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Amylases are enzymes capable of hydrolysing starch and related saccharides.
The best known are α-amylase, β-amylase and glucoamylase. Basically, they
belong to glycoside hydrolases in the system of which they form their own fam-
ilies 13, 14 and 15, respectively, although some α-amylases were classified in
the family 57. While α-amylase is an α-retaining enzyme, both β-amylase and
glucoamylase use the α-inverting reaction mechanism. From the structural
point of view, both α-amylase and β-amylase rank among the (β/α)8-barrel
enzymes (TIM-barrels), while glucoamylase adopts the structure of parallel
(α/α)6-barrel fold. β-Amylase and glucoamylase families contain only one
actual specificity, whereas the α-amylase family cover more than 20 different
ECs. With regard to sources of the amylolytic enzymes, they are in general
produced by various microorganisms, plants and animals, the α-amylases be-
ing found in the widest spectrum of living systems. The properties of amy-
lolytic enzymes usually reflect the characteristics of the environment occupied
by the living organism, which is the source of the enzyme.

Key words: alpha-amylase, beta-amylase, glucoamylase, glycoside hydrolases,
thermostability.

Introduction

Starch and cellulose belong to the most abundant
carbohydrate polymers on Earth. They both con-
sist of glucose monomer units which are, how-
ever, differently bound to form polymer chains:
starch contains the glucose linked up by the α-
glucosidic bonds while the glucose in cellulose

is bound by the β-glucosidic linkages. Therefore
these two important sources of energy for ani-
mals, plants and microorganisms are biochemi-
cally hydrolysed by two different groups of en-
zymes: starch by α-glycoside hydrolases and cel-
lulose by β-glycoside hydrolases. Since starch con-
sists of two distinct fractions: amylose – linear α-
1,4-linked glucans, and amylopectin – linear α-1,4-
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Fig. 1. Action of starch-degrading enzymes. (•) Reducing α-D-glucose residue; (◦) non-reducing α-D-glucose
residue. Arrows indicate the α-1,6-branching points in the starch molecule. Adapted from Antranikian (1991).

linked glucans branched with α-1,6 linkages (Ball
et al., 1996; Mouille et al., 1996), the enzymes
responsible for its hydrolysis are called amylolytic
enzymes or simply amylases.

This review deals with the enzymes opera-
ting on starch. Its main goal is to provide a brief
overview of the three most known amylolytic en-
zymes, i.e. α-amylases, β-amylases and glucoamy-
lases. The emphasis is given on the description of
their (i) specificities with regard to EC numbers
(and also to families of glycoside hydrolases); (ii)
producers coming from all the three domains of
life (Bacteria, Archaea and Eucarya); and (iii) ba-
sic characteristic properties such as pH-stability
and thermostability (with special focus on hyper-
stability of amylases from archaebacteria).

Amylolytic enzymes

At present there are more than about 30 diffe-

rent amylolytic and related enzymes (Janeèek,
1997). Degradation of starch is essentially per-
formed by the four groups of enzymes (Guzmán-
Maldonado & Paredes-López, 1995): endo-
and exo-amylases acting primarily on α-1,4-linka-
ges, debranching enzymes attacking mainly the α-
1,6-linkages, and cyclodextrin glycosyltransferases
that degrade starch by catalysing mainly cyclisa-
tion and disproportionate reactions (Fig. 1).

Endoamylases cleave only the α-1,4-bonds in
starch in the inner regions of the starch molecule
by passing the α-1,6-branching points of amy-
lopectin (Vihinen & Mäntsälä, 1989). The α-
amylase (EC 3.2.1.1) is the best known endoamy-
lase. It causes a rapid loss of viscosity of the
starch solution. These enzymes are often divided
according to degree of hydrolysis of substrate into
two categories: liquifying (30–40%) and sacchar-
ifying (50–60%). This division is widely used to
describe the properties of α-amylases (Vihinen &
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Mäntsälä, 1989). Thus the products of endoamy-
lases are oligosaccharides of varying lengths.

Exoamylases also cleave the α-1,4-bonds, e.g.
β-amylase (EC 3.2.1.2), but some of them are
able to attack the α-1,6-bonds, e.g. glucoamy-
lase (EC 3.2.1.3). These enzymes act externally
on substrate bonds from the non-reducing end
of starch and hence produce only low molecular-
weight products from starch, e.g. maltose and glu-
cose, respectively (Wind, 1997).

