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Abstract

The hydrolases and transferases that constitute the o-amylase family are multidomain proteins, but each has a catalytic
domain in the form of a (B/a)g-barrel, with the active site being at the C-terminal end of the barrel B-strands. Although the
enzymes are believed to share the same catalytic acids and a common mechanism of action, they have been assigned to three
separate families — 13, 70 and 77 — in the classification scheme for glycoside hydrolases and transferases that is based on
amino acid sequence similarities. Each enzyme has one glutamic acid and two aspartic acid residues necessary for activity,
while most enzymes of the family also contain two histidine residues critical for transition state stabilisation. These five
residues occur in four short sequences conserved throughout the family, and within such sequences some key amino acid
residues are related to enzyme specificity. A table is given showing motifs distinctive for each specificity as extracted from 316
sequences, which should aid in identifying the enzyme from primary structure information. Where appropriate, existing
problems with identification of some enzymes of the family are pointed out. For enzymes of known three-dimensional
structure, action is discussed in terms of molecular architecture. The sequence-specificity and structure-specificity
relationships described may provide useful pointers for rational protein engineering. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Comparisons of amino acid sequences of glycoside
hydrolases and transglycosylases have allowed a clas-
sification scheme to be established for these enzymes,
based on structure rather than specificity [1-3], i.e.,
the enzymes have been grouped into more than 80
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families, where the members of one family share a
common three-dimensional structure and mecha-
nism, and have from a few to many sequence simi-
larities. Families 13, 70 and 77 in this classification
contain structurally and functionally related enzymes
catalysing hydrolysis or transglycosylation of o-
linked glucans, with retention of anomeric configu-
ration. Many of these enzymes act on starch, and
one of the most important starch-degrading enzymes,
a-amylase, is also the most widely-studied member
of family 13. Hence this group of enzymes, here con-
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sidered to consist of families 13, 70 and 77, is often
known as the o-amylase family of enzymes, but is, in
fact, comprised of enzymes with almost 30 different
specificities. In some cases, specificities of different
enzymes in the family overlap and this, coupled
with amino acid sequence similarities, has led to con-
fusion in identification, particularly of family 13 en-
zymes. In this review, we attempt to clarify the rela-
tionship between sequence and specificity, and
discuss, where information is available, key structur-
al features that contribute to specificity.

2. Domain architecture

The enzymes are multidomain proteins, but share
a common catalytic domain in the form of a (B/a)s-
barrel, i.e., a barrel of eight parallel B-strands sur-
rounded by eight helices, the so-called domain A
(Fig. 1). This structure has been demonstrated by
X-ray crystallography in several enzymes of the o-
amylase family (Table 1), although in one instance
only seven of the eight helices in the barrel fold are
present [16]. In addition, studies of amino acid se-
quence similarities have led to the prediction that
many other enzymes belong to this family and have
a similar catalytic domain (Table 1). Usually, the
loops that link B-strands to the adjacent helices carry
amino acid residues of the active site; some of these
loops may be long enough to be considered as do-
mains in their own right. Thus, in most cases where
the structure has been determined by crystallogra-
phy, a large loop between the third B-strand and
third helix is discussed as a separate domain, domain
B. This loop has an irregular structure that varies
from enzyme to enzyme, and, it has been argued,
should not always be considered a separate domain
but, in some cases, should be thought of as part of a
structural unit containing other loops [16]. Similar-
ities in domain B amongst members of sub-groups of
the a-amylase family have, however, been found,
e.g., various glucosidases resemble each other, while
a relationship can be demonstrated between enzymes
such as neopullulanase and cyclomaltodextrinase
[31,32].

In one set of enzymes, the glucan sucrases (often
called glucosyltransferases) and dextran sucrases,
similarities to o-amylase family proteins can be dem-

Fig. 1. Ribbon model illustrating the individual domains in
CGTase, A is the catalytic (B/a)s domain, B protruding from
that domain. C, D, and E are antiparallel B-strand domains of
which E can bind starch [23].

onstrated in the amino acid sequences of the catalytic
domains, yet well-recognised sequence segments ap-
pear in a different order. It has been proposed that a
circular permutation of the barrel elements occurred
during evolution to give enzymes where the first ele-
ment of the barrel is a helix equivalent to helix 3 of
an o-amylase barrel and the last element is a strand
equivalent to strand 3 of o-amylases, i.e., instead of
B1-H1-B2-H2......B§-HS8 as in o-amylases (where B
and H represent strand and helix, respectively), we
have in glucan sucrases H3-B4-H4.....B8-HS8-B1-H1-
B2-H2-B3 [36]. In the enzyme classification scheme
based on structure, such enzymes belong to family 70
and are said to form a ‘clan’ GH-H with family 13
and family 77 proteins [35].

In most, but not all, a-amylases, domain A occurs
at the N-terminal end of the protein. However, sev-
eral other members of the family have a distinct do-
main, domain N, preceding the catalytic domain.
The role of this domain is as yet uncertain, and is
most probably not identical in all enzymes. In iso-
amylase and malto-oligosyltrehalose trehalohydro-
lase, domain N is close to the loop linking B-strand
3 of the barrel to helix 3, and in the former enzyme,
amino acid residues of domain N may form part of the
active site [16,20]. (Unfortunately, this domain has
been labelled domain E in malto-oligosyltrehalose
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trehalohydrolase [20], in disagreement with earlier
nomenclature discussed below.) In contrast, it has
been suggested in an ‘o-amylase II’ from Thermoac-
tinomyces vulgaris that domain N is too far from the
active site to participate in enzyme activity, and the
domain does indeed appear to be located in a differ-
ent position, relative to the rest of the molecule, from
that found in isoamylase [16,19]. In the crystal struc-
ture of the closely related maltogenic ‘amylase’ (also
referred to as cyclodextrinase or CDase) from Ther-
mus sp., the domain N of one monomer of a dimer
has been suggested to be involved in the enzyme
specificity through its interaction with the active
site region of the other monomer [18]. Such a situa-
tion may also hold for the ‘a-amylase II’, since it is

found by X-ray crystallography to exist as a similar
dimer, and its domain N occupies a position analo-
gous to that of the equivalent domain in the malto-
genic ‘amylase’ [19]. The malto-oligosyltrehalose tre-
halohydrolase appears to function as a covalent
dimer, although dimerisation is not necessary for ac-
tivity or specificity [20].

