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Abstract: The amylolytic and related enzymes have been classified into the families of glycoside hydrolases (GHs). At
present there are almost one hundred GH families. The main α-amylase family is the family GH-13 that forms the clan
GH-H together with the families GH-70 and GH-77. β-Amylases and glucoamylases have their own families GH-14 and GH15, respectively. Some amylolytic enzymes are grouped also in the family GH-31. The main topic of this review, the family
GH-57, was established as the novel α-amylase family in 1996, based on the two sequences of amylases that were obviously
dissimilar to the α-amylases of the family GH-13. The family GH-57 contains also the amylopullulanase, α-galactosidase
and 4-α-glucanotransferase specificities in addition to the specificity of α-amylase. The family is remarkable by several facts:
(i) it consists of only 10% of real enzymes (90% is formed by the putative proteins); (ii) the protein members originate
exclusively from prokaryotic sources of extremophilic nature (many of them are archaeal hyperthermophiles); (iii) the amino
acid sequences vary from less than 400 to more than 1,300 residues and are extremely diversified. There are five conserved
sequence regions characteristic of the family GH-57. The catalytic domain of a GH-57 member is the (β/α)7 -barrel with
the Glu (nucleophile) and the Asp (proton donor) residues at the β-strands β4 and β7 of the barrel, respectively, employing
the retaining mechanism. From the evolutionary point of view, the family GH-57 could be divided into several subfamilies.
Importantly, the individual enzyme specificities form their own independent clusters.
Key words: glycoside hydrolases; family GH-57; alpha-amylase; 4-alpha-glucanotransferase; evolutionary relationships.

Introduction
The enormous diversity of saccharides existing on Earth
is in a very close relationship with the existence of the
enzymes that are able to metabolize them. Glycoside
hydrolases (GH) constitute one large group of these
enzymes. Due to the evolutionary rules they are mutually interconnected with other enzyme classes, especially with transferases, lyases and isomerases, to form
the families widely represented by various enzymes, e.g.
the α-amylase family (MacGregor et al., 2001). This
situation has been most usefully reﬂected in establishing the sequence-based classiﬁcation system of glycoside
hydrolases (Henrissat, 1991), nowadays available under the CAZy web-system (Coutinho & Henrissat,
1999), where the individual enzymes form their own
families according to their sequence-structural similarities and catalytic machineries. Currently the number
of diﬀerent glycoside hydrolase families reaches almost
one hundred (Coutinho & Henrissat, 1999).
The presented review is focused on the family
GH-57 of glycoside hydrolases. This remarkable fam-

ily was established in 1996 based on the existence
of the sequences of two amylases dissimilar to those
of α-amylases ordinary at that time (Henrissat &
Bairoch, 1996). In order to sketch a more comprehensive picture, however, a brief overview of other GH
families containing the amylolytic enzymes is given in
the ﬁrst part of this article.
Amylolytic non-GH-57 families of glycoside hydrolases
Amylolytic enzymes form a substantial portion of all
glycoside hydrolases. Generally these enzymes act on
starch and related oligo- and polysaccharides.
The clan GH-H – the families GH-13, GH-70 and
GH-77
Most of them belong to the so-called α-amylase family (MacGregor et al., 2001) that was established as
the GH-13 (Henrissat, 1991) and now, in the CAZy
system (Coutinho & Henrissat, 1999), it constitutes the clan GH-H. This clan covers three GH fami-
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lies: GH-13, GH-70 and GH-77 (MacGregor, 2005).