Pullulanase (EC 3.2.1.41) and isoamylase
(EC 3.2.1.68) may be the examples of debranch-
ing enzymes. Both are specific for α-1,6-bonds
in starch (amylopectin) and related polysaccha-
rides and branched limit dextrins. According to
the inability or ability to degrade also the α-1,4-
glucosidic bonds, pullulanases are classified into
two categories (Wind, 1997): pullulanase I and
pullulanase II, respectively. Pullulanase type II
is usually referred to as α-amylase-pullulanase or
amylopullulanase. However, to make it clear the
specificity should be proved which enzyme it refers
to.

The fourth group of starch-degrading en-
zymes are the cyclodextrin glycosyltransferases
(CGTases, EC 2.4.1.19). They produce cyclodex-
trins from starch, the rings which are composed
of 6, 7 or 8 glucose units bound by α-1,4-
bonds (Pócsi, 1999). The CGTases catalyse intra-
and intermolecular reaction of glycosyl transfer
(Svensson & S�gaard, 1993).

Specificities of amylolytic enzymes

The best known amylolytic enzymes are α-amy-
lase, β-amylase and glucoamylase. As has been
indicated above, however, these three amylases
are quite distinct from both functional and struc-
tural points of view. This furthermore implies that
there exists a rather long evolutionary distance be-
tween them (Janeèek, 1994a). They constitute
their own independent families with no sequence
similarities (Pujadas et al., 1996; Coutinho
& Reilly, 1997; Janeèek, 1997). Thus in the
sequence-based classification of glycoside hydro-
lases developed almost 10 years ago (Henrissat,
1991), α-amylases, β-amylases and glucoamylases
were found in the families 13, 14 and 15, re-
spectively. Both β-amylases and glucoamylases are
found in the only one sequence-based family, fam-
ily 14 and family 15, respectively, (Henrissat &
Bairoch, 1993). With regard to α-amylases, how-
ever, they should be considered as the α-amylase
family with many various specificities covering
their main family 13 together with two related

families 70 and 77 established recently (Coutinho
& Henrissat, 2000). Moreover, there are some
α-amylases and related enzymes that have been
found to exhibit no sequence similarities with the
main family 13 and thus placed into the different
family 57 (Henrissat & Bairoch, 1996).

All this means that the amylases (and re-
lated enzymes) belonging to families 13 (plus 70
and 77), 14 and 15 differ from each other by their
amino acid sequences, i.e. also by their three-
dimensional structures. α-Amylases, β-amylases
and glucoamylases use furthermore different reac-
tion mechanisms (Fig. 2) and catalytic machine-
ries for cleaving the glucosidic bonds (Henrissat
& Davies, 1997; Kaneko et al., 1998).

α-Amylase glycoside hydrolase family 13
The recent list of the members of the α-amylase
family is shown in Table 1. There are not only
hydrolases (EC 3) but also transferases and iso-
merases from the enzyme classes 2 and 5, respec-
tively. It is worth mentioning that not all of these
enzymes are attacking the glucosidic bonds in
starch. They all have in common (MacGregor,
1993; Svensson, 1994; Janeèek, 1997; Kuriki
& Imanaka, 1999): (i) sequence similarities (so-
called conserved sequence regions) covering the
equivalent elements of their secondary structure
(especially the β-strands); (ii) catalytic machin-
ery (Asp, Glu and Asp residues at β-strands β4,
β5 and β7, respectively); (iii) retaining reaction
mechanism (the resulting hydroxyl group retains
the α-configuration); and (iv) three-dimensional
fold (TIM-barrel).

The first three-dimensional structure of an α-
amylase solved was that of the Taka-amylase A,
i.e. the α-amylase from Aspergillus oryzae (Mat-
suura et al., 1984). The enzyme adopts the so-
called TIM-barrel fold, which is the motif, found
firstly in the structure of triosephosphate iso-
merase (Banner et al., 1975) and now found in
about 50 different enzymes and proteins (Rear-
don & Farber, 1995, Janeèek & Bateman,
1996; Pujadas & Palau, 1999). The motif, called
also (β/α)8-barrel, consists of eight parallel β-
strands forming the inner β-barrel which is sur-
rounded by the outer cylinder composed of eight
α-helices so that the individual β-strands and
α-helices alternate and are connected by loops
(Fig. 3a).