The vast majority of members of the enzyme fam-
ily have another domain, domain C, following the
catalytic P/a-barrel. This domain is made up of -
strands and is thought to stabilise the catalytic do-
main by shielding hydrophobic residues of domain A
from the solvent. It has also been suggested that
domain C may aid in substrate binding [17,23].
Some amylomaltases, however, appear to lack this

Table 1

Structural information on the c-amylase family of enzymes

Enzyme EC Number Ref.
(a) Enzymes of known three-dimensional structure

o-Amylase 3.2.1.1 [4-13]
Oligo-1,6-glucosidase 3.2.1.10 [14]
Maltotetraohydrolase 3.2.1.60 [15]
Isoamylase 3.2.1.68 [16]
Maltogenic amylase® 3.2.1.133 [17,18]
Neopullulanase® 3.2.1.135 [19]
Malto-oligosyltrehalose trehalohydrolase 3.2.1.141 [20]
Amylosucrase 24.14 [21]
Cyclodextrin glucanotransferase 24.1.19 [22-26]
Amylomaltase (4-Glucanotransferase) 2.4.1.25 [27]
(b) Enzymes predicted to belong to the o-amylase family

o-Glucosidases® 3.2.1.10 [28]
Pullulanase (Limit dextrinase) 3.2.1.41 [29,30]
Amylopullulanase 3.2.1.1/41 [29,30]
Cyclomaltodextrinase®? 3.2.1.54 [31,32]
Dextran glucosidase 3.2.1.70 [29,30]
Trehalose-6-phosphate hydrolase 3.2.1.93 [31]
Maltohexaohydrolase 3.2.1.98 [1]
Maltotriohydrolase 3.2.1.116 [33,34]
Maltopentaohydrolase 3.2.1.- [29]
Sucrose phosphorylase 24.1.7 [35]
Branching enzyme 2.4.1.18 [29,30]
Glucan debranching enzyme 2.4.1.25/3.2.1.33 [30]
Maltosyl transferase 24.1.- [35]
Dextran sucrase/Alternansucrase 2.4.1.5/2.4.1.140 [36,138]
Maltooligosyl trehalose synthased 5.4.99.15 [33]
Trehalose synthased 5.4.99.16 [35]

2a-Amylase-type (AM-type), see Section 5.1 [17]. Neopullulanase-type (N-type), see Section 5.3 [18].
"Neopullulanase, resembles closely the maltogenic amylase (N-type), see Section 5.3: referred to also as cyclodextrinase [18].
“Only o-glucosidases belonging to family 13 are considered here; other o-glucosidases belong to family 31.

dThese are considered to be isomerases.
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Fig. 2. Catalytic steps in glycoside bond cleavage in retaining enzymes. The proton donor protonates the glycosidic oxygen and the
catalytic nucleophile attacks at Cl leading to formation of the first transition state. The catalytic base promotes the attack of the in-
coming molecule ROH (water in hydrolysis or another sugar molecule in transglycosylation) on the formation of the covalent inter-
mediate resulting in a second transition state, leading to hydrolysis or transglycosylation product.

domain; it cannot therefore be necessary for activity
or stability in all cases [27].

Cyclodextrin glucanotransferases and a second
type of maltogenic ‘amylase’, from Bacillus stearo-
thermophilus and quite distinct from that of Thermus
sp., have additional B-sheet domains, domains D and
E, after domain C [17,22-26]. While no role has been
assigned to domain D, domain E occurs in a variety
of other starch-degrading enzymes, not all from fam-
ily 13, i.e., glucoamylases (family 15) and a few B-
amylases (family 14) and a-amylases [29]. This do-
main is believed to be important for binding granular
starch and has also been proposed to provide an
extension to the active site in cyclodextrin glucano-
transferases [22,29].

Much of the specificity of each enzyme is, how-
ever, thought to be defined by amino acid residues
of domains A and B, and characteristic differences in
these domains will be discussed here.

3. Catalytic mechanism and substrate binding at the
active site

Throughout the family, the enzymes are believed
to have a similar mechanism of action, and so the
catalytic amino acid residues are thought to be com-
mon to all the enzymes [37]. Anomeric configuration
is retained when the substrate is converted to prod-
uct, i.e., the enzymes act on o-linkages in glucans or
glucosides and yield o-linked products. The reaction
is believed to proceed by a double displacement
mechanism (Fig. 2). During the first displacement
an acid group on the enzyme protonates the glyco-
sidic oxygen, bringing about scission of the C1-O
bond and transient formation of an oxocarbenium
ion-like transition state [38-40]. A nucleophilic acid

group of the protein attacks at the sugar anomeric
centre to give a B-glycosyl enzyme intermediate,
while the aglycone of the substrate leaves the active
site. In hydrolysis, during the second displacement,
the process just described is essentially reversed by
attack, at the anomeric centre, by a water molecule
activated by the carboxylate form of the former pro-
ton donor (Fig. 2). This second stage of the reaction
proceeds via an ion-like transition state, as before, to
yield a product with a-anomeric configuration and
reprotonation of the original acid group. Transgly-
cosylation can occur if the attacking group in the
second displacement of the reaction is a free hydrox-
yl of a sugar residue rather than water [40,41].

In Taka-amylase A, the first protein of this family
to be examined by X-ray crystallography, three
acidic residues, i.e., one glutamic and two aspartic
acids were found at the centre of the active site [8],
and subsequent mutational studies have shown that
these residues are essential for catalysis [33,37]. The
glutamic acid residue is now believed to be the pro-
ton donor, while the first of the two conserved as-
partic acids appearing in the amino acid sequence of
an o-amylase family member is thought to act as the
nucleophile. The role of the second aspartic acid is
less certain, but it has been suggested to be involved
in stabilising the oxocarbenium ion-like transition
state and also in maintaining the glutamic acid in
the correct state of protonation for activity [40].

The active site of an enzyme belonging to the o-
amylase family is considered to be made up of a
number of subsites, each subsite being capable of
interaction with one glucose residue of the substrate
(Fig. 3). The subsites themselves are composed of
side chains of amino acid residues situated on loops
in the enzyme structure that connect the C-terminal
ends of B-strands to the N-terminal ends of the ad-
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Fig. 3. Schematic of subsite arrangement with oligosaccharide
occupying subsites —5 through +3. Cleavage occurs between
subsites —1 and +1 as indicated by the arrow. The reducing
end group is bound at subsite +3.

jacent helices of the (B/a)g-barrel of the catalytic do-
main. In the case of malto-oligosyltrehalose trehalo-
hydrolase, however, an o-B loop, i.c., joining a helix
to the next B-strand of the barrel, is unusually long
and may contribute to the specificity of the active site
[20]. Because the architecture of the B-o loops varies
from enzyme to enzyme, the number and nature of
the subsites at the active site also varies, and is char-
acteristic of a particular enzyme. Different enzymes
of the o-amylase family act on different substrates
and the only shared feature of the substrates of the
different enzymes is an a-linked glucose residue that
should bind at subsite —1. Hence strong similarities
should be found in the residues making up this sub-
site.

In Taka-amylase A the proton donor (Glu230), the
catalytic nucleophile (Asp206), the second conserved
aspartic acid (Asp297), and two histidine residues
(His122 and His296) were postulated as being impor-
tant at subsite —1 and this has been confirmed by
investigations on mutated proteins, although the His
residues are not invariant throughout the family
[33,36,37]. These five residues occur near the ends
of strands 3, 4, 5 and 7 of the P/o-barrel and are
found in four short sequences, long-recognised as
being conserved in a-amylase family enzymes. Typi-
cal examples of these sequences are shown in Fig. 4.

Further, less obvious conservations of short se-
quence segments can be found at strands 2 and 8
and in loop 3 between strand 3 and helix 3 (i.e.,
domain B of many enzymes) [33]. The conservations
may be related to maintenance of structure while
variations within these segments may be character-
istic of certain enzyme specificities [33]. In many en-
zymes of the a-amylase family, the conserved se-
quence at strand 2 is characterised by a glycine
residue followed eight or nine amino acid residues
later by proline, although this is not invariant. It
has been suggested that this region can be used to

distinguish cyclodextrin glucanotransferases from o.-
amylases, since the former enzymes usually have
eight residues between the Gly and Pro, while the
latter enzymes have seven [42]. This is, however,
not always the case, and several exo-a-amylases
have eight residues between Gly and Pro [43-45],
and one CGTase appears to have seven [46].

4. Conserved sequences and specificity

Different enzymes of the family have different spe-
cificities; some are active only on o-1,4 glycosidic
bonds between glucose residues, others on o-1,6
bonds exclusively, some on both bond types, yet
others can cleave sucrose, while there are related en-
zymes that can hydrolyse or form the inter-glucose
link in trehalose (Fig. 5). For all of the enzymes,
activity involves binding a glucose residue of the sub-
strate at subsite —1, while the nature of the portion
of the substrate binding at subsites +1 and +2 varies
with the specificity of the enzyme, particularly with
respect to the type of bond to be formed or de-
stroyed, e.g., whether o-1,4 or ¢-1,6. Thus the amino
acid residues making up subsites +1 and +2 of an
enzyme may be expected to vary with the specificity
of the enzyme.

From structural studies with mutated enzymes and
substrates or inhibitors, it appears that amino acids
of conserved sequence segments II and III (Fig. 4)
generally constitute subsites +1 and +2 [17,40,47-54].
In particular these acids are 209, 210, 231, 232 and
possibly 233 and 234 (Taka-amylase A numbering
will be used throughout), and occur on loops 4 and
5 of the (B/a)g barrel [8]. Thus residues at these po-
sitions may be characteristic for specificity with re-
spect to bond-type. Of 175 sequences of enzymes

a.

1 116 VDVVANH 122 I 202 GLRIDTVKH 210
111 226 YCIGEVLD 233 v 292 FVENHD 297

b. More generally

I XDXXXNH I GXRXDXXZZ

I XXX(G/AEZZZ IV XXBBHD

Fig. 4. Short conserved amino acid sequences of o-amylase
family enzymes: a, for Taka-amylase A; b, a generalised set of
sequences. X, usually a hydrophobic residue; B, usually a hy-
drophilic residue; Z, a residue important for specificity.
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Fig. 5. Four possible substrates for members of clan GH-H. A:
maltose, B: isomaltose, C: sucrose and D: trehalose.

from families 13 and 77 that are specific for o-1,4
glucosidic bonds, 160 or 91% have Lys or Arg at the
position equivalent to 209 of Taka-amylase A, while
these two residues are conspicuously absent from this
position in enzymes with specificity for other a-glu-
cosidic bonds. Further, 170 or 97% of the o-1,4-
bond-specific enzymes have His or Gly at the posi-
tion equivalent to 210. Where Gly is present at 210,
an aromatic residue is found at 207 and seems to
replace, in the three-dimensional structure, the His
ring otherwise found at 210 in o-1,4-bond-specific
enzymes [9,15]. Amongst the o-amylases, all the
archaeal and plant enzymes have Gly at position
210 [55], but the significance of this is not under-
stood. A view of a substrate analogue bound at the
active site of an o-amylase is shown in Fig. 6.

In the case of enzymes acting on «-1,6-linkages
only, the situation is less clear-cut. In 28 sequences,
the most common amino acid residues at 209 are Gly
or Ser found in 20 or 71% of these proteins. Gly is
also found at this position, however, in some o-glu-
cosidases that appear not to be active on a-1,6-link-
ages [47,56] and in sucrose phosphorylases that cata-
lyse the phosphorolysis of sucrose [57-60]. In
addition, 26 or 93% of the enzymes that are specific
for a-1,6-bonds have a hydrophobic residue, Val,
Leu or Met, at position 207.

At position 210, in a-1,6-link-specific enzymes, 24
or 86% of the proteins have a hydrophobic or aro-
matic amino acid. Enzymes that can act on both -
1,4 and o-1,6 bonds at a single active site, such as
neopullulanases and some amylopullulanases, have
mainly Asn at 209 and Glu at 210 (in 16 out of 22,

or 68% of the enzymes) but other possibilities are
known.

Enzymes acting on sucrose can be considered in
two groups - the glucan sucrases with a permuted
B-barrel, and the sucrose phosphorylases and amylo-
sucrase with a ‘normal’ barrel. In the first group, all
of the sequences examined have Asp-Asn at posi-
tions equivalent to 209-210 of Taka-amylase A,
while in the second group, all have Gly or Ala at
209, followed by an aromatic Phe or Tyr at 210.
Thus there is more than one architecture possible,
in the sucrose-binding enzymes, for subsite +1, where
the fructose might be expected to bind.

Most of the glucosidases (24 out of 31, or 77%),
whether oligo-1,6-glucosidase, o-glucosidase, dextran
glucosidase or trehalose 6-phosphate hydrolase, have
a large hydrophobic or aromatic residue at the posi-
tion equivalent to 210 of Taka-amylase A. This
might allow for interaction with a variety of sugar
or even non-sugar residues at subsite +1.

At positions 231 and 232, the most obviously dis-
tinctive sequence is the Trp-Tyr/Phe that occurs in
cyclodextrin glucanotransferases (CGTases) and one
maltogenic ‘amylase’, but none of the other family 13
enzymes (Table 2). The latter enzyme lacks other key
features of the CGTases (see below) and has no cy-
clising activity [17,61].

In some, but not all, enzymes with marked trans-
ferase activity an acidic residue, either Asp or Glu is

\

. “oH" al O Nk,
Vo = J/
. e N
& O. HN_ 7
HO _. R ,NH3+
o. HaC. © OHO Gly 234
RN Ho OH NH~ 8~ o Ho |
o / ?H\° X A
..... HO| / I 3 /’
we s Q,N“z ," { om0

Acarbose
Fig. 6. Schematic diagram of the interactions of acarbose with
Taka-amylase A. Hydrogen bonds are shown as dotted lines
and water molecules as spheres. (Reproduced from [54] with
permission.)
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found at 231. Such an arrangement of two contigu-
ous acidic residues (231 following the catalytic Glu at
230) is not found in hydrolases of the family (see
Table 2).

Janecek et al. have already pointed out that resi-
dues characteristic of a particular type of enzyme can
be located at other positions in the amino acid se-
quence, e.g., an lle at position 203 is found in cyclo-
dextrin glucanotransferases [42], but not in other 1,4-
bond-specific members of the family, notably o-amy-
lases and the above-mentioned maltogenic ‘amylase’.

A close examination of over 300 amino acid se-
quences of o-amylase family members (listed in
[62]) has enabled a table to be drawn up that shows
sequences characteristic of known specificities of en-
zymes within this family (Table 2). In several cases,
insufficient structural information is available for it
to be possible to offer an explanation of the relation-
ship between these sequences and enzyme specificity.

5. Structure-specificity relationships in individual
enzymes

5.1. Enzymes specific for o-1,4 glycosidic bonds

5.1.1. a-Amylases

o-Amylases are generally considered to be endo-
acting enzymes. There are enzymes, however, that
hydrolyse starch polysaccharides to products with
the o-anomeric configuration and are believed to
act preferentially at one end of a polysaccharide
chain to give primarily one size of small oligosaccha-
ride, i.e., are exo- rather than endo-acting hydrolases.
Some of these enzymes now have Enzyme Commis-
sion numbers distinct from that of o-amylase, e.g.,
maltogenic ‘amylase’ (3.2.1.133), maltotriohydrolase
(3.2.1.116), maltotetraohydrolase (3.2.1.60), and mal-
tohexaohydrolase (3.2.1.98) producing o-maltose,
maltotriose, maltotetraose and maltohexaose, respec-
tively. With the exception of some so-called malto-
genic ‘amylases’, these enzymes cannot be distin-
guished from endo-acting a-amylases on the basis
of amino acid residues in conserved sequence regions
II and III (Fig. 4). This is to be expected, since the
exo-activity is conferred, at least in the case of the
maltotetraohydrolase where the structure is known,
by residues on loop 3, while residues in conserved

regions II and III form the beginnings of loops 4
and 5 of the B-barrel [63]. At this stage in our under-
standing of structure-function relationships in family
13 enzymes it is not possible to predict which resi-
dues of the other exo-acting members of the family
ensure exo- rather than endo-activity, although they
are likely to be in loops 1, 2, 3, 7 and 8, since these
loops contribute to binding glucose residues of the
substrate on the glycone side of the bond on which
the enzyme acts [6,48,63,64].

Consideration of the maltogenic ‘amylases’ illus-
trates some of the problems of confusion and no-
menclature that have arisen in this family. In fact,
the enzymes classed as maltogenic ‘amylases’ under
EC number 3.2.1.133 appear to be of two distinct
types, one which has the characteristic signature of
a-1,4-linkage-specific enzymes of Lys-His at posi-
tions 209-210 [65,66] and the other with the Asn—
Glu characteristic of enzymes active on both «-1,4
and o-1,6 bonds [67-70] (Table 2). There is evidence
that enzymes of the latter type are indeed active on
both types of linkage [68,71] — hence, in this case, the
name amylase, usually reserved for 1,4-bond-specific
enzymes, is misleading. The differences between the
two types of maltogenic ‘amylase’ extend much fur-
ther than simple signature sequences. The B. stearo-
thermophilus enzyme of the first type (hereafter called
type AM, i.e., amylase-like) has been studied by X-
ray crystallography, and the overall structure has
been found to be remarkably similar to that of a
cyclodextrin glucanotransferase, with five domains,
the first being the catalytic (B/o)-barrel [17]. The au-
thors suggest that the enzyme attacks by an endo-
mechanism, but that the final product is mainly mal-
tose. Indeed they consider that the enzyme should be
classified as an o-amylase. The structure shows key
differences in loop 3 of the barrel between this en-
zyme and a CGTase (see below). Such differences
make it less likely that the maltogenic ‘amylase’
AM could hydrolyse a hexa-, hepta- or octa-saccha-
ride from the non-reducing end of a substrate, as
would be required for cyclodextrin formation, or
that cyclisation could take place. A second maltogen-
ic ‘amylase’ (from B. subtilis) has the Lys—His char-
acteristic of an o-1,4-linkage-specific enzyme and is
considered here as an AM-type enzyme. It has an
amino acid sequence long enough and similar enough
to the B. stearothermophilus enzyme that it too may
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Table 2
Sequences at f—o 4 and 5 of domain A characteristic for enzymes in clan GH-H of different specificity
Enzyme Residues at position number (Taka-amylase A numbering) No. of
sequences
203 205 207 208 209 210 231 232 233 234 236 237
Enzymes acting on sucrose
Amylosucrase A v A F 1
Glucan sucrase A \% D N M/D/A 14
Sucrose phosphorylase A AIV G Y/F 4
A F A Y 2
Enzymes acting on trehalose
Maltooligosyl trehalose H P/T/L/T D G 8
synthase
Trehalose-6-phosphate L \% v N L S V/L 2
hydrolase
Trehalose synthase A 1A% P Y N M/Q 5
Enzymes acting on o-1,4- and o-1,6-bonds
Branching enzyme AIG  INIT A/TIV S/N E/D 26
Glycogen debranching Y/N C H S 3
enzyme
Neopullulanase A A M/Q H/Y 2
T H P Y 1
\'% P D C 1
\'% A N E a No K/L 4
Amylopullulanase v A/E N E K/L 4
Maltogenic ‘amylase’ \Y% A N E a No K/L 4
(N-type)
Cyclomaltodextrinase® v A N E a No K/L 4
C G H D 2
o-Glucosidases A v P Y/H Y S/IT 5
AIV G/1 S H/L/M 3
Qv A/LIV H G/L/M 4
v L w L ¢ 1
A 1 T H 1
A% 1 N AIQ 2
S/IT All A/G/IN F/L/IM 4
Enzymes acting on o-1,6-bonds only
Oligo-1,6-glucosidase \' 1 G/N F/M/S 5
v L w L ¢ 1
Dextran glucosidase A\ 1 D L/'M 2
NoL V | N L A 1 1
Pullulanase L M A L 1
\" P N E 1
(Limit dextrinase) L/M/Q L/M G D/H//LIY 13
Isoamylase L A S 1A% 6
Enzymes acting on o-1,4-bonds only
Maltooligosyltrehalose A A% H A 6
trehalohydrolase
Maltosyl transferase M G H A E 1
CGTases I A v K H w 18
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Table 2 (continued)

Enzyme Residues at position number (Taka-amylase A numbering) No. of
sequences
203 205 207 208 209 210 231 232 233 234 236 237
Maltogenic ‘amylases’ L A v K H w 1
(AM-type) A A K H 1 d E 1
4-Glucanotransferase H F R G D 5
H \% M SIG D 2
A A K H 1 E 2
o-Amylase S L/V E/L/Q E/Q 3
H/FIY AV K/R/T G 31
A AlS T H 5
No I A/SIT AIC/USIV A/IK/L/R/V H No W No E 106

4These three cannot be distinguished on basis of sequence of segments II and III (Fig. 4).

bGenerally considered to act on a-1,4 bonds only, but see text.
¢These two differ in only 9 amino acid residues of 529.
dLike a Bacillus subtilis o-amylase (see text).

be a 5-domain protein [65]. Curiously, the sequence
is 97% identical, over the first three domains, to that
of a B. subtilis a-amylase of known three-dimension-
al structure [6]. The o-amylase is, however, truncated
with respect to the maltogenic ‘amylase’ and lacks
the last 192 residues of the latter enzyme, i.e., possi-
ble domains D and E. Such truncations in B. subtilis
a-amylase (resulting from base deletions in the gene)
have been observed previously [72] and are not be-
lieved to affect specificity on soluble substrates, but
decrease activity on starch granules. The enzyme pro-
duces maltose as a major, but not sole, product of
hydrolysis of soluble starch. We suggest that the B.
subtilis maltogenic ‘amylase’ also may be considered
as an o-amylase.