All GH-H clan members share several characteristics:
(i) their catalytic domain is formed by the (β/α)8 barrel fold (i.e. TIM-barrel) with a longer loop connecting the strand β3 to helix α3 known as a distinct domain B (Fig. 1a); (ii) they use a common
catalytic machinery consisting of the β4-strand aspartate as a base (nucleophile) and β5-strand glutamate
as a proton donor (acid/base catalyst) with the help
of the third residue, the β7-strand aspartate, essential for substrate binding (transition state stabiliser);
and (iii) they employ the retaining mechanism for the
cleavage of the α-glycosidic bonds (Matsuura et al.,
1984; Buisson et al., 1987; Machius et al., 1995;
Aghajari et al., 1998; Matsuura, 2002). The GH13 ranks among the largest GH families with almost
30 enzyme speciﬁcities and more than 2,000 sequences
(Coutinho & Henrissat, 1999; Janecek, 2000; Pujadas & Palau, 2001; Svensson et al., 2002). It is
the main family of the entire clan GH-H. In addition to
α-amylase (EC 3.2.1.1) it contains cyclodextrin glucanotransferase, α-glucosidase, amylopullulanase, neopullulanase, amylosucrase, branching enzyme, etc. (MacGregor et al., 2001). It seems reasonable to group
the very closely related GH-13 members into subfamilies, e.g., the α-glucosidase-like and neopullulanase-like
members (Oslancova & Janecek, 2002; Oh, 2003).
The GH-70 consists of glucansucrases which synthesize glucans from sucrose. They are remarkable homologues to GH-13 members in that they possess the catalytic (β/α)8 -barrel domain in a form that is circularly
permuted to the α-amylase type (β/α)8 -barrel (MacGregor et al., 1996). Although 40 primary structures
have been described, no three-dimensional structure is,
however, available (Kralj et al., 2004a,b). The family
GH-77 contains amylomaltases (also known as disproportionating enzymes or 4-α-glucanotransferases) that
diﬀer from the main family GH-13 by lacking domain
C (Fig. 1b) succeeding in the GH-13 the catalytic
(β/α)8 -barrel (Przylas et al., 2000; Strater et al.,
2002; Kaper et al., 2004). One of the most important and characteristic features common to the all GHH clan members is the presence of between four and
seven conserved regions in their amino acid sequences
(Janecek, 2002). Of the α-amylase family enzymes,
neopullulanase (EC 3.2.1.135) occupies the exceptional
position since it was proved (Hondoh et al., 2003) that
it could perform in its single active site all the four reactions typical for these enzymes: hydrolysis and transglycosylation of both α-1,4- and α-1,6-glucosidic bonds
(Kuriki et al., 2005). It should be pointed out, however, that some α-amylase family members are catalytically active also towards the α-1,1-, α-1,2- and α-1,3glucosidic bonds (MacGregor et al., 2001; Janecek,
2002). All the subtle sequence and/or structural diﬀerences reﬂected in the ﬂexible active site and resulting
in the unusually wide spectrum of reactions catalyzed
make the α-amylase family and, in a wider sense the
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entire clan GH-H, an attractive subject for the basic
research studies and also for the industrial exploitation (MacGregor et al., 2001; Park et al., 2000;
Nielsen et al., 2000; Pujadas & Palau, 2002; van
der Maarel et al., 2002). It is now possible that the
catalytic triad may be the only residues invariantly conserved throughout all enzymes of the entire clan GH-H
(Machovic & Janecek, 2003).
The families GH-14 and GH-15
There are two other amylolytic GH families in CAZy
(Coutinho & Henrissat, 1999), GH-14 and GH-15,
covering β-amylases and glucoamylases, respectively.
They both employ an inverting mechanism for cleaving the α-glucosidic bonds, i.e., the products of their
reactions are β-anomers (Rye & Withers, 2000).
Concerning the structures, β-amylase (Fig. 1c) belongs to (βvα)8 -barrel proteins (Mikami et al., 1993;
1999; Cheong et al., 1995; Oyama et al., 1999) and
glucoamylase (Fig. 1d) adopts an (α/α)6 -barrel fold
(Aleshin et al., 1992; 2003; Sevcik et al., 1998). From
an evolutionary point of view, β-amylases seem to be
a “solitary” family GH-14 since - at least according to
our present knowledge - they do not exhibit any pronounced sequence-structural similarity to a related glycoside hydrolase (Pujadas et al., 1996; Coutinho &
Henrissat, 1999). On the other hand, glucoamylases
from GH-15 were recognised to form a clan GH-L with
GH-65 (Egloff et al., 2001).
The family GH-31
Other amylolytic enzymes have been classiﬁed into
family GH-31 containing mostly α-glucosidases, αxylosidases, and glucan lyases (Yu et al., 1999; Lee
et al., 2003; 2005). They employ the retaining mechanism like those of the clan GH-H (Chiba, 1997; Nakai
et al., 2005). The GH-31 was predicted to join the clan
GH-H (Rigden, 2002). This eventuality can be supported by the revealed remote sequence similarities between the GH-13 and the GH-31, thus connecting the
two families at a hierarchy higher (wider) than a clan
(Janecek et al., unpublished results). Such eventuality
has recently been supported by the three-dimensional
structure and domain organization of the GH-31 αxylosidase (Lovering et al., 2005) that both strongly
resemble those of a GH-13 enzyme (Fig. 1e).
The family GH-57
For a long time family GH-57 belonged to the most
remarkable families of glycoside hydrolases attracting
much scientiﬁc interest. The family was established
in 1996 (Henrissat & Bairoch, 1996) as a family
with only two members: a heat-stable eubacterial αamylase from Dictyoglomus thermophilum known from
1988 (Fukusumi et al., 1988) and an extremely thermostable archaeal α-amylase from Pyrococcus furiosus
determined in 1993 (Laderman et al., 1993a). These
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Fig. 1. Three-dimensional structures
of enzymes from the glycoside hydrolase families. ( ) GH-13 α-amylase
from Aspergillus oryzae (PDB code:
2TAA; MATSUURA et al., 1984), ()
GH-77 amylomaltase from Thermus
aquaticus (1CWY; PRZYLAS et al.,
2000), () GH-14 β-amylase from soybean (1BYA; MIKAMI et al., 1993),
( ) GH-15 glucoamylase from Aspergillus awamori (1AGM; ALESHIN
et al., 1992), and () GH-31 α-xylosidase from Escherichia coli (1XSI;
LOVERING et al., 2005).

two mutually similar sequences, although each apparently coding for an amylolytic enzyme (Fukusumi et
al., 1988; Laderman et al., 1993a), did not exhibit
any of the several conserved sequence regions characteristic of the α-amylase family, i.e. the family GH-13
(Janecek, 2002).

Very diversified sequences
During the time, especially in the last few years, when
the complete genomes of many microorganisms were
sequenced, the family GH-57 expanded. It has been a
purely prokaryotic family with the majority of thermophilic (extremophilic) sources, archaeons being dom-
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inant (Zona et al., 2004). In 2004 the GH-57 consisted
of almost ﬁfty members according to CAZy (Coutinho
& Henrissat, 1999) and even more than sixty if also
the sequences from the PFAM database (Bateman
et al., 2002) were taken into account. At present the
GH-57 contains the sequences that exhibit the enzyme
speciﬁcities of α-amylase (EC 3.2.1.1), α-galactosidase
(EC 3.2.1.22), amylopullulanase (EC 3.2.1.1/41) and
4-α-glucanotransferase (EC 2.4.1.25). It is worth mentioning, however, that the real enzymes form only about
10% of the family members. The vast majority of the
GH-57 are hypothetical proteins obtained from whole
genome sequences (Zona et al., 2004).
One of the main reasons, why the family has attracted so much scientiﬁc interest, is the fact that
the sequences of GH-57 members have been extremely
diversiﬁed. Certain sequences are shorter than 400
residues whereas others may be longer than 1,500
residues (Zona et al., 2004). This fact causes that the
sequences cannot be aligned using the routine alignment programs. On the other hand, because these sequences form a sequence-based family, they have to
contain at least a few conserved sequence segments
or amino acid residues common for the entire family.
Based on an exhaustive bioinformatics study focused
on all available sequences, ﬁve conserved sequence regions in the family GH-57 (Fig. 2a) were proposed
(Zona et al., 2004). Importantly these regions contain
the GH-57 catalytic residues conﬁrmed by site-directed
mutagenesis, the Glu291 (Region 3) and Asp394 (Region 4) in the amylopullulanase from Thermococcus hydrothermalis as the nucleophile and the proton donor,
respectively (Zona et al., 2004). These results were
possible to achieve in conjunction with the identiﬁcation of the catalytic nucleophile (Glu123) in the 4α-glucanotransferase of Thermococcus litoralis (Imamura et al., 2001) and the determination at that time
of the three-dimensional structure of this enzyme (Imamura et al., 2003). The equivalent catalytic residue
(Glu117) was identiﬁed also in the α-galactosidase from
Pyrococcus furiosus, although the probable misalignment did not allow the authors to ﬁnd the catalytic
proton donor (van Lieshout et al., 2003). Very recently both catalytic residues, the same as in the case of
Thermococcus hydrothermalis amylopullulanase (Zona
et al., 2004), were successfully determined in the related
amylopullulanase from Pyrococcus furiosus (Kang et
al., 2005).
There are some GH-57 members with no equivalents at the positions corresponding with the catalytic
residues (Zona et al., 2004), e.g. the hypothetical protein coded by the ORF TP0147 in the Treponema
palidum genome (Fig. 2a). Of the two, i.e. Glu and
Asp, the latter was found as more variable (Zona et
al., 2004). It is worth mentioning, however, that all of
the GH-57 members lacking at least one of the catalytic
residues or even both of them are only putative proteins
without any biochemical characterization.
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With regard to the additional residues that should
be important for the function and activity of the GH-57
members, these may vary due to various substrates accommodated and reactions performed. This situation
can be similar to that in the main α-amylase family
(clan GH-H), where the essential catalytic residues are
invariantly conserved, whereas the additional functionally important residues may vary from one enzyme to
another (Janecek, 2002). Nevertheless, based on the
ﬁve conserved sequence regions (Fig. 2a), the residues
His13, Glu79, Glu216, Asp354 (in Thermococcus hydrothermalis 4-α-glucanotransferase) were postulated
as important for the GH-57 members. Also the three
tryptophanes, Trp120, Trp221 and Trp357 (Fig. 2a,b),
as well as the residues in the corresponding positions
could be of interest. All these residues and eventually
some further ones await their experimental conﬁrmation.
Little structural information
According to the requirements of the CAZy classiﬁcation system (Coutinho & Henrissat, 1999) all
extremely diversiﬁed sequences of the family GH-57
should have common catalytic machinery, reaction
mechanism and fold. Although the ﬁrst sequences of
α-amylases that were obviously diﬀerent from those
of the α-amylase family GH-13, appeared in the 1988
(Fukusumi et al., 1988) and 1993 (Laderman et al.,
1993a), the structure remained unrevealed until 2003
(Imamura et al., 2003). There was a crystallization
report in 1995 on an amylopullulanase from Pyrococcus woesei (Knapp et al., 1995) of which the sequence
possibly belonged to the GH-57. However, the detailed
crystallographic analysis of this protein has not been
published as yet.
The ﬁrst three-dimensional structure of a GH-57
member became known only recently (Fig. 2b) when
Imamura et al. (2003) published their results on 4α-glucanotransferase from Thermococcus litoralis. The
most important feature is the N-terminal catalytic
domain that adopts the irregular (β/α)8 -barrel, i.e.
(β/α)7 -barrel, called also a pseudo TIM-barrel (Fig. 2b)
with the catalytic residues. The Glu and Asp are located near the C-terminal ends of the strands β4 and
β7 of the barrel, respectively (Imamura et al., 2003).
This fact supports the eventuality that the family GH57 and the main α-amylase family GH-13 (today in a
clan GH-H with GH-70 and GH-77) cannot form a clan
in terms of the CAZy classiﬁcation system (Henrissat, 1991; Coutinho & Henrissat, 1999). The efforts aimed at joining the two families into a clan were
relevant before the ﬁrst three-dimensional structure of
a GH-57 member became available, i.e. to look for the
remote homology at the sequence level only (Dong et
al., 1997; Janecek, 1998). The independent position
of the GH-57 with regard to GH-13 is not only due
to the diﬀerences in the catalytic barrel domain, but
more importantly, due to a diﬀerence in the catalytic
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Fig. 2. ( ) Conserved sequence regions of selected representatives from the family GH-57 (ZONA et al., 2004). The catalytic residues are
highlighted in pink. The potential functionally important residues are highlighted in yellow (His, 2xGlu, and Asp) and in green (three
tryptophanes). The residues conserved at a level of at least 50% are highlighted in grey. The enzymes and/or ORFs are abbreviated
according to the UniProt database code (APWEILER et al., 2004) and the colors correspond with the individual enzyme specificities
and/or GH-57 subfamilies shown in the evolutionary tree. () Three-dimensional structural features of GH-57 4-α-glucanotransferase
from Thermococcus litoralis (PDB code: 1K1W; IMAMURA et al., 2003). The highlighted residues are colored as in the conserved
sequence regions. The protein structure was displayed using the program WebLabViewerLite (Molecular Simulations, Inc.). () Simplified evolutionary tree of the family GH-57. Only the main branches leading to the clusters of related sequences are indicated. At
present the four known enzyme specificities (α-amylase, amylopullulanase, α-galactosidase, and 4-α-glucanotransferase) form their own
clusters. The branches leading to the question marks are for the clusters (subfamilies) containing only hypothetical proteins. The tree
was calculated using the CLUSTAL program (THOMPSON et al., 1994) and displayed with the program TreeView (PAGE, 1996).
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machinery: there are not identical catalytic residues positioned at corresponding secondary structure elements.
The fact that both families employ the same retaining
reaction mechanism (Coutinho & Henrissat, 1999)
keeps the possibility to classify them together, however,
at a hierarchy higher than a clan.
The 4-α-glucanotransferase from Thermococcus
litoralis also contains a C-terminal non-catalytic domain (Fig. 2b) that consists of β-strands only adopting
a twisted β-sandwich fold (Imamura et al., 2003). It is
clear that this domain is missing in some members with
shorter amino acid sequences, e.g., in α-galactosidases
with less than 370 residues (van Lieshout et al.,
2003). On the other hand, some members, especially
the extra-long amylopullulanases with more than 1,300
residues (Erra-Pujada et al., 1999) have to contain
some additional domains of which the structure remains
at present unknown. One kind of the domains could
be a longer version of a typical SLH motif (surface
layer homology), so-called SLH motif-bearing domain
found, e.g., in the amylopullulanase from Thermococcus
hydrothermalis (Erra-Pujada et al., 1999). This domain has recently been shown to be present also in the
GH-15 glucodextranase from Arthrobacter globiformis
(Mizuno et al., 2004; 2005). Interestingly, within the
family GH-57 the presence of this SLH motif-bearing
domain is known only in the amylopullulanases, i.e.
in the same speciﬁcity as it has been revealed for the
SLH motifs in the frame of the family GH-13 (Zona &
Janecek, 2005).
It should also be pointed out that based on the
similarities seen in the three-dimensional structures of
catalytic domains of the GH-57 4-α-glucanotransferase
from Thermococcus litoralis (Imamura et al., 2003)
and the GH-38 α-mannosidase from Drosophila melanogaster (van den Elsen et al., 2001), the evolution of these two families from a common ancestor has
been proposed. However, the catalytic domain of the αmannosidase from the family GH-38 is not formed by
any version of the (β/α)7 -barrel present in the family
GH-57 (Imamura et al., 2003).
Recent evolutionary implications
The most detailed and comprehensive evolutionary relationships within the family GH-57 were ﬁrst described
by Zona et al. (2004). According to that study the
entire family GH-57 can be divided into several subfamilies that may reﬂect the diﬀerent enzyme speciﬁcities. It is worth mentioning that at present the four
enzyme speciﬁcities (α-amylase, amylopullulanase, αgalactosidase, and 4-α-glucanotransferase) form their
own four clusters and the remaining clusters contain
only hypothetical proteins (Fig. 2c). This does not necessarily mean that in the future, when the putative GH57 members from these remaining clusters will be biochemically characterized, some of the present-day speciﬁcities will appear in those clusters.
Concerning the enzyme speciﬁcities, it should
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be pointed out that only α-galactosidase, amylopullulanase and 4-α-glucanotransferase were unambiguously demonstrated for the real enzymes. These are
the cases of α-galactosidase from Pyrococcus furiosus
(van Lieshout et al., 2003), amylopullulanases from
Thermococcus hydrothermalis (Chang-Pi-Hin et al.,
2002) and Pyrococcus furiosus (Dong et al., 1997),
and the 4-α-glucanotransferases from Thermococcus
litoralis (Jeon et al., 1997) and Pyrococcus kodakaraensis (Tachibana et al., 1997). With regard to the speciﬁcity of α-amylase, i.e. the enzymes from Dictyoglomus thermophilum (Fukusumi et al., 1988) and Pyrococcus furiosus (Laderman et al., 1993a), the situation is not so clear. The “α-amylase” from Pyrococcus furiosus was shown already in 1993 to display
also the 4-α-glucanotransferase activity (Laderman et
al., 1993b), whereas for the enzyme from Dictyoglomus
thermophilum the transglycosylation activity was conﬁrmed only recently (Nakajima et al., 2004). Thus the
family GH-57 seemed to miss the pure α-amylase speciﬁcity.
The only real α-amylase in the family GH-57 could
be the enzyme from the archaeon Methanococcus jannaschii (Kim et al., 2001). The MJ1611 locus originally annotated as coding for an α-amylase (Bult et
al., 1996) could really encode for an α-amylase without
any transglycosylation activity (Li & Peeples, 2004;
T. Peeples, The University of Iowa, IA, USA; personal
communication).
Conclusions
It can be concluded that the family GH-57 really belongs to a group of remarkable families of glycoside hydrolases. The sequences ranging in lengths from about
400 to about 1500 residues exhibit the common features characteristic for the entire family. The real enzymes form only 10% of the GH-57 members; the rest
being formed by hypothetical proteins. The individual
enzyme speciﬁcties may establish their own subfamilies. Although the family GH-57 was originally deﬁned
as the new α-amylase family (additional to the main
α-amylase family GH-13), it is paradoxically just the
α-amylase speciﬁcity that has to be conﬁrmed to be
unambiguously present in the family. Thus although
much has became clear in the last years, the family
GH-57 still retains many of its secrets until now.
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STRÄTER, N., PRZYLAS, I., SAENGER, W., TERADA, Y., FUJI,
K. & TAKAHA, T. 2002. Biologia, Bratislava 57 (Suppl. 11):
93–99.
TACHIBANA, Y., FUJIWARA, S., TAKAGI, M. & IMANAKA, T.
1997. J. Ferment. Bioeng. 83: 540–548.
THOMPSON, J.D., HIGGINS, D.G. & GIBSON, T.J. 1994. Nucleic
Acids Res. 22: 4673–4680.
VAN DEN ELSEN, J.M.H., KUNTZ, D.A. & ROSE, D.R. 2001.
EMBO J. 20: 3008–3017.
VAN DER MAAREL, M.J.E.C., VAN DER VEEN, B., UITDEHAAG,
J.C.M., LEEMHUIS, H. & DIJKHUIZEN, L. 2002. J. Biotechnol.
94: 137–155.

Š. Janeček
VAN

LIESHOUT, J.F.T., VERHEES, C.H., ETTEMA, T.J.G., VAN
SAAR, S., IMAMURA, H., MATSUZAWA, H., VAN DER
OOST, J. & DE VOS, W.M. 2003. Biocatal. Biotransform. 21:
243–252.
YU, S., BOJSEN, K., SVENSSON, B. & MARCUSSEN, J. 1999.
Biochim. Biophys. Acta 1433: 1–15.
ZONA, R., CHANG-PI-HIN, F., O’DONOHUE, M.J. & JANECEK,
S. 2004. Eur. J. Biochem. 271: 2863–2872.
ZONA, R. & JANECEK, S. 2005. Biologia, Bratislava 60 (Suppl.
16): 115–121.
DER

Received March 29, 2005
Accepted May 06, 2005