Although all the members of the α-amylase
family listed in Table 1 should share the characte-
ristics given above, some of them have been clas-
sified in the new families of glycosidases in the
sequence-based classification system (Coutinho
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& Henrissat, 2000). Thus the sucrose-utilising
glucosyltransferases (EC 2.4.1.5) have been placed

into the family 70 because their catalytic do-
main was predicted to contain a circularly per-

Table 1. Classification of the α-amylase family (glycoside hydrolase families 13, 70 and 77) members according
to EC numbers.a

Enzyme class Enzyme name EC number

Hydrolases α-Amylase 3.2.1.1
Oligo-1,6-glucosidase 3.2.1.10
α-Glucosidase 3.2.1.20
Pullulanase 3.2.1.41
Amylopullulanase 3.2.1.1/41
Cyclomaltodextrinase 3.2.1.54
Maltotetraohydrolase 3.2.1.60
Isoamylase 3.2.1.68
Dextran glucosidase 3.2.1.70
Trehalose-6-phosphate hydrolase 3.2.1.93
Maltohexaohydrolase 3.2.1.98
Maltotriohydrolase 3.2.1. 116
Maltogenic amylase 3.2.1.133
Neopullulanase 3.2.1.135
Maltooligosyltrehalose hydrolase 3.2.1.141
Maltopentaohydrolase 3.2.1.-

Transferases Amylosucrase 2.4.1.4
Glucosyltransferase 2.4.1.5
Sucrose phosphorylase 2.4.1.7
Glucan branching enzyme 2.4.1.18
Cyclodextrin glucanotransferase 2.4.1.19
4-α-Glucanotransferase 2.4.1.25
Glucan debranching enzyme 2.4.1.25/3.2.1.33
Alternansucrase 2.4.1.140
Maltosyltransferase 2.4.1.-

Isomerases Maltooligosyltrehalose synthase 5.4.99.15
Trehalose synthase 5.4.99.16

aBased on the close sequence similarities with oligo-1,6-glucosidases, the mammalian proteins that induce trans-
port of dibasic and neutral amino acids across cell membranes, and the mammalian 4F2 heavy-chain cell surface
antigens (both without any enzymatic activity) have been shown to be in close evolutionary relationships with
the α-amylase family enzymes (Janeèek et al., 1997) forming thus together one protein structural family.

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Fig. 2. Proposed mechanism of inverting and retaining glycoside hydrolases. α-Amylase uses a retaining mech-
anism, while both β-amylase and glucoamylase belong to inverting enzymes. The inverting glycosidases use a
direct displacement mechanism, while the catalysis by retaining glycosidases proceeds via a two-step double-
displacement mechanism. In the inverting mechanism the two active-site carboxylic acid residues are suitably
oriented so that one assists as a general base to the attack of water, while the other serves as a general acid to
cleavage of the glycosidic bond. In the retaining mechanism, involving the formation and hydrolysis of a covalent
glycosyl-enzyme intermediate, the roles of the two active-site carboxylic acid residues are somewhat different
in comparison with the inverting mechanism. One, playing the role of the nucleophile, attacks at the sugar
anomeric centre to form the glycosyl-enzyme species, while the other acts as an acid/base catalyst, protonating
the glycosidic oxygen in the first step (general-acid catalysis) and deprotonating the water in the second step
(general-base catalysis). Reaction in both mechanisms proceeds through an oxocarbenium ion-like transition
states (shown in square brackets). The distance between the two catalytic residues ∼0.95 nm in the inverting
mechanism is presumably just right to allow the water and the substrate to bind simultaneously. In the retain-
ing mechanism the shorter distance between the two residues (∼0.55 nm) is consistent with the need for direct
attack of the nucleophile. Adapted from Ly & Withers (1999).
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muted version of the α-amylase-type (β/α)8-barrel
(MacGregor et al., 1996). This is also the case
for the very recent member of the α-amylase
family, alternansucrase (Argüello-Morales et
al., 2000). Furthermore, some amylomaltases (EC
2.4.1.25) with sequences exhibiting low sequence
similarities with the main α-amylase family mem-
bers have become the basis for the new family 77
(Coutinho & Henrissat, 2000). However, the
three-dimensional structure of amylomaltase from
Thermus aquaticus (Przylas et al., 2000) con-
firmed that also this enzyme possesses the (β/α)8-
barrel structure with the arrangement of the cat-
alytic side-chains (two Asp residues and one Glu
residue) similar to that of the α-amylase family.
At present the α-amylase family therefore covers
in the sequence-based classification system a clan
of three related families of glycoside hydrolases de-
signated as the clan GH-H (Coutinho & Henris-
sat, 2000).

With regard to the quarternary structure, a
remarkable behaviour was described for the α-
amylase from Bacillus subtilis, which is able to
form dimers in the presence of zinc (Fogarty,
1983). The conditions necessary for obtaining the
subunit forms of this α-amylase were given by
Robyt & Ackerman (1973).

α-Amylase glycoside hydrolase family 57
More than ten years ago a sequence of a heat-
stable amylase from a thermophilic bacterium
Dictyoglomus thermophilum was published (Fu-
kusumi et al., 1988). Despite this sequence has
coded for an α-amylase, it did not exhibit any
detectable similarities with the known sequences
belonging to the α-amylase family. Later a simi-
lar sequence of the α-amylase from the hyperther-
mophilic archaeon Pyrococcus furiosus was deter-
mined (Laderman et al., 1993). These two se-
quences became the basis for a new family of α-
amylases, glycoside hydrolase family 57 (Henris-
sat & Bairoch, 1996). The main reason for es-
tablishing the new family was the fact that the
peculiar α-amylases lack the conserved sequence
regions (Janeèek, 1994a) characteristic for the
main α-amylase family 13.

At present the family 57 contains about ten
members mostly from extremophiles (Coutinho
& Henrissat, 2000; Janeèek et al., 2000) having
the α-amylase, 4-α-glucanotransferase and amy-
lopullulanase specificities (Tab. 2). Although the
prediction attempts aimed at revealing the even-
tual relatedness between the α-amylase families
13 and 57 have neither been confirmed nor dis-
proved yet (Dong et al., 1997; Janeèek, 1998),

the common retaining mechanism used by both
families (Coutinho & Henrissat, 2000) still pre-
serves the possibility to classify them into a larger
superfamily or a common clan. The final answer
concerning the relatedness of these two seemingly
unrelated α-amylase families will be possible to
obtain only by the results of site-directed mutage-
nesis and crystallographic studies.

β-Amylase and glucoamylase: families 14 and 15,
respectively
The structural differences between α-amylase,
β-amylase and glucoamylase predicted by Jes-
persen et al. (1991) were confirmed by the de-
termination of the first crystal structures of As-
pergillus awamori glucoamylase (Aleshin et al.,
1992) and soybean β-amylase (Mikami et al.,
1993) in addition to the several known structures
of α-amylases and cyclodextrin glucanotransfera-
ses from the α-amylase family (Matsuura et al.,
1984; Qian et al., 1993; Hofmann et al., 1989;
Brady et al., 1991; Kubota et al., 1991). Re-
markably, β-amylase adopts also the structure of
TIM-barrel like the α-amylase (Fig. 3a), however,
these two (β/α)8-barrels have been found to be
quite different in agreement with the predictions
(Jespersen et al., 1991). These differences re-
flect the differences in the amino acid sequences
of both α-amylases and β-amylases (Janeèek,
1994a). Then it is not surprising that the cat-
alytic machinery of β-amylase consisting of two
Glu residues (Mikami et al., 1994; Totsuka &
Fukazawa, 1996) is different from that of α-
amylase.

Glucoamylase has completely different struc-
ture from both α-amylase and β-amylase. It
adopts a helical (α/α)6-barrel fold (Fig. 3b), which
consists of six mutually parallel α-helices forming
an inner core (helical barrel mimicking the inner
β-barrel of α-amylase and β-amylase), which is co-
vered by a peripheral set of six further α-helices
(Aleshin et al., 1992; ©evèík et al., 1998). The
peripheral α-helices are parallel to each other, but
antiparallel to the inner core of α-helices. Two Glu
residues are responsible for catalysis (Harris et
al., 1993).

With regard to reaction mechanism, both β-
amylase and glucoamylase use the inverting me-
chanism (Fig. 2), i.e. they invert the anomeric con-
figuration of the resulting hydroxyl group to β.

Origins of amylolytic enzymes
Enzymes capable of hydrolysing starch and re-
lated saccharides are produced by both prokary-
otes and eukaryotes, i.e. by organisms belonging

610



Table 2. Classification of the α-amylase family 57 members according to EC numbers.a

Enzyme class Enzyme name EC number

Hydrolases α-Amylase 3.2.1.1
Pullulanase 3.2.1.41
Amylopullulanase 3.2.1.1/41

Transferases 4-α-Glucanotransferase 2.4.1.25

aThe glycoside hydrolase family 57 contains also several ORFs of putative proteins obtained mainly from sequenc-
ing of the complete genomes of, e.g., Methanococcus jannaschi (Bult et al., 1996), Aquifex aeolicus (Deckert
et al., 1998) and Treponema pallidum (Fraser et al., 1998). These putative proteins exhibit sequence similarities
with the enzymes from the table (see the URL: http://afmb.cnrs-mrs.fr/∼pedro/CAZY/ghf 57.html).

Fig. 3. Schematic representation of secondary structure
of a (β/α)8-barrel fold (a) characteristic of α-amylase
and β-amylase, and an (α/α)6-barrel fold (b) charac-
teristic of glucoamylase. The squares and circles repre-
sent the β-strands and α-helices, respectively. Adapted
from Aleshin et al. (1992).

to all the three domains of life: Bacteria, Archaea
and Eucarya. In other words, different amylolytic

enzymes are known to be of animal, plant and mi-
crobial origins. Since degradation of starch usu-
ally requires co-operation of several amylolytic en-
zymes, starch-degrading organisms often have sev-
eral amylolytic activities (Vihinen & Mäntsälä,
1989). On the other hand, not all the living organ-
isms able to utilise starch and/or related saccha-
rides always produce all the enzymes necessary for
complete degradation of these substrates.

α-Amylases and related enzymes (e.g. α-
glucosidases, pullulanases; see Table 1) as well as
glucoamylases have been reported to occur in a
wide variety of organisms, especially of microor-
ganisms (Fogarty, 1983; Vihinen & Mäntsälä,
1989). They are produced also by animals and
plants (Janeèek & Balá¾, 1992; Pandey, 1995).
On the other hand, β-amylases have been found to
be distributed in higher plants and some microor-
ganisms only (Adachi et al. 1998; Mikami et al.,
1999).

Due to the improvement of the industrial
starch degradation process there has been a great
interest in extremely thermostable amylolytic en-
zymes, especially in glucoamylase involved in the
second step, i.e. in conversion of starch dextrin
to glucose (Legin et al., 1998; Reilly, 1999). In
the first step, degradation of starch into the limit
dextrin, the highly thermostable α-amylase from
Bacillus licheniformis is used at about 95◦C (Le-
gin et al., 1998). The used glucoamylase, which
is produced by filamentous fungi, works at 60◦C
(Reilly, 1999). Having thermostable glucoamy-
lase suitable for the industrial use would reduce
the cost of the starch degradation process by re-
ducing the process to a single step. Since Ar-
chaea were found to be a good source of hyper-
extremostable enzymes (Woese, 1987), many ef-
forts have been aimed at finding, isolation and bio-
chemical characterisation of amylolytic enzymes,
especially glucoamylase, of archaeal origin. Un-
fortunately, although there were found a lot of
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α-amylases and related enzymes (see Tab. 1)
produced by various archaebacteria (Sunna et
al., 1997; Bauer et al., 1998; Niehaus et al.,
1999; Lévêque et al., 2000), archaeal glucoamy-
lase was reported only as a putative protein de-
rived from the complete genome sequencing of the
methanogenic archaeon Methanococcus jannaschii
(Bult et al., 1996). It is remarkable that from
the evolutionary point of view, archaeal hyperther-
mostable α-amylases were found to be most closely
related to their plant counterparts with ther-
mostability around 40◦C (Janeèek et al., 1999).
The putative glucoamylase from M. jannaschii
representing archaeal glucoamylases, which is at
present a subject of biochemical characterisation
(Reilly, 1999), seems to be related to eubacterial
counterparts (Coutinho & Reilly, 1997). Howe-
ver, since no sequence of a plant glucoamylase has
been available, the image of glucoamylases rela-
tionships cannot be completed.

Physicochemical properties of amylolytic enzymes
Properties of enzymes hydrolysing starch and re-
lated saccharides vary and are more or less linked
to the environmental niche occupied by the pro-
ducing organisms (Vihinen & Mäntsälä, 1989).
This is especially true for microbial amylolytic en-
zymes which can be classified as those produced
by mesophiles or extremophiles. Extremophilic en-
zymes can be further specified as those originated
from thermophiles, psychrophiles, alkaliphiles, aci-
dophiles and halophiles. The higher hydrostatic
pressure as a further potential environmental fac-
tor, i.e. the microorganisms called barophiles,
should also be taken into account. The resistance
of enzymes to the effects of organic solvents is
of special interest with regard to their physico-
chemical properties. General aspects of molecular
adaptation to extreme conditions were reviewed
by Jaenicke (1991), whereas Klibanov (1989,
1997) reviewed the possibilities of using the en-
zymes for work in anhydrous conditions. Some of
the extremophilic enzymes may exhibit combined
properties, e.g. thermostability and acidophily
(Rolfsmeier & Blum, 1995), mainly the amy-
lolytic enzymes produced by Archaea (Lévêque
et al., 2000).

In general, fungal enzymes can be charac-
terised by higher acidostability while bacterial en-
zymes are more thermostable. Amylolytic enzymes
produced by plants and animals are usually stable
at pH close to physiological conditions (around
7.0) and at temperatures not dramatically ele-
vated above 40–50◦C. Microorganisms have been
found to be the best sources of amylases and re-

lated enzymes exhibiting their optimal properties
at extreme conditions (Vihinen & Mäntsälä,
1989): (i) thermophilic (psychrophilic) microor-
ganisms produce more (less) thermostable en-
zymes in comparison with mesophiles; (ii) enzymes
from halophilic microorganisms require salts to be
active and are most active at such a salt con-
centration that inhibits other amylases; (iii) al-
kaliphiles and acidophiles produce enzymes which
are most active at extreme pH values. Of these ex-
tremostable enzymes, thermostable enzymes have
been the most deeply studied and have become
the remarkable tools for studying protein stabil-
ity and for developing commercial biotechnolo-
gies (Zeikus et al., 1998). These enzymes come
from thermophilic (growth at temperatures above
60◦C) and hyperthermophilic (growth at tempe-
ratures above 80◦C) organisms (Stetter, 1999).
They maintain their optimal activity at very high
temperatures: from >60◦C to 120◦C (Zeikus et
al., 1998).

Thermostable and thermolabile
amylolytic enzymes
The properties of amylolytic enzymes produced
by extremophilic microorganisms (of both bacte-
rial and archaeal origins) can be found in several
recent reviews (e.g. Sunna et al., 1997; Bauer
et al., 1998; Niehaus et al., 1999; Lévêque et
al., 2000). Hyperthermostable amylolytic enzymes
may expand the horizons of new frontiers in micro-
biology, biochemistry and biotechnology (Zeikus
et al., 1998). It is worth mentioning that some
of the hyperthermophiles contain the amylases
and related enzymes that are at the molecular
level different from their ordinary counterparts.
This was the case of the thermostable α-amylases
from thermophilic bacterium Dictioglomus ther-
mophilum (Fukusumi et al., 1988) and the hyper-
thermophilic archaeon Pyrococcus furiosus (La-
derman et al., 1993), the sequences of which ex-
hibited no obvious homology to usual α-amylases
from the family 13, and thus a new family 57 of
glycoside hydrolases was established (Tab. 2). Si-
milarly, Galichet & Belarbi (1999) reported a
new α-glucosidase gene from a hyperthermophilic
archaeon Thermococcus hydrothermalis that is
also different from usual α-glucosidases. In ad-
dition to amylases from hyperthermophilic ar-
chaea, a special interest has been evoked by stud-
ies on the amylolytic enzymes from hyperther-
mophilic bacterium Thermotoga maritima (Liebl
et al., 1997; Bibel et al., 1998), since this bac-
terium is capable of cell division at temperatures
up to 90◦C. Very recently a CGTase (which is a
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member of the α-amylase family 13; see Table 1)
from the hyperthermophilic archaeon Thermococ-
cus sp. B1001 was isolated, purified and charac-
terised (Tachibana et al., 1999; Yamamoto et
al., 1999) and also sequenced (Fujiwara et al.,
1999).

For β-amylases and glucoamylases there have
been substantially less reports on their thermosta-
bility. The most thermostable β-amylase can be
the one from thermophilic bacterium Clostrid-
ium thermosulfurogenes (Kitamoto et al., 1988)
with 75◦C as the optimal temperature for its ac-
tivity (Hyun & Zeikus, 1985). With regard to
glucoamylases, the one from thermophilic fungus
Thermomyces lanuginosus (Mishra & Mahesh-
wari, 1996), reported to be fully active at 60◦C
for 7 hours can be considered as the most ther-
mostable glucoamylase.