X-ray crystallographic studies of one of the second
type of maltogenic ‘amylase’ (called N-type, i.e., neo-
pullulanase-like) [18] shows a different domain or-
ganisation, with the enzyme having a domain N be-
fore the catalytic B-barrel, and lacking domains D
and E. Again the enzyme gives maltose as the major,
but not only, product of starch hydrolysis. In addi-
tion, the enzyme is shown to be active on both o-1,4
and o-1,6-linkages between glucose residues, and its
amino acid sequence is closely related to those of
another maltogenic ‘amylase’ [68] and a neopullula-
nase [73] known to have dual bond-type specificity
(see later).

Thus, at present, the name maltogenic amylases
and EC number 3.2.1.133 are being used for two

distinct enzymes, neither of which produce exclu-
sively maltose from starch.

Further confusion arises from the description of
two enzymes from Thermoactinomyces vulgaris as
‘pullulan-hydrolysing’  o-amylases, TVAI and
TVAII. Specificity studies on both enzymes show
that they can hydrolyse o-1,4 glucosidic linkages,
giving, for example, panose from pullulan. Both en-
zymes, however, can hydrolyse cyclodextrins and o-
1,6 linkages in small oligosaccharides, i.e., they show
activities characteristic of neopullulanases. In addi-
tion, the amino acid sequences of the enzymes
show a marked similarity to a neopullulanase and a
cyclodextrinase [74]. The structure of TVAII has
been determined by X-ray crystallography and shows
the domain N that is rare in o-amylases, but com-
mon in dual bond-specificity enzymes [19]. For this
review, we have considered both TVAI and TVAII
as neopullulanases.

The true o-amylases act only on o-1,4-glucosidic
linkages, bringing about hydrolysis of starch polysac-
charides or transglycosylation with small oligosac-
charides that are poor substrates for the enzymes
[75-77]. While there are exo-o-amylases producing
mainly one size of oligosaccharide from the non-re-
ducing end of a long a-1,4-linked glucan chain, the
endo-o-amylases also give greater yields of some ol-
igosaccharides than others by preferential action near
chain ends. This action can be the combined result of
the number of subsites at the active site and the
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tendency to multiple attack, i.e., the scission of
more than one glucosidic bond during a single en-
zyme-substrate encounter. Enzymes giving high
yields of maltose and maltotriose during amylose hy-
drolysis, e.g., a-amylases from mammals, some in-
sects and bacteria, are generally considered to have
5 important subsites at the active site (—3 to +2 of
Fig. 3) and in several cases this has been confirmed
by X-ray crystallography of enzyme-oligosaccharide
or enzyme-carbohydrate inhibitor complexes [4,6,10,
13,49,50,78]. In some enzymes a sixth subsite at +3 is
believed to be present [17]. The ability to bind long
substrates with five or six contiguous internal glucose
residues interacting directly with the enzyme gives
these enzymes endo- rather than exo-character. In
addition, some mammalian o-amylases are believed
capable of high levels of multiple attack, accentuat-
ing the production of small oligosaccharides such as
maltose or maltotriose early in amylose hydrolysis
[79]. This multiple attack may be facilitated by the
presence, in mammalian o-amylases, of a movable
loop, within loop 7 of the B-barrel, that can interact
with the substrate at subsites —2 and +2 [13,49,50,80]
and has been observed in two distinct conformations
by X-ray crystallography. Differences both in the
level of multiple attack and in the detailed action
on oligosaccharides among the highly conserved
mammalian o-amylases are believed to be due to a
small number of amino acid substitutions at the ac-
tive site [13].

Other endo-acting a-amylases give larger oligosac-
charides as products of starch degradation, mainly
because scission of o-1,4-linkages close to the non-
reducing end of a substrate molecule is difficult for
these enzymes. Such o-amylases, notably from As-
pergillus oryzae, barley and Bacillus licheniformis,
have more extended active sites where the architec-
ture of loops 1, 2, 3, 7 and 8 of the B-barrel is differ-
ent for each enzyme and unlike that of the mamma-
lian amylases [5,8,9,11-13,54,80,81]. These are the
loops critical for interaction with substrate on the
glycone side of the bond to be broken. Modelling
of a complex between barley o-amylase and an ex-
tended amylose fragment suggests, for example, that
a tyrosine on loop 3 of the barrel may be important
for interaction with a glucose residue at subsite —6
[51], hence ensuring that barley a-amylases produce
maltodextrins smaller than maltohexaose from amy-

lopectin (i.e., from non-reducing substrate chain
ends) only with great difficulty [82].

Other o-amylases are known that appear to lack
several of the short conserved sequences of family 13
enzymes. Such amylases are found in thermophilic
bacteria and archaea, and form family 57 of the clas-
sification scheme for glycoside hydrolases. A possible
distant sequence relationship between the two fami-
lies has been discussed [83].

