonably 
assume that the lower conformational stability of A. ha- 
loplanctis a-amylase (= 10 kJ . mol-’) is achieved by the net 
balance between exothermically formed weak bonds (electro- 
static, stabilized by a decrease of temperature) and endother- 
mically formed interactions (hydrophobic, destabilized at low 
temperature). The determination of the three-dimensional 
structure of A. haloplanctis a-amylase and the construction of 
site-directed mutants are now required for a detailed analysis 
of the adaptation parameters suggested by molecular model- 
ling. 
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