As far as the amylases from psychrophilic
microorganisms are concerned (for a review, see
Gerday et al., 1997), the thermolabile α-amylase
from Antarctic psychrotroph Alteromonas halo-
planctis, with the optimal temperature for its ac-
tivity between 20–30◦C (Feller et al., 1992), is
the best studied amylolytic enzyme (Feller et
al., 1994; 1996; 1999). Despite the fact that its
three-dimensional structure is known to adopt the
classical α-amylase-type TIM-barrel fold (Agha-
jari et al., 1998) it was revealed by two inde-
pendent studies (Feller et al., 1994; Janeèek,
1994b) to exhibit close sequence similarity to ani-
mal α-amylases, i.e. from the evolutionary point
of view, this thermolabile bacterial α-amylase is
closely related also to human salivary and pancre-
atic α-amylases.

Further examples of extremophilic amylolytic
enzymes
Acidophilic microorganisms that have adapted to
the acid conditions (growth at pH values between
1–4) by maintaining their cytoplasmic pH at a
value close to neutrality (Matzke et al., 1997)
are the sources of acidostable amylolytic enzymes.
Although the most acidophilic α-amylase is prob-
ably the amylase isolated from a thermophilic aci-
dophilic Bacillus sp. 11-1S with the pH optimum
2.0 (Uchino, 1982), the most deeply studied is
the α-amylase from Alicyclobacillus acidocalda-
rius with pH optimum 3.0 (Koivola et al., 1993;
Schwermann et al., 1994).

Alkaliphiles, on the other hand, are microor-
ganisms that like to grow at high values of pH (for
a review, see Horikoshi, 1996). For instance an
interesting alkaline amylopullulanase from alka-
liphilic Bacillus sp. KSM-1378 was reported (Ara

et al., 1995; 1996) which consists of two functional
domains: one for the amylase activity (for the α-
1,4 hydrolysis) and the other one for the pullu-
lanase activity (for the α-1,6 hydrolysis). Remark-
ably, the amylase activity of this amylopullulanase
was completely inhibited by incubation of the en-
zyme at 40◦C and pH 9.0 within 4 days, whereas
the pullulanase activity remained at the original
level under the same conditions (Ara et al., 1995).
As a further example, the archaeal maltotriose-
forming amylase from Natronococcus sp. Ah-36
(Kobayashi et al., 1992) can be used with pH op-
timum 8.7. This amylase, which is the member of
the α-amylase family (Kobayashi et al., 1994; cf.
Table 1), has also a halophilic character because it
exhibited its maximal activity in the presence of
2.5 M NaCl (Kobayashi et al., 1992). Corona-
do et al. (2000a) have isolated and biochemically
characterised an α-amylase from a halophilic bac-
terium Halomonas meridiana for which a consid-
erable amylase activity was detected even at 30%
NaCl. Interestingly, this halophilic bacterial α-
amylase exhibits sequence similarity to the animal
group of α-amylases (Coronado et al., 2000b),
alike the psychrophilic α-amylase from A. halo-
planctis (Feller et al., 1994; Janeèek, 1994b).

With regard to barophilic amylolytic en-
zymes, according to our knowledge no report on an
amylase with barophilic character has been pub-
lished yet. Some studies were done with fungal
and animal α-amylases on the effect of pressure
on their activity and stability (Makimoto et al.,
1989; Matsumoto et al., 1997). The potential
sources of barophilic proteins are living organisms
(especially microorganisms) occupying the deep
sea conditions, which include pressures up to 120
MPa (for reviews, see Gross & Jaenicke, 1994;
Robb & Clark, 1999).

Conclusion

The present review deals with the amylolytic en-
zymes, which can be considered to be one of the
most widely, distributed enzymes in nature. It is
focused on their specificities, origins and proper-
ties with a special emphasis given to the three
best known amylases: α-amylase, β-amylase and
glucoamylase. Despite the fact that these enzymes
are quite close by their functions (all operate on
starch and related saccharides), not all of them
share common structure, reaction mechanism and
evolution. They are produced by a great variety
of living organisms covering all the three domains
of life, two of them being prokaryotic (microbes
from Bacteria and Archaea) and the third one be-
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ing eukaryotic (Eucarya with fungi, plants, insects,
birds, mammals). This biodiversity yields almost
all possible properties including those characteris-
tic of mesophiles, thermophiles, psychrophiles, aci-
dophiles, alkaliphiles, halophiles, and potentially
also barophiles.
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