5.1.2. Cyclodextrin glucanotransferases

Another subgroup of enzymes of the o-amylase
family that have been widely studied are the cyclo-
dextrin glucanotransferases, and several three-di-
mensional structures have been determined, for free
enzymes, mutated enzymes and complexes with
oligosaccharides [22-26,40,41,48,52,53,84]. As stated
earlier, these enzymes have five domains, the first
domain at the N-terminal end of the protein being
the catalytic (B/o)g-barrel, while the last domain, E,
may carry amino acid residues important for guiding
a long substrate to the active site [85]. These enzymes
are capable of bringing about some hydrolysis of
glucan chains, but differ from o-amylases primarily
in their ability to produce cyclodextrins by cyclising
an oligosaccharide of 6-8 glucose residues cut from
the non-reducing end of a chain. Mutation studies
indicate that a Phe or Tyr residue (amino acid 195
in the CGTase of B. circulans [22,23]) in loop 3 of the
B-barrel, that is lacking in loop 3 of a-amylases, is
important for cyclisation activity in CGTases [86].
This critical residue is absent from the maltogenic
‘amylase’ AM of B. stearothermophilus that resem-
bles a CGTase in structure [17,66]. Detailed structur-
al studies of CGTase with bound oligosaccharides or
cyclodextrin have led to the conclusion that when a
long substrate is bound, the enzyme active site
adopts a conformation similar to that of an o-amy-
lase where a Lys residue (209 of Fig. 4) is important
for substrate binding at subsite +2 (Fig. 3). After
bond scission, the glycone part of the substrate — 6,
7 or 8 glucose residues long, with the size preference
depending on the source of the CGTase — remains
covalently bound to an Asp residue (206 of Fig. 4)
[87], and a conformational shift takes place in the
enzyme that forces the non-reducing-end glucose of
the substrate into subsite +1, while the penultimate
glucose occupies subsite +2. The substrate, however,
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is now further away from the Lys at subsite +2 and
residues specific for CGTase become more important
for substrate binding at this subsite, e.g., a phenyl-
alanine of loop 3 (residue 183 of B. circulans CGTase
[22,23]) and another on loop 35, equivalent to residue
232 of Taka-amylase A [40,41,48,53]. Cyclisation can
then take place by glucosidic bond formation be-
tween C1 and C4 of the glucose residues at subsites
—1 and +1, respectively — essentially a reversal of
bond scission. The first of these phenylalanine resi-
dues is missing from the maltogenic ‘amylase’ AM,
and both are absent from o-amylases, presumably
rendering these enzymes unable to form cyclodex-
trins [66]. Mutational studies indicate that critical
residues in loop 3 may influence the size of the cyclo-
dextrins produced by the CGTase, i.e., whether pre-
dominantly o-, B- or y-cyclodextrin [48], although
other residues can have an effect [88].

5.1.3. 4-o-Glucanotransferases

Other enzymes, in addition to cyclodextrin gluca-
notransferases, are primarily transferases, but with-
out cyclising activity, e.g., maltosyl transferase and 4-
glucanotransferases. They act on linear a-1,4-linked
glucans, removing a fragment from one and trans-
ferring it to another. Although the structure of one
of these 4-glucanotransferases has been determined,
the relationship between structure and activity is not
yet understood [27]. The enzyme clearly, however,
belongs to the a-amylase family in terms of its struc-
ture and putative catalytic amino acid residues, and
it seems an unnecessary complication that the en-
zyme is not included in family 13 of the glycoside
hydrolase classification scheme, but has been as-
signed to a new family, family 77, even if that family
is considered as part of the o-amylase ‘clan® GH-H
[35]. Several, but not all of these transferases, share
an unusual feature at sequence I of Fig. 4, i.e., His
122 forming an important part of subsite —1 is not
conserved, but may be replaced by Thr in maltosyl
transferase or Pro, Val and Ser in 4-glucanotransfer-
ases. It is not yet possible to say whether this is
relevant to transfer activity.

5.2. Enzymes specific for o-1,6 glycosidic bonds

At present, structures of oligosaccharide com-
plexes with a-1,6-linkage-specific enzymes have not

been obtained. In general, however, these enzymes
have relatively large residues, Leu, Val or Gln fol-
lowing the first catalytic Asp residue (206 of Fig. 4)
in the sequence. In both known structures of a-1,6-
bond-specific enzymes, isoamylase and oligo-1,6-glu-
cosidase, this residue could interfere with binding of
a 4-linked glucose on the aglycone side of the bond
to be broken and may help to determine bond spe-
cificity [14,16]. In o-amylases, when a large residue
follows the Asp, e.g., phenylalanine in barley o-amy-
lase, the side chain of this residue is closer to the
position of the common His210 of several 1,4-
bond-specific enzymes and helps rather than hinders
binding at subsite +1 [64]. Part of the active site of
the oligo-1,6-glucosidase appears to be in the form of
a pocket which may be able to bind the single 1,6-
linked glucose residue to be split from the substrate
[14], while that of the isoamylase is a shallow groove
more characteristic of the active site of a polysaccha-
ride endo-hydrolase [16]. Isoamylase easily removes
long branches from amylopectin, but the common
plant debranching enzymes, known as limit dextri-
nases, are better adapted to the hydrolysis of a-1,6-
linkages in small oligosaccharides resulting from the
hydrolysis of starch by o- and B-amylases during
seed germination. These plant debranching enzymes
resemble most closely, in sequence, the bacterial pul-
lulanases (30-40% identity) and are now often called
plant pullulanases. The structural basis for the spe-
cificity differences between isoamylases, limit dextri-
nases and bacterial pullulanases is not yet under-
stood.

5.3. Enzymes acting on both o-1,4 and o-1,6
glycosidic bonds.

Enzymes acting on both «-1,4- and o-1,6-linkages
may do so in a very specific way, e.g., branching
enzymes, that usually rupture an o-1,4-bond and
make a l,6-linkage, create branches in glycogen or
amylopectin by removing an oligosaccharide from
the non-reducing end of a straight 1,4-linked glucan
chain and reattaching the oligosaccharide as a
branch.

Two major groups of starch branching enzymes
are found in plants (see for example [89]), with the
A group (also known as SBE-II) having a much lon-
ger domain N than the B group (SBE-I). In general
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the A-type enzymes are more active on amylopectin
than amylose, while the opposite is true for the B-
type branching enzymes. In addition, the former en-
zymes seem to transfer shorter chains to form
branches than the latter [90]. It is not yet known
whether domain N can form an extension of the
active site and hence be important for specificity,
but in the maize enzymes both the N-terminal and
C-terminal regions of the proteins seem to exert an
influence [90,91].

As pointed out earlier, the catalytic glutamic acid
of branching enzymes is usually followed, in the ami-
no acid sequence, by a second acidic residue, either
glutamic or aspartic acid. Mutation of this second
acidic amino acid in Escherichia coli branching en-
zyme showed that it is important, but not essential,
for activity and has an effect on specificity [92].

Glycogen debranching enzymes are believed to
have two active sites, one for breaking and making
1,4-linkages and the other for removal of a 1,6-linked
glucose residue, to release B-glucose. The first active
site is thought to resemble that of an a-amylase-fam-
ily enzyme. Indeed the aspartic acid residue acting as
the catalytic nucleophile has been identified for the
rabbit enzyme [93]. The second site, in contrast,
forms a product with inversion of anomeric config-
uration and so must differ substantially from a fam-
ily 13 active site. Its amino acid residues have not yet
been identified.

Neopullulanases, certain maltogenic ‘amylases’” (N-
type) and most amylopullulanases, however, can hy-
drolyse and synthesise both o-1,4- and o-1,6-linkages
at a single active site. Unfortunately a large protein
with two active sites, one specific for o-1,4-bonds
and the other for o-1,6-bonds, has also been called
an amylopullulanase, leading to confusion with the
enzymes possessing a single active site [94-96]. Fur-
ther confusion has arisen from the practice of calling
pullulanases, that are a-1,6-linkage-specific, ‘pullula-
nase type I’ enzymes and amylopullulanases, with a
single active site that processes «-1,4- and o-1,6-
bonds, ‘pullulanase type II’ enzymes [97].

