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Chapter 1 

 
 

The αααα-amylase family: Transglycosylation and Hydrolysis 
Reaction Specificity 

 
Part of this chapter has been submitted to the Journal of Applied Glycoscience 
(Hans Leemhuis and Lubbert Dijkhuizen) 
 
 
 
 
 
 
INTRODUCTION 

Carbohydrates form one of the major classes of bio-molecules next to 
proteins, lipids and nucleic acids. The simplest carbohydrates are 
monosaccharides, which are aldehyde or ketone compounds with two or more 
hydroxyl groups, and with the general formula of (CH2O)n. Monosaccharides 
can be linked to each other via glycosidic bonds to form a carbohydrate 
polymer. Carbohydrates are the major organic materials found on earth and 
serve many roles in life, such as for energy storage, as fuels, structural 
compounds, and metabolic intermediates (see text books such as Biochemistry 
[1]). The most abundant carbohydrate is cellulose, a linear polymer of glucose 
residues linked via β-(1,4)-glycosidic bonds. Starch is another abundant 
carbohydrate. It is a mixture of amylose and amylopectin. Amylose is a long 
and linear chain of glucose residues that are linked via α-(1,4)-linkages, 
whereas amylopectin consists of shorter linear α-(1,4)-linked chains that are 
connected via α-(1,6)-glycosidic bonds (branches). Starch is a major food 
source for humans in the form of rice, maize, wheat, and potatoes. 

The various monosaccharides that are available (glucose, fructose, ribose, 
xylose, etc.) and the different types of glycosidic linkages that can be formed 
between monosaccharides have resulted in a large variety of carbohydrate 
structures, which is paralleled by a large collection of enzymes involved in 
carbohydrate processing. Glycoside hydrolases (GHs) are such enzymes. They 
catalyze the hydrolysis and transfer of glycosidic bonds between two 
carbohydrate monomers or between a carbohydrate monomer and a non-
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carbohydrate moiety [2]. GHs are very powerful enzymes that can enhance 
reaction rates up to 1017 fold (glycosidic bonds can be very stable with 
spontaneous hydrolysis rates in the order of 10-15 s-1 [3]). GHs play an 
important role in the carbon and energy supply of organisms as they can 
degrade carbohydrate polymers to small sugars that are suitable for uptake by 
organisms. 

Sequence based classification of GHs – To integrate the structural and 
mechanistic aspects of GHs, Henrissat [4] developed a classification system 
that is based on amino acid sequences. This classification system has proved to 
be a valuable tool in the understanding of structure/function relationships in 
GHs, since the catalytic mechanism, the catalytic residues and the fold of the 
catalytic domain are linked to the amino acid sequence. This classification 
system is, in addition, helpful in the annotation of DNA sequences generated 
by genome sequencing projects. The classification of the GH families 
(including hyperlinks to sequences and structures) can be found on the CAZy 
web server [5]. The number of GH families continues to grow; currently 
(December 2002), 86 GH families have been identified (the families 21, 40, 41 
and 60 have been deleted). These families can be divided into 13 clans of 
related families (labeled GH-A to GH-M), in which the catalytic domain fold, 
the catalytic residues and the catalytic mechanism are conserved [6]. Three-
dimensional structures are now (December 2002) available for 43 GH families 
covering 8 of the 13 GH clans [5]. 

Catalytic mechanisms of GHs – GHs can be divided into two mechanistical 
classes, those inverting the anomeric configuration of the processed glycosidic 
bond (α β or β α) and those retaining the anomeric configuration of the 
processed glycosidic bond (α α or β β) [7]. Inverting GHs use a direct 
displacement mechanism, whereas retaining GHs use a double displacement 
mechanism. Nevertheless, both types of GHs usually use a pair of carboxylic 
acids and catalysis proceeds via oxocarbonium-ion like transition states [7]. In 
most inverting enzymes the distance between the two catalytic residues is 
around 10 Å, whereas the distance is about 5.5 Å in retaining GHs [7]. 
However, there are exceptions to this rule. In endopolygalacturonases (GH 
family 28; pectin degradadtion) the distance between the catalytic residues is 
only about 5 Å, although these enzymes have an inverting mechanism [8;9]. In 
inverting enzymes, one carboxylic acid residue functions as general base (to 
activate water) and the other acts as general acid (to facilitate leaving group 
departure) to cleave the scissile bond in a single step (Fig. 1). 
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Figure 1. The bond cleavage mechanisms of an inverting (A) and a retaining (B) β-glycoside 
hydrolase. This figure has been adapted from reference [22]. 

 
In retaining enzymes, one carboxylic acid residue functions as nucleophile 

(in the first step of the reaction) and as leaving group (in the second step of the 
reaction), whereas the second carboxylic acid residue acts as general acid/base 
(Fig. 1). In most retaining GH families catalysis proceeds via the formation of a 
covalently linked glycosyl-enzyme intermediate (Fig. 1) [10;11]. However, in 
chitinases (GH family 18) the reaction intermediate is stabilized 
intramolecularly by the N-acetyl group of the substrate [12;13], and not by the 
formation of a covalent-glycosyl enzyme intermediate. Retaining of the 
anomeric configuration of the processed bond is the result of two consecutive 
inversion reactions, as already proposed in 1953 by Koshland [14]. The residue 
acting as the nucleophile has been identified by analyzing trapped covalently 
linked glycosyl-enzyme intermediates by mass spectroscopy [15;16] and X-ray  
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Table 1. Reaction specificities of α-amylase family enzymes, as taken from the CAZy 
website (http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html). 

Enzyme H or Ta Bonds processed Preferred Substrate(s) 3D 

α-amylase H α-(1,4) Starch Yes 

Maltotetraose-forming amylase H α-(1,4) Starch Yes 
Maltopentaose-forming amylase H α-(1,4) Starch No 
Maltohexaose forming amylase H α-(1,4) Starch No 
Novamylb H α-(1,4) Starch Yes 
α-glucosidase H α-(1,4)  Terminal non reducing 

glucose residues 
No 

Cyclodextrin glycosyltransferase T α-(1,4) Starch Yes 
4-α-glucanotransferase T α-(1,4) Starch Yes 
Cyclomaltodextrinase H & T α-(1,4) & α-(1,6) CDsc, pullulan, starch Yes 
Neopullulanase H & T α-(1,4) & α-(1,6) CDsc, pullulan, starch Yes 
Maltogenic amylase H & T α-(1,4) & α-(1,6) CDsc, pullulan, starch Yes 
Oligo-1,6-glucosidase H α-(1,6) Terminal non reducing 

glucose residues 
Yes 

Pullulanase H α-(1,6) Pullulan, starch Yesd 

Isoamylase H α-(1,6) Starch Yes 
Branching enzyme T α-(1,4)  α-(1,6) Starch Yes 

Trehalose synthase T & H α-(1,4)  α-(1,1) Maltooligosaccharides No 
Trehalose hydrolase H α-(1,4) Maltooligosyl 

trehalose 
Yes 

Glucodextranase H α-(1,6) α-(1,6)-glucans No 
Amylosucrase H & T α-(1,1)  α-(1,4) Sucrose Yes 
Sucrose phosphorylase H α-(1,1) Sucrose + phosphate No 
Amylopullulanasee H α-(1,4) Starch No 
Amylopullulanasee H α-(1,6)  Pullulan No 
Glycogen debranching enzymee H α-(1,6) Terminal non reducing 

glucose residues 
No 

Glycogen debranching enzymee T α-(1,4) Glycogen No 
a Main activity, H is hydrolysis and T is transglycosylation. 
b Novamyl, maltogenic α-amylase from Bacillus stearothermophilus. 
c CDs, cyclodextrins. 
d However, the three-dimensional structure is not in the Protein Data Bank [155]. 
e These enzymes have two distinct active sites that are responsible for the two separate 
activities [89;90]. 
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analysis [10;11;17;18]. Withers and colleagues, especially, have contributed to 
this field of research, developing the substrates forming stable covalent 
glycosyl-enzyme intermediates followed by their detection [19]. More details 
concerning the mechanisms of GH enzymes can be found in a number of recent 
reviews [20-22].  
 
 
THE αααα-AMYLASE FAMILY 

The α-amylase family [23;24], or GH family 13 [4;25], is a large enzyme 
family that constitutes about 20 different reaction and product specificities, 
including exo/endo specificity, preference for hydrolysis or transglycosylation, 
α-(1,1), α-(1,4) or α-(1,6)-glycosidic bond specificity and glucan synthesizing 
activity [5]. Kuriki defined the α-amylase family enzymes as follows: “(i) they 
act on α-glycosidic bonds; (ii) they hydrolyze or transfer α-glycosidic bonds 
with the retention of the anomeric configuration of the processed bond; (iii) 
they contain four conserved sequence motifs in which the catalytic residues and 
most other residues involved in substrate binding at the catalytic site are 
located; and (iv) they possess Asp, Glu and Asp as catalytic residues” [26]. The 
characteristics of the different α-amylase family enzymes are discussed at the 
end of this chapter and are summarized in Table 1. 

Three-dimensional structures – The first three-dimensional structure of an 
α-amylase family enzyme solved was that of Aspergillus oryzae α-amylase 
[27]. Currently, the structures of 35 α-amylase family enzymes have been 
solved (October 2002) [5], covering most reaction and product specificities 
identified in this family. These enzymes share a common (β/α)8- or TIM-barrel 
catalytic domain (called domain A). The fold consists of a closed eight-
stranded parallel β-sheet that is surrounded by eight α-helices (Fig. 2). This 
fold was first identified in triose-phosphate isomerase [28] and later also in 
many other enzymes catalyzing distinct reactions; about 10% of all enzymes 
with known structure contain a (β/α)8-barrel [29]. The catalytic residues are 
located at the C-terminal ends of the β-strands of the (β/α)8-barrel. Moreover, 
the four short conserved sequence regions typical for the α-amylase family 
(Fig. 3) [24;30] also cluster at this location. These conserved sequence regions 
contain the seven residues strictly conserved in this enzyme family; all seven 
residues are very important for catalytic activity [11;31;chapter 3]. From the 
(β/α)8-barrel domain a rather long loop protrudes (between β-strand 3 and α-
helix 3) that forms the B-domain. The A and B-domains form the substrate- 
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Figure 2. Three-dimensional structure of a representative member of the α-amylase family, 
Bacillus circulans strain 251 CGTase [32]. The catalytic (β/α)8-barrel (domain A) is shown in 
black and the other domains in grey. Domain-B forms part of the substrate binding cleft and 
domain E is a starch binding domain [33;34]. The D and E-domains are typical for CGTases 
[32;69]. 
 
binding cleft (or pocket) of α-amylase family enzymes. However, neither the 
fold nor the size of domain B is conserved in this enzyme family [24].  

Besides the A and B-domains, α-amylase family enzymes are supplemented 
with variable additional domains. Cyclodextrin glycosyltransferase (CGTase) 
and α-amylase possess a C-domain that follows the catalytic A-domain. This 
C-domain might be involved in substrate binding [32]. In CGTases the C-
domain is followed by a D and E-domain. Whereas the E-domain is a starch-
binding domain [33;34], the function of domain D is unknown. Several α-
amylase family enzymes contain an N-terminal domain, and for cyclo-
maