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Introduction

o-1.4-D-glucans occur widely in nature in the form of glycogen and starch. Bacteria,
fower eukaryotes and animals accumulate glycogen, whereas starch is characteristic
of higher plants. While these two glucans are chemically the same, they differ in
struclure, particularly with respect to the number and organisation of the ¢-1,6-linked
branches which they contain, and they differ in their molecular masses. Starch is
comprised of two compenents: amylose which contains very few «-1,6-linked
branches, and amylopectin which contains such branches at regular intervals (Hizukurj,
1986, 1996). Glycogen is typically more highly branched than amylopectin (Gunja-
Smith et al., 1970; Manners, 1991; Sandhya Rani et al., 1992). These polymers serve
as carbon stores which accumulate when glucose is plentiful and are utilised by the
organism when needed. Since starch and glycogen are chemically the same, their
metabolism, even in diverse organisms, is remarkably similar. This means that
information obtained from studies of - I,4-glucan metabolism in one organism can be
of great value in trying to understand such metabolism in another. it also means that
genes encoding enzymes of a- | ,4-glucan metabolism can be transferred between very
different organisms to modify glucan metabolismt iz vive, or can be used in starch or
glycogen processing. From an applied viewpoint, starch is of greatest importance
because about 30 million tonnes is produced annually from plants, for food and

Abbreviations: 40GTase, 4-o-glucanotransferase or |,4-w-p-glucan:t 4-o-n-glucan. 4-a-n-
glucanotransferase; AP, amylopectin: CA, cycloamylose; CAS, CA7, CAI17 erc., cycloamylose or
cyclodextring with 6, 7. 17 erc. glucose residues; CCD, cyelic cluster dextrin; CD, cyclodextrin; CDase,
cyclodextrinase; CGTase, cyclodextrin glucanotransferase; p-enzyme, disproportionating enzyme; DP,
degree of polymerisation; G1P, glucose- {-phesphate; G, G2, G3 etc., glucose, maltose. maliotriose, efc. ;
GDE, giycogen debranching enzyme: P, inorganic phosphate; R, reducing end of 1,4-0-n-glucan.
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industrial uses (Lillford and Morrison, 1997). There is therefore great interest in trying
to improve or modify starch production in plants, and in using enzymes from diverse
organisms for starch processing.

Of all the enzymes involved in o-1,4-glucan metabolism, one group whose func-
tions are more¢ varied and less well understood than others, are the
4-a-glucanotransferases (1,4-0-D-glucan: 1,4-a-D-glucan, 4-o-D-glucanotransferase,
here abbreviated to 40.GTase). These enzymes break an «-1,4-link and transfer the
resulting glucan moiety to an acceptor molecule through creation of a new -1 ,4-link.
Studies of the functions of these enzymes are particularly important not only for the
understanding of their roles in vivo, but also because it has been discovered that they
are able to synthesise cyclic glucans in vitro, and therefore have great potential for use
in starch processing. The purposes of this review are:

® to draw together the available information concerning the functions of these
enzymes in diverse organisms

° to compare the structures, relatedness and action patterns of these enzymes

* (o introduce a unifying nomenclature

* to consider how they may be employed in starch processing

* 1o explain the structures and potential applications of the cyclic glucans which
they can produce

The action of 4aGTases
The action of 40GTases can be summarised by the following equation:
(o-1.4-glucan) | + (@-1,4-glucan) > (01 A-glucan)_ + (o-1.4-glucan)

This action is the inter-molecular glucan transfer reaction, it is readily reversible,
and is often called the ‘disproportionating reaction’. Such enzymes can potentially
also catalyse an intra-molecular glucan transfer reaction, within a single linear glucan
molecule, to create a cyclic glucan product, as follows:

(a-1,4-glucan) <> cyclic{o-1,4-glucan) + (o-L4-glucan),

This reaction is also reversible, and is often referred to as the ‘coupling reaction’

R
Cyclisation —— R

Disproportionati
Aupling proportionation

R R

Figurel. Reactionscatalysed by 1,4-0:D-glucanctransferases (40eGTase) on 1,4-ce-D-ghacans. Cyclisation
is achieved by 40GTase atlack a linear glucan (centre top) and transfer of the newly-formed reducing end
(R) to the non-reducing end of itself, to form a cyclic molecule and a linear fragment. The reverse reaction
is sometimes referred to as the Coupling Reaction. Disproporticnation involves transfer from the linear
donor glucan to an acceptor, which may be a glucan or glucuse, to form two lincar products of differeat size.
The specificities of different types of 40GTase are described in the text.
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when the donor molecule is a cyclic glucan. These reactions are summarised diagram-
matically in Figure 1. Since these reactions are reversible, the products of reaction of
4oGTases with glucan substrates are potentially varied and heterogeneous, particu-
larly when complex glacan substrates (including amylopectin and glycogen) are also
considered. However, the products are determined by the specificity of the different
enzymes, the substrates employed, and the conditions of the reaction.

Groups within the 40GTase family

There are three types of 40GTase which can catalyse the glucan transfer reactions
described above, and which have been extensively described and studied. These are:

1. Cyclodextrin glucanotransferase (CGTase) [EC 2.4.1.19]

2. Disproportionating enzyme {D-enzyme} or amylomaltase [EC 2.4.1.25]

3. Glycogen debranching enzyme (GDE) (amylo-1,6-glucosidase/4-o-
glucanotransferase) [EC 3.2.1,33 + EC 2.4.1.25]

Unfortunately, the common names of these enzymes are either not informative or
are misleading. Sometimes different names are used for the same enzyme, leading to
potential confusion. It has also become apparent that there are fewer distinctions
between the reaction specificities of these three enzyme types than previously thought.
Furthermore, it has recently become clear that there are other 40 Tases which do not
apparently belong to these three groups, based on their primary amino acid sequences
and reaction specificities. Given the growing importance of these enzymes, it is
necessary that the different types are carefully described for the benefit of future
research. We propose that the three 40GTases above should be referred to as Types I,
Iland liL. respectively. In addition, there is a related but significantly different enzyme
found in Thermotoga maritima, and another type from several thermophilic bacteria
which has a completely unrelated primary structure. We propose that these should be
Types IV and V, respectively. The charateristics of these five types will now be
discussed.

Type ¥ 400G Tase (CGTases)

DISTRIBUTION

This group of enzymes is well known for the synthesis of cyclodextrins (CDs), and
most of the work on 4G Tase has been focused on this enzyme group. The enzyme has
been reported in increasing numbers of bacteria and at least 20 genes for this enzyme
have already been isolated (and more enzymes have been identified biochemically).
The enzyme seems to be widespread in Bacillus species, since most reports are of
CGTase genes from the Bacillaceae. Exceptions are two from Klebsiella (Binder et
al., 1986; Fiedler er al., 1996) and two from Themoanaerobacterium (Bahl ef al.,
1991; Jorgensen et al., 1997). Recent resuits from genome sequencing projects also
support this view, since no CGTase has been identified in the 15 completed genomes
(including 10 Eubacteria, 4 Archaea and | Eukaryote). Given the large amount of
work on this group of enzymes, the historical background of CDs and CGTases has
already been comprehensively reviewed (French, 1957; Kobayashi, 1996) so will not
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be covered here. Instead, we will briefly summmarise some of their properties and
discuss some of the most recent findings.

ENZYME ACTION

CGTase converts starch into a mixture of cyclic o-1,4-glucans (cyclodextrins, CD)
with degree of polymerisation (DP) of 6, 7 or 8 {a-, -, 7-CD, respectively), and
residual dextrin. This is achieved by the intra-molecular glucan transfer (cyclisation)
reaction. Since ¢-, -, and yv-CDs have central cavities with distinct dimensions and
different specificity for guest molecules {see below), the production of specific types
of CD is desirable. The composition of CD produced is primarily determined by the
type of enzyme employed, but can be influenced by additions (e.g. complexant or
ethanol) to the reaction mixture (Rendleman, 1993; Mori er al., 1995). The yield of
CD depends on the enzyme employed, concentration of starch, and degree of hydro-
lysis of the starch substrate (Kitahata, 1995). Given the importance of CDs, product
specificity (proportions of o.-, B-, and y-CDs) is one of the most important properties
of this enzyme group. CGTases are often classified according to the major CD which
they produce (forreviews see Schmid, 1989; Stames, 1990; Kitahata, 1995; Kobayashi,
1996). The proportions of specific CDs produced can be changed by single amino acid
substitutions in CGTase (Nakamura ef al., 1993; Nakamura et a/., 1994; Penninga et
al., 1995, Wind et al., 1998).

Apart from the cyclisation reaction, Type | 4aGTases also catalyse dis-
proportionation and coupling reactions as described in Figure I. The final products
from added substrate thus depend on the equilibrium of the three transferase reactions.
These activities have been reviewed by Kitahata (1995). The smallest acceptor,
smallest donor, and smallest glucan unit transferred were not determined in most
cases, but glucose generally seems to be the smallest acceptor, and a glucose unit is the
smallest transferred unit {Table ). The smallest donor molecule might be different for
each CGTase, since the smallest donor molecule was reported to be maltotetraose for
the enzyme frem B. subtilis No. 313 (Kato and Horikoshi, 1986), maltotriose for
B. macerans and B. ohbensis enzymes, and maltose for the B. megaterium enzyme
{Kitahata, 1995). CGTases also have hydrolytic activity, where the degree of hydro-
lytic activity relative to transferase activity, is variable between different CGTases
(Kitahata and Okada, 1982).

Studies of crystal stiuctures have been carried out with five different CGTases (or
mutant forms, in some cases), which include enzymes from alkalophilic Bacillus
sp.1011 (Harata er al., 1996), Thermoanaerobacterium thermosulfurigenes EM]
{(Knegteler al., 1996; Wind ef al., 1998), Bacillus circulans strain 251 (Lawsonet al.,
1994; Knegtel er al., 1995; Strokopytov et al., 1995, Strokopytov ef al., 1996),
B. stearothermophilus (Kubota et al., 1991, 1994) and Bacillus circulans strain 8
{Klein and Schultz, 1991; Klein ef al., 1992; Schmidt et al., 1998). CGTases are
structually homologous to (t-amylases, whose crystal structures have also been
determined (Matsuuraet al., 1984; Boelef al., 1990; Qianer al.,, 1993; Kadzicla eral,,
1994; Machius et al., 1995; Brayer ez al., 1995; Ramasubbu ez al., 1996; Morishita ez
al., 1997). Both types of enzyme belong to the o-amylase super-family, all members
of which contain a characteristic (J/c)8-barrel domain and four highly conserved
regions (Svensson, 1994) (see Figure 2). Three acidic residues (Asp229, Glu257 and
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Asp328 — numbers from B. circulans strain 251) in conserved regions 2, 3 and 4,
respectively, are present in all known o-amylase family enzymes (Svensson, 1994)
and are believed to participate in catalysis. Their roles have been studied by muta-
genesis in conjunction with crystallographic studies (Klein et al., 1992; Nakamura et
al., 1992; Strokopytover al., 1995; Knegtel et al., 1995) and Ghu257 was identified to
be the acid/base catalyst and Asp229 the catalytic nucleophile. Idemiification of
Asp229 as a catalytic nucleophile and evidence for a covalent intermediate in CGTase
was recently obtained (Mosi er al., 1997).

PHYSIOLOGICAL ROLE

Ulilisation of exogenous glucans (starch or glycogen) as a substrate for growth is
achieved in some bacteria by secretion of amylases and CGTase. The CGTase can
degrade the starch through cyclisation activity, creating CDs, but can alse potentially
then catalyse coupling reactions to linearise the CDs, and disproporticnation reactions
to change maltooligosaccharide chain lengths. Until recently, it was unknown if CDs
could be imported into the cell, but studies of mutants of Klebsiella oxytoca suggest

Starch

Amnylasc CGTase

Maltooligosaccharides Cyclodextrins (CD)

|

l

+ CDasc
— QO
Phosphorylase

‘_/ 4aGTasc
GlP

4 Glc
G4

B

Figure 3. Roles of 40GTases in glucan wtilisation by bacteria. Breakdown of starch or other glucan is
initiaied by extracellular hydrolases such as amylase, or by CGTase, depending upon the species of
bacterium. Maltooligosaccharides or cyclodextrins (CD) are imported by specific transporter proteins,
Maltooligosaccharides are broken down by glucan phosphorylase, producing glucose-1-phosphate (G 1P).
Phosphorylase cannot break down molecules beyond maltotetraose {G4), so 4G Tase (amylomaltase or -
enzyme) calatyses a disproportionation reaction to create larges maltooligosaccharides and release glucose
(Gle). In those bacteria which import CD. it is linearised by cyclodextrinase (CDase) and
mailtooligosaccharides metabolised by phopsphorylase and 40Gtase.
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the existence of a specific CD uptake system (Fiedler er o/, 1996; Pajatsch er al.,
1998). Imported CDs are apparently then hydrolysed by acytoplasmic cyclodextrinase
(Feederle er al., 1996) and further metabolised by a phosphorylase-dependent path-
way of a type found in many bacteria (Figure 3). This phosphorylase-dependent
pathway makes use of a Type Ii 40GTase (see below). Presumably, the evolution of
such a CD synthesis and uptake mechanism provides a competitive advantage over
other bacteria which cannot import CDs.

Type 1l 4G Tase (D-enzyme and amylomaltase)

DISTRIBUTION AND RELATEDNESS

Amylomaltase was first found in Escherichia coli as a maltose-inducible enzyme
{Monod and Torriani, 1948). The amylomaltase gene has been cloned from E. coli
(Pugsiey and Dubtevil, 1988), Streptococcus prewmoniae (Lacks et al., 1982),
Clostridiiun butyricum (Goda et al, 1997), Chlamidia (Hsia er al., 1997) and
Thermus aguaticus (Terada et al., unpublished), but further homologous genes have
been identified in the genomes of Haemophilus influenzae (Fleischmannet al., 1995),
Aquifex aeolicus (Deckert er al., 1998), Borelig sp. {Fraser er al, 1997), Myco-
bacterium tuberoculosis (Cole et al., 1998) and Synechosystis sp. (Kaneko et al.,
1996). It is clearly a widely-distributed enzyme, but probably not ubiquitous since
some bacterial genome projects have failed to reveal an obvious amylomaltase gene.

TAQ
| SN
| ACF
B POTATO
BOR
i SPNEU
] CBUT
CHL
MYOO
HINF
ECOU

Figure 4. Phylogenetic relationships of Type Il 4aGTases. Comparisons of amino acid sequences (all
deduced from nucleic acid sequences) for 1§ enzymes using the ‘Phylip” programme indicate that they fall
inte at least two distinct greups, At this time it is not possible te distinguish the activities of these groups
because enzyme activities have not been fully characterised in most cases. TAQ, Fhermus aquaticus; SYN,
Svnechosystis sp.; AQF, Aquifex aeclicus; POTATO, Selanum tuberosunm; BOR, Borelia sp.; SPNEU,
Strepotococcus pueumoniae; CBUT, Clostridium bueyricunt, CHL, Chlamidia sp.; MYCO, Mycobacterinm
niberculosis, HINF, Haemophilus influenzae; BCOLY, Escherichia coli.
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A similar 400GTase is also present in plants and is called disproportionating enzyme
(D-enzyme).D-enzyme was first found in potato tubers (Peat er ¢f., 1956) but has since
been found in carrot roots (Manners and Rowe, 1969), tomato fruits (Manners and
Rowe, 1969), germinated barley seeds (Yoshic er al., 1986), sweet potato tubers
(Suganuma ef al., 1991), spinach leaves (Okita et al., 1979), pea leaves (Kakefuda et
al., 1986) and Arabidopsis leaves (Lin and Preiss, 1988). A cDNA for D-enzyme was
isolated from RNA of potato tubers (Takaha er al., 1993), where the similarity of
plant D-enzyme and bacterial amylomaltase was first confirmed at the molecular
level. The phylogenetic tree of nearly all available (eleven) amylomaltase and
D-enzyme amino acid sequences shows that these enzymes may be further divided into
two subgroups in which sequence homolgy is very high within each subgroup, but less
between subgroups (Figure 4). The first subgroup comprises enzymes from E. coli,
Mycobacteriwm, Chlamidia and H. influenzae, and the second comprises the other
amylomaltases and potato D-enzyme. k is too premature to formally propose twa sub-
groups since more sequence analysis may provide further information, and the
reaction specificity of only a few of these enzymes is currently available.

It has been suggested that b-enzyme (amylomaltase) is a member of the a-amylase
super-family of enzymes (Heinrich ef al., 1994; Svensson, 1994), Alignments of these
enzymes clearly indicates the presence of the four conserved regions characteristic of
the o-amylase super-family of enzymes (Figure 2). We also note that the motifs
RIDH(FRG), and EDLG in regions 2 and 3, are conserved within this enzyme group
{Type Il 40GTase). However, not all of the 7 ‘invariant’ amino acid residues found in
these four conserved regions (Svensson, 1994} are found in Type Il 46GTases. In
particular, the His residue in region 1 is completely replaced.

ENZYME ACTION

Plant D-enzyme has been partially purified from potato tubers {Jones and Whelan,
1969), germinating barley seeds (Yoshio ef al., 1986), Arabidopsis leaves (Lin and
Preiss, 1988} and sweet potato tubers (Suganuma et al., 1991), and its activity on
maltoofigosaccharides was investigated. These studies demonstrated that D-enzyme
catalyses a disproportionation reaction on maltooligosaccharides in which a glucan
moiety is transferred from one ¢-1,4-glucan molecule to another, or to glucose. The
results of these studies indicated that D-enzymes of plants have common reaction
characteristics. The smallest donor molecule is maltotriose, the smallest acceptor
molecute is glucose, the smallest transferred glucan is a maltose unit, and glucosyl
transfer never occurs {Table 1}. It should also be noted that maltose is not produced
during D-enzyme reaction on any substrate, because there are two ‘forbidden linkages’
in malteoligosaccharides larger than maltotetraose: the non-reducing end linkage and
the bond penultimate to the reducing end (Jones and Whelan, 1969).

A timited number of bacterial amylomaltases have been subjected to biochemical
analysis of their action. Analysis of amylomaktases from £, coli (Palmer ef al., 1976;
Kitahata et ol.,1989a; Kitahata er al., 1989b} and C butyricum {Goda et al., 1997)
suggests that they catalyse a similar disproprtionation reaction to plant D-enzymes,
but there are some differences. The major difference is that the bacterial amylomaltases
catalyse a glucosyl transfer (Table ). Additionally, maltose can act as a donor
molecule for the enzyme from E. coli strain ATCC380 (Kitahata, 1989a), although the
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rate with maltose is much lower than that for maltotriose (our unpublished work).
However, the work of Palmer er al. (1976) with E, coli strain ML308 and that of
Goda et el (1997) with C. butyricum indicates that maltose is not a donor.

PHYSIOLOGICAL ROLE

In £ coli, amylomaltase is part of a maltooligosaccharide transport and utilisation
system, which includes maltodextrin phosphorylase and maltose transport proteins
(Schwartz, 1987). The role of amylomaltase is apparently to convert short
maltooligosaccharides into longer chains upon which glucan phosphorylase can act
(Figure 3). This phosphorylase, like that in plants, degrades maltoaligosaccharides
10 maltotetraose, but no further. The genes for amylomaltase and glucan phosphory-
lase constitute the malPQ) operon. A similar operon structure was also found in S
pieumontae (Lacks et al., 1982), K. pnewmonine (Bloch ef al., 1986) and C
butyricum (Goda et al., 1997), so the function of these amylomaltases is expected to
be the same as the E. coii enzyme. On the other hand, the genes for amylomaltase
found in the genomes of H. influenzae (Fleischmann et af., 1995) and A. aeolicus
(Deckert e al., 1998), are part of the glycogen operon, which include genes of
glycogen synthesis and degradation. Furthermore, these organisms do not have the
genes homologous to E. coli malE, malF, malG which are involved in the transport
of maltooligosaccharides into the cytoplasm. All these observations suggest that in
H. influenzae and A. aeolicus, amylomaltase may not be involved in exogenous
maltooligosaccharide utilisation, but is involved in glycogen metabolism. Thus, the
physiological role of amylomaltase may be different in each organism, but these
differences do not correlate with the enzyme subgroups identitied above (Figyre 4).

The physiclogical role of D-enzyme in plants is not clear, but it is a plastidic enzyme
and is assumed to be involved in starch metabolism. It is not required for the
accumulation of starch or creation of starch structure, so it is lkely to be involved in
starch turnover (Takaha et af., 1998a). The long-held view is that b-enzyme converts
small maltooligosaccharides into larger ones which serve as substrates for breakdown
by starch phosphorylase, analogous to the maltooligosaccharide utilisation system of
E. coli (Schwartz, 1987). This view is consistent with the observed preference of D-
enzyme for maltooligossaccharide substrates and the observed effects of antisense
inhibition in transgenic potato (Takaha er al., 1998a). However, other possible
functions should not be excluded, since D-enzyme can also act upon high molecular
weight starch molecules (see below).

Type 11T 40GTase (GDE)

DISTRIBUTION AND STRUCTURE

This is a bifunctional enzyme with amylo-1,6-glucosidase and 400G Tase activities. It
appears to be present only in those Eukaryotes which synthesise glycogen (therefore
excluding higher plants). The enzyme has been isolated, and primary sequence
determined, from human muscle (Yang e ¢l., 1992) and rabbit muscle (Liu ef al.,
1993}, and gene sequences found in the yeast Saccharomyces cereviseae {Bussey et
al., 1997) and in Caenorhabditis elegans (Wilson et al., 1998). Alignment of amino
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acid sequences shows that they are similar enzymes and have the four conserved
regions characteristic of the o-amylase super-family (Svensson, 1994). The three
invariant acidic residues present in regions 2, 3 and 4 of all known a-amylase super-
family enzymes {Svensson, 1994) are also found in Type Il 40GTases, and therefore
are expected to participate in catalysis (Figure 2). Recently, Asp549 of the rabbit
enzyme was identified as the catalytic nucleophile (Braun e7 &/., 1996} in support of
this expectation.

PHYSIOLOGICAL ROLE AND ENZYME ACTION

Glycogen phosphorylase is the major enzyme responsible for attacking glycogen
during its breakdown in Eukaryotes. This enzyrue can sequentially remove glucose
units (as glucose-1-phosphate) from the non-reducing ends of branches, but stops
when branch lengths are reduced ¢o four residues. At this point, the 400G Tase activity
of GDE, catalyses maltotriosyl transfer from the shortened branch to another non-
reducing end on the glycogen molecule (thereby creating a new substrate for
phosphorylase) which then allows removal of the remaining o-1,6-linked glucosyl
residue by the glucosidase activity of GDE. In this way, glycogen is comnipletely
debranched and degraded to glucose-[-phosphate (for review see Nelsoner af., [979).

[t has been suggested that the enzyme catalyses the two different reactions by means
of two different active sites (Nelson ef o/, 1979). This has more recently been
supported by two new pieces of evidence. Firstly, the transferase reaction occurs with
rel relention of anomeric configuration, but the glucosidase reaction occurs with net
inversion of anomeric configuration (Liu et al, 1991). This indicates that the two
reactions operate by means of different catalytic mechanisms. Secondly, transferase
activity can be irreversibly inactivated by a water-soluble carbodiimide in the presence
of amines, without affecting ghicosidase activity (Liu er al., 1991).

Yeast and mammalian (rabbit) enzymes catalyse similar reactions (Tabata and
Hizukuri, 1992; Tabata et al., 1995} but may have differences in substrate preference
(Lee and Carter, [973). In particular, both enzymes will act on phosphorylase-Fimit
dextrin, but while native glycogen and amylopectin are good substrates for the yeast
enzyme, they are not for the rabbit enzyme. The disproportionation (transferase)
reaction on lincar maltooligosaccharides (G4 to G7} has been extensively studied with
the yeast enzyme (Tabata and Ide, 1988). The results show that the smallest donor is
maltotetraose, the smallest acceptor is maltotriose, and smallest unit transferred is the
maltosyl unit. The rate is higher with a longer substrate, where maltotriosyl units are
preferentially transferred. Maltose is the smallest product and glucose is not produced.
Glucose may serve as an acceptor for the rabbit enzyme (Brown and Illingworth,
£962). There is no information available on the biochemical properties of the
C. elegans enzyme,

Type IV 40GTase

The fourth group includes the 40GTase found in the hyper-thermophilic bacterium
Thermotoga maritima MSB8 (Liebl ef al., 1992). The enzyme catalyses the
disproportionation of maltooligosaccharides and gives products including maltose,
but no glucose. Analysis with maltooligosaccharides concluded that the smallest
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donor is maltotetraose, the smallest acceptor is maltose, and the smallest glucan unit
to be transferred by this enzyme is a maltosyl unit {(Liebl er @f., 1992). Such
characteristics of this enzyme are most similar to the transferase action of Type Ii}
4G Tase, but different to any of the other 400G Tases described above (Fable 1). The
enzyme is also reported to act on high molecular weight amylose, soluble starch and
amylopectin, and to decrease the iodine colour without increasing reducing power
(Liebl er al., 1992). The gene for the enzyme was cloned (Liebl er al., 1992) and
sequenced, but does not show overall similarity to bacterial amylomaltases and potato
D-enzyme {Heinrich et al.. 1994), but shows the highest similarity to o-amylase
(AmyCy of Dicrvoglomus thermophilum (Horinouchi er al., 1988), and o-amylase of
Bacillus megateriym (Metz er al., 1988). From these results, the authors concladed
that this 4G Tase is the first member of a new 4aGTase, which is more closely related
to c-amylase, o-glucosidase and CGTase than to other 40eGTases (Heinrich ef al.,
[994).

Type V 40GTases

Type V 4aGTases were recently found independently in the hyper-thermophilic
Archaea, Thermococcus fitoralis (Jeon et al., 1997) and in Pyrococcus sp. KOD1
{Tachibana er al., 1997). These enzymes have similar properties. They both catalyse
the disproportionation of maltooligosaccharides (G2 and larger) and produce a
series of maltooligosaccharides, including maltose and glucose. These enzymes also
transfer glucan chains {rom starch (soluble starch, amylose) to the acceptor glucose,
and produce a series of maltooligosaccharides including maltose. All this informa-
tion indicates that the smallest donor for these two enzymes is maltose, the smallest
acceptor is glucose, and the smallest glucan unit to be transferred is the glucosyl unit
(Tabie I'). Therefare, these enzymes are more similar to the amylomaltase of E. coli
than to the plant D-enzyme. The genes for these 40GTases were cloned and sequenced
(Jeon er al., 1997; Tachibana et «l., 1997). Surprisingly, they do not show overall
similarity to the 4aGTases described above, but show significant similarity to o-
amylase of the hyper-thermophilic Archaeon Pyrococcus furiosus (Laderman er al.,
1993a, 1993b) and v-amylase (AmyA) of the hyper-thenmophilic bacterium Dicrye-
glomus thermophilion (Fukusumi ef of., 1988). Although these latter two enzymes
were reported as c-amylases, they are likely to be 4oGTases. In particular, for the
P. furiosus enzyme, the presence of disproportionation activity on malto-
oligosaccharides was clearly documented (Laderman er al., 1993a) and both enzymes
are able to decrease the ability of starch to form a blue complex with iodine, as
found for 40GTases of T. litoralis and Pyrococeus. sp. KODI (Laderman et af.,
1993a; Fukusumi er af., 1988).

‘The alignment of the four enzymes described above, together with the homologous
sequence recently identified in the genome of Pyrococcus horikoshii (Kawasaki ef af.,
1993), is shown in Figure 5. These five enzymes are highly homologous, but lack the

Figure 5. Comparisons of deduced polypeptide sequences from Type V 40 Tases, The complete amino
acid sequences are shown for five enzymes. ldentical amino acids are denoted by asterisks and conserved
amino acids by dots. There appears to be no similarity with the sequences of the other four types of 4G Tase
shown in Figure 2. (TLITGT: Thermococcus Moralis, PRODGT: Pyrococcus sp. KODI;, PFURIGT:
Pyvrocaccus furtosus: PHORIGT: Pyrococcus horikoshii, DTHERGT: Diciyoglomus thermophilum),
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four highly conserved sequences found in enzymes of the c-amylase super-family, so
form a new group of 40GTase. Further investigations of these enzymes i terms of
their structure and mechanisim of action will be very interesting, since they are the first
example of 4GTases which might work by a mechanism different to the one
commonly employed by o-amylase-family enzymes. Furthermore, the enzymes
belonging to this new group are expected to have industrial applications, since they
have optimum temperatures for activity of 90 to 100°C (Laderman ef al., 1993a; Jeon
el al., 1997; Tachibana er a/., 1997; Fukusumi er al., [988).

Other 4G Tases

Several additional glucanotransferase activities have been identified biochemicaly (in
some cases as amylomaltase) in several bacterial species, including Streprococcus
bovis (Walker, 1965), Streptococcus mitis (Walker, 1966), Bacillus subtilis (Pazur
and Okada, 1968), Pseudomonas stutzeri (Schmidt and John, 1979) and Strepto-
coccus mutans (Medda and Smith, 1984). Since the primary sequences for these
enzymes are not available, we do not know to which group each enzyme belongs. The
properties of these enzymes are summarised in Table 1.

Synthesis of cycloglucans by 4aGTases

DISCOVERY AN SYNTHESIS OF CYCLOAMYLOSE

Studies aimed at determining whether potato D-enzyme can act upon high molecular
weight glucans, led to the discovery that this enzyme can catalyse an intra-molecular
transglycosylation reaction on synthetic amylose, to produce cycloamylose (CA) of
high DP (Takaha et al., 1996). In the early stages of the reaction with amylose
AS-320, CAs with several hundred glucoses were produced, and as the reaction
progressed, the mean product size tended towards a DP of about 90, but the yield of
CA reached more than 95% (Takaha ef al., 1996). D-enzyme apparently breaks an
internal ¢-1,4-bond within the amylose molecule, then transfers the newly-formed
reducing end to the non-reducing end of itself, to create the CA molecule. This
reaction is readily reversible, because the large CAs produced initially, are converted
to smaller CAs as the reaction proceeds (Figure 6). The high yield of CA indicates that
hydrolytic activity is very low. The smallest product is CA with 17 glucoses (CA17).
CAs have properties which suggest that they may be of applied value (see below).

This observation led to examination of the possibility that bacterial Type II enzymes
may also catalyse the formation of CA from amylose. 40GTases from E. coli and
Thermus aquaticus have subsequently been shown to produce CA (Terada er al.,
unpublished). Similar to potato D-enzyme action, the initial products are larger than
the final products. The smallest product of the E. coli enzyme is also CA17, but that
from T. aquaticus is CA22 (Terada et al., unpublished). The yield of CA from the E.
coli enzyme is less than that of the potato enzyme, which is atiributable to its higher
hydrolytic activity, as revealed by the increase in reducing power during the reaction
(Figure 7).

Subsequently, it has been demonstrated that Type V doGTases can produce
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Figure 6. Cycloglucan synthesis from high melecular weight amylose. 400G Tase is able to altack within
the linear amylose molecule (where R is the reducing end} and to create a cyclic product by intramolecufar
transglycosylation. Smaller lincar products are also created in these reactions. In those cascs studied, the
first cyclic products of such a reaction are cycloamyfoses (CA) wilh a high degree of pelymerisation (>50).
As the reaction proceeds, smaller cycloglucans are produced through further coupling and cyclisation
reactions. The end-products of CGTase (Type | 4aGTase) activity are cycledextrins (CD) whercas those
of Type I 400G Tases are cycloamyloses (CA).

cycloglucans. The enzymes from 7. litoralis and Pyrococcus sp. KODI were incubated
with amylose and seluble starch, respectively, without an additional acceptor mol-
ecule. In both cases the ability to form a blue complex with iodine decreased, but there
was little increase in reducing power. The products from the reaction using the T.
fitoralis enzyme contained cyclic a-1,4-glucans indicating that the enzyme catalyses
the cyclisation of amylose (Jeon ef al., 1997). The formation of such cyclic glucans by
Type IV enzymes has not been demonstrated, but is suggested by the observation that
such enzymes can reduce the ability of amylose to form a blue complex with iodine,
without increasing reducing power (Liebl ef al., 1992). It is not known if Type 11
40GTases can produce cyclic glucans from amylose.

These discoveries led to a re-examination of the action of Type I 4aGTases on
amylose, and the discovery that this enzyme from two Bacillus species also prefer-
entially produced large CAs early in the reaction with amylose (Terada er al., 1997).
As the reaction proceeded, the characteristic o-, - andy-cyclodextrins (CA6, 7 and 8)
were produced. This was a remarkable finding since CAs with 6, 7 or 8 glucoses had
been thought to be the only products of CGTase activity since their discovery in 1903
(Szejtli, 1988). This observation therefore demands a re-evaluation of the mode of
action of Type [ 4aGTases on amylose.

The discovery of CA synthesis with a range of 400G Tases raises important questions
about substrate specificity and conformation. It appears that each of these enzymes can
accommodate the amylose molecule in its active site and can catalyse the cyclisation
reaction. Presumably, the properties of the linear amylose dictate that the initial
cleavage and glucanotransferase reaction will produce a CA molecule of high DP.
Subsequently, such large CA molecules must be accommeodated again by the enzyme
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Figure7. Cycloamylose production from linear amylose and hydrolytic activity of Type I 40GTases of
potate and E. coli. Synthetic amylose (AS-320) was incubated with potato and E. coli enzymes. The yield
of glucoamylose-resistant products {cycloglucans) was determined {upper panel) and the change in
reducing power assayed (lower panel) dusing Lhe reaction {Takaba ef al., 1996).

and a further glucanotransferase reaction takes place to create a smaller CA. Somehow
we have {o be able to explain how each enzyme determines the final product size. In
the extreme cases, potato P-enzyme preferentially produces CA90 while CGTases
produces CA7 and CAS8. Significant progress has been made with the determination
of some CA structures (see below) but we are still remarkably ignorant of substrate
conformations and the structures of enzyme-substrate complexes.

ACTION OF 40GTASES ON AMYLOPECTIN /N VITRC

Following the discovery that potato D-enzyme can catalyse a cyclisation reaction on
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Figure 8. Action of potate Type II 40GTase or amylopectin. 4aGTase first attacks outer chains and
creales longer branches through disproportionation activity. Next, cycloglucans are produced from the
lengthened side chains. Cycloamylose accounts for most of these products but some molecules can also
centain ®-1.6-links (not shown), 4aGTase next atlacks between cluster units and catalyses another
intramoiccular transglycosylation reaction 1o create cyclic cluster dextrins.
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amylose, its action on amylopectin (AP) was investigated (Takaha et al., 1998b). It
was found that D-enzyme can degrade AP to products of smaller size, which are
largely glucoamylase-resistant. Analysis of these products showed that D-enzyme
catalyses cyclisation reactions on the outer chains of AP to produce CA molecules,
and other cycloglucans which also contain ©-1,6-links. These cycloglucans are
farger than the outer chains of the AP molecule, implying that D-enzyme first
carried out disproportionation reactions to produce longer side chains, before
catalysing cyclisation reactions. The way in which such structures are produced is
shown in Figure 8. One result of this activity is that the AP side chains become
shortened. Subsequently, D-enzyme attacks ghucan chains between AP cluster units
and catalyses intra-cluster cyclisation reactions which separate cluster units from
cach other (Takaha er al., [998b). The producl of this reaction is called cyclic
cluster dextrin (CCD). Type 1 40GTases can catalyse formation of cyclodextrins
and CCD from AP {Terada er al., unpublished results) but other 4G Tases have not
apparently been tested.

It is also of note that branching enzyme (EC 2.4.1.18; |,4-0-D-glucan: 1 ,4-g-D-
glucan 6-0-D-[1.4-glucanof-transferase) can catalyse cyclisation reactions on AP to
produce cyclic cluster units. In this case, the enzyme does not necessarily attack cuter
chains, but cleaves the glucan chain between clusters and then forms an intra-cluster
o~ £,0-link, producing a tong-chain CCD (Takata er af., 1996, 1997). CCDs are of
potential applied vatue. They are highly soluble in water and have a fow propensity for
retrogradation. Starch pastes containing CCD have low viscosity and high trans-
parency {Takata et al., 1997),

STRUCTURES AND PROPERTIES OF CYCLOAMYLOSES

Cyclodextrins are annular molecules of 6, 7 or 8 glucoses, the interral cavity of which
is hydrophobic, while the outer surface is hydrophilic. They are therefore soluble in
aqueous solutions, but can accommodate hydrophobic guest molecules in the central
cavity with high specificity (Szejtli, 1988). Such inclusion complexes can change the
solubility, reactivity or stability of guest molecules. They have been the subject of
much research over many decades, and have found many applications in the food,
chemtical and pharmaceatical industries. For example, they provide the basis for
formualations used in pesticides, cosmetics and drug delivery, and can change the
flavour or odour of compounds. The high specificity of guest molecule inclusion is
reflected in their ability to discriminate isomers of the same compound. Some
chemically-modified cyclodextrins also possess catalytic activity (Szejtli, 1988), The
central cavities ofa-, - andy-cyclodextrins have different dimensions, allowing them
to accommodate different guest molecules. The discovery of the much larger CAs
immediately suggested that if they could also accommodate guest molecules, they
would be of different sizes or properties to those of cyclodextrins and could therefore
have new applications.

CA molecules of defined size were purified by high performance liquid chromato-
graphy using an ODS (C18) column, for structural analysis by NMR and X-ray
crystatlography (Jacob er al., 1998; Saenger er af., 1998). The first aim was to
determine how the structure of the CA molecule changes when the number of glucoses
isincreased progressively to more than 8 (y-cyclodextrin). As the macrocycle increases
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Figure 9. Formation of inclusion complexes between cycloamyloses and guest molecules. Agucous
solutions (1% and 10% fw/v]) of 0-CD (CAG6) and CA were prepared. In one casc the CA wag comprised
of a mixture of large molecules (L) with DP greater than 50. In the other case the CA was a mixture of
smatler molecules (S) with DP between 17 and 50. To 2 ml of these solutions was added about 0.2 ml of
butancl. octanol or oleic acid, ther mixed. A precipitate indicates that the alcohol or fatty acid has formed
an inclusion complex with the cycloglucan.

from 8 to 9 glucoses, the molecule apparently experiences steric strain which results
in distortion of the previously annular molecule into one which is boat-shaped.
Molecules with 10 and 14 glucoses could be crystallised and their structures were
determined. Remarkably, when the molecule increases in size beyond 9 glucoses,
the steric strain is relieved by 180° rotations abowt two diammetrically-opposed
glucosidic bonds to create a novel hydrogen bonding pattern. Such rotations create
two ‘band-flip” metifs in the molecule, which is now described as ‘butterfly-
shaped’. The CAl4 molecule also contains the ‘band-flip’ motifs and adopts a
similar conformation. The central cavities of these CA molecules are likely to be
too small to accommodate guest molecules. CA26 was also crystallised and its
structure solved. This molecule is comprised of two antiparallel single helices of 12
glucoses each, connected by the “band-flip” motifs at each end. The helices which
have 6 glucoses per turn, contain central cavities with similar diameter to that of o-
cyclodextrin, but are much longer (Saenger et al., 1998). This suggests that such
CAs could potentially accommodate guest molecules. This possibility has been
tested by mixing CA with alcohols and fatty acids (Figure 9). It is clear that
butanol, octanol and oleic acid can form inclusion complexes with a CA mixture
containing molecules with DP greater than 50. The high solubility, non-reducing
character and ability to form inclusion complexes suggest that CA has great
potential for future applications.
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Future prospects

40/GTases are important in o~ 1,4-glucan metabolism in organisms from all kingdoms.
Furthermore, they are of applied value for the production of cycloglucans and for starch
processing. There are several aspects which require more research in order to better
understand their functions, and to exploit these enzymes. Only the structures of Type I
enzymes have been determined at atomic resolution. Structural determination of other
40GTases will be required in order to understand the reaction specificities of these
enzymes, and to explain how they produce distinct cycloglucan products. Rational
design of enzymes to produce defined products can then be initiated. A particular aim for
starch processing will be to obtain thermostable enzymes with low hydrolytic activity
andhighreaction specificity. This aim may be achieved both by protein engineering, and
by searching natural sources for new enzymes. The evolutionary relationships of
different 4aGTases are of interest, but the origin of Type V enzymes is particularly
fascinating, and studies of their properties should provide valuable new information.
Syslems for the preparation of cycloamyloses and cyclodextrins are required so that their
properties and potential applications can be effectively investigated.
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