Where enzymes can act on more than one type of
linkage, there must be some flexibility at the active
site, particularly at subsite +1, since a 4-linked glu-
cose and a 6-linked glucose cannot fit in an identical
way into an active site. In many ‘dual-specificity’
enzymes, Asp, Asn or Gln is found at position 209

(Fig. 4) and an Asp or Glu at 210. Mutation of these
residues has been shown to alter bond specificity
[98,99] and relative amounts of hydrolysis versus
transglycosylation [100], but the effect on enzyme
structure has not yet been determined.

Cyclomaltodextrinases are usually considered to
act on o-l,4-linkages only, but there is a report
that they can hydrolyse other a-bonds [101]. They
have been included here with dual bond-type specific
enzymes because of close sequence similarities with
enzymes such as neopullulanases. Cyclodextrinases
are defined as enzymes that hydrolyse cyclodextrins
and some linear maltodextrins quickly, but have little
activity on starch. Some maltogenic ‘amylases’ (N-
type) also can hydrolyse cyclodextrins, as well as
starch, [68,71, 102] and so the specificities of the
two types of enzymes are not distinctly different.
Several maltogenic ‘amylases’ N, notably those with
sequence VANE at positions 207-210 (Taka-amylase
A numbering, Fig. 4) can also act on o-1,6 bonds in
addition to o-1,4-linkages [68,71, 102,103]. Neopul-
lulanases are defined as enzymes hydrolysing primar-
ily a-1,4-bonds of pullulan to give panose, but are
also known to be active on o-1,6-linkages. Since mal-
togenic ‘amylases’ N have been shown to give panose
from pullulan [68,71,102,103], again there is an over-
lap in specificity between neopullulanases and the
maltogenic ‘amylases’ N that act on more than one
type of linkage. In addition, the amino-acid sequen-
ces of some maltogenic ‘amylases’ N and neopullu-
lanases are very similar: 86% identity for example
between a Bacillus stearothermophilus neopullulanase
and a maltogenic ‘amylase’ from Thermus species
[70,73] and 99% identity between a putative neopul-
lulanase from Bacillus subtilis and a maltogenic
‘amylase’ from the same organism [69,104]. In this
latter case it seems very likely that the two sequences
correspond to isozymes of the same enzyme. As has
been pointed out earlier in this review, structures of a
maltogenic ‘amylase’ N from Thermus sp. and an ‘o-
amylase II’, here considered to be a neopullulanase,
from Thermoactinomyces vulgaris appear very similar
[18,19]. Thus it may not always be possible to distin-
guish between maltogenic ‘amylases’ (N-type) and
neopullulanases, and the names may have been as-
signed simply on the basis of the first substrates
studied.

In contrast, the cyclodextrinases seem to be less
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closely related to maltogenic ‘amylases’ and neopul-
lulanases, with sequence identities usually less than
50% [67,105-107]. A similarity in domain B between
a cyclomaltodextrinase and a neopullulanase has,
however, been found [31]. Certainly, it is not always
possible to distinguish cyclodextrinases from malto-
genic ‘amylases’ (N-type) and neopullulanases on the
basis of the short sequences shown in Fig. 4, and a
strong resemblance between maltogenic ‘amylases’
(N-type) and cyclomaltodextrinases has, indeed,
been suggested [68]. Further, it has been postulated
that some enzymes of a group of cyclodextrinases,
maltogenic ‘amylases’ and neopullulanases have
been misnamed [106]. More recently it has been sug-
gested that, since neopullulanases, maltogenic ‘amy-
lases’ (N-type) and cyclomaltodextrinases all hydro-
lyse cyclodextrins and share marked sequence
similarities, they may be considered a cyclodextrin-
metabolising subfamily of the o-amylase enzyme
family [32].

Interestingly, a pullulanase from Bacillus flavocal-
darius has many sequence features resembling those
of a neopullulanase [32,108], but appears to lack the
domain N usually found in pullulanases and neopul-
lulanases.

The amylopullulanases are much larger proteins,
in general, than neopullulanases, cyclodextrinases
and N-type maltogenic ‘amylases’, e.g., molecular
masses of amylopullulanase are well over 100000
(ca. 140000-180000) while the other enzymes have
molecular masses in the range 60 000—80 000. Amylo-
pullulanases can bring about hydrolysis of o-1,4-
linkages in amylose and «-1,6-linkages in pullulan
[109], but it is not yet possible to relate this activity
to structural features.

5.4. o-Glucosidases

o-Glucosidases are enzymes that remove an o-
linked glucose, usually from the non-reducing end
of a chain, although at least one enzyme appears to
remove glucose from the reducing end of a chain
[110]. The o-glucosidases that act at non-reducing
chain ends may not be specific for the aglycone
part of the substrate — for example, an o-glucosidase
from Candida albicans can hydrolyse maltose, su-
crose and o-methyl maltoside, but not trehalose, ni-
gerose or isomaltose [47]. Again, there must be some

flexibility at the active site for binding substrate at
subsite +1.

Some confusion seems to have arisen, however,
when classifying an enzyme as an o-glucosidase or
as an oligo-1,6-glucosidase, specific for hydrolysing
an o-1,6-linked glucose residue from a substrate.
An ‘oligo-1,6-glucosidase’ from Bacillus sp. F5 has
been shown to be active on both o-1,4- and «-1,6-
linkages [111], as has an ‘o-glucosidase’ from Bacillus
sp. SAM 1606 [112]. It is interesting that both of
these enzymes have the sequence Gly-Gly at posi-
tions equivalent to 232-233 of Taka-amylase A,
i.e., in conserved sequence III of Fig. 4 [111,113],
while glucosidases that hydrolyse either a-1,4- or o-
1,6-bonds (but not both) do not. Studies of muta-
tions of the first of these glycine residues in the ‘o-
glucosidase’ have shown that this residue has a
marked influence on specificity [114]. Further, a Ba-
cillus flavocaldarius oligo-1,6-glucosidase, for which
the specificity has been studied [115,116], is 98%
identical in sequence to a Thermus caldophilus ‘o-
glucosidase’ [117]. It seems unlikely, given such a
high sequence similarity, that the specificities of the
two enzymes are substantially different, and so it is
probable that the ‘o-glucosidase’ in this case will
prove to be an oligo-1,6-glucosidase.

The glucosidases of family 13, i.e., oligo-1,6-gluco-
sidase, o-glucosidase, dextran glucosidase and treha-
lose 6-phosphate hydrolase, show some strong se-
quence similarities [118], and may be considered a
sub-group of the a-amylase family. Thus any predic-
tion of specificity based on sequence comparisons
should be carried out with great care.

5.5. Enzymes acting on sucrose

Enzymes, other than cyclodextrin glucanotransfer-
ases, function as transferases, but some transfer glu-
cose from a sucrose molecule to a growing poly-
saccharide chain. These are amylosucrase that syn-
thesises an o-1,4-bond, and glucan sucrase (also
known as glucosyl transferase). In the case of the
second enzyme, however, the new bond formed
may be an o-1,2-, o-1,3-, or o-1,6-linkage. The basis
of this specificity is not yet understood.

While it has been suggested that secondary struc-
ture elements of the (B/a)g-barrel of glucan sucrases
are permuted [36], the contrary argument has been
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made that the B-barrel elements of these enzymes
appear in the same order as in o-amylases [119].
The sequences on which the latter suggestions were
based, however, are very variable in the glucan su-
crases and, while occurring in one such enzyme, are
not found in others. In contrast, the sequences on
which the postulate of circular permutation was
based are common to all the glucan sucrases [36].
At present, no explanation can be offered as to
why amylosucrase should function with a ‘normal’
B-barrel while glucan sucrases require a permuted
barrel.

As in some other transferases, one of the con-
served histidine residues making up subsite —1, i.e.,
His122 of Taka-amylase A (Fig. 4), is replaced, by a
glutamine residue in glucan sucrases. Its relevance to
activity is not known, although mutational studies
indicate an involvement in specificity with acceptor
molecules [120].

Even less is known of sucrose phosphorylase,
which might have been expected, from the reaction
catalysed, to resemble a phosphorylase more than an
a-amylase, yet the sequence bears the hallmarks of
an o-amylase family enzyme.

6. Relevance to protein engineering

The large diversity of specificity and the different
types of reaction catalysed by enzymes in glycoside
hydrolase families 13, 70, and 77 — or clan GH-H -
invite rational engineering of the enzyme specificity.
Early mutational analyses investigated structure/
function relationships [37] and protein engineering
moreover addressed important industrial goals such
as improvement of thermostability or changing the
pH activity dependence [121-123]. Similarly, modifi-
cation of the product specificity has major industrial
relevance. One issue in the case of cyclodextrin glu-
canotransferases has been to engineer the product
composition to have higher contents of a given cyclo-
dextrin and indeed CGTases have been successfully
developed by rational design to produce specific cy-
clodextrins [41,48,52,84,124]. Neopullulanases repre-
sent family 13 members in which substrate specificity
changes have been attempted. These enzymes possess
dual bond-type specificity, acting on both «-1,4- and
a-1,6-bonds; moreover they catalyse both hydrolytic

and transglycosylation reactions [74,98,125,126]. At
an early point an a-amylase was altered to enhance
transglycosylation, probably by slow product release
which allowed attack of a new substrate donor mol-
ecule [127,128]. Random mutation at a localised sub-
strate binding region of the polypeptide chain, e.g.,
in B—o loops 4 [129] and 7 [130,131] in barley o-
amylase shifted the position of the preferred produc-
tive binding mode of the oligosaccharide substrates.
In addition mutant enzymes were obtained with al-
tered substrate specificity, including increased specific
activity towards insoluble starch [130,131]. Several
examples are reported on the usefulness of chimaeric
enzymes from this family, including chimaeras of re-
lated Bacillus a-amylases [132,133], barley o-amylase
isozymes [134,135] and starch branching enzyme iso-
zymes from maize endosperm [90,91]. These chimae-
ric enzymes all have modulated specificity — typically
intermediate between the two or similar to one of the
parent enzymes — and their properties enable tenta-
tive correlation of structural features with specificity
variation. Cyclodextrin glucanotransferase specificity
was rationally engineered in an o-amylase of B.
stearothermophilus which was closely related to a
CGTase in sequence from the same organism [136].
Recently the mutation of a glutamine — normally
found as a transition state stabilising histidine at
subsite —1 in family 13 — to histidine in glucansu-
crase from Streptococcus downei (a circularly per-
muted family 70 enzyme) altered the acceptor reac-
tion to produce new oligosaccharides [120].
Interestingly the reverse mutation of histidine to glu-
tamine in the related amylosucrase from Neisseria
polysaccharea — which is a non-circularly permuted
family 13 member — was the superior of a series of
replacements and gave an enzyme with enhanced sen-
sitivity to glycogen activation [137].

7. Conclusions and recommendations

Enzymes of the a-amylase family can bring about
scission and synthesis of a-1,4-, o-1,6- and less com-
monly a-1,2- and a-1,3-glucosidic linkages, as well as
act on sucrose and trehalose. The enzyme active sites
may be considered to be composed of subsites, each
capable of interacting with one monosaccharide res-
idue. All enzymes of the family require an a-linked
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glucose residue in the substrate to interact with the
glycone-binding subsite —1 adjacent to the catalytic
acids. Enzymes of different specificities, however, act
on substrates containing different aglycones; hence
the aglycone-binding subsites and the amino acid
residues that constitute them are characteristic of
particular specificities. The table relating specificity
to short sequences that are likely to contain such
amino acids has been compiled using some 300 rep-
resentative enzyme sequences. New primary struc-
tures may be obtained that do not conform to any
of the signatures given here. In such a case, we would
recommend detailed examination of the specificity of
the protein involved. Indeed it is possible that en-
zymes may be found, in future, with a specificity
that combines the specificities of more than one
known member of family 13, or that is intermediate
between the specificities of known enzymes.

Although short sequences that are characteristic of
certain specificities have been defined here, in many
cases it is not possible to offer a rational explanation
for these sequence—specificity relationships. More
work is required on three-dimensional structures,
particularly of enzyme—carbohydrate complexes, be-
fore the relationships will become clear.

It is unfortunate that some enzymes, clearly dem-
onstrated to be active on both o-1,4- and o-1,6-glu-
cosidic linkages are described in the literature as o-
amylases, which by Enzyme Commission definition,
catalyse hydrolysis of o-1,4-bonds only. We recom-
mend that the name o-amylase be restricted to those
enzymes that fit the definition.

Where a single name, e.g., maltogenic amylase is
used for what are demonstrably two different types
of enzymes, we recommend that the name be used
only for the type of enzyme that can be considered as
a specialised a-amylase and is inactive on o-1,6-glu-
cosidic linkages. Where enzymes are shown to act on
both a-1,4- and o-1,6-glucosidic linkages and pro-
duce maltose from starch, it is likely they can also
hydrolyse cyclodextrins and pullulans [32]. In this
case, the preferred substrate should be identified —
this is more likely to be cyclodextrin or pullulan
rather than starch [32] — and the enzyme named ac-
cordingly, i.e., either cyclodextrinase or neopullula-
nase.

For the enzymes that catalyse hydrolysis of o-1,4-
linkages in amylose and o-1,6-linkages in pullulan,

we recommend the proteins with a single active site
be called amylopullulanases, while the enzymes with
two active sites, each active site being specific for one
bond type, could be called a-amylase-pullulanases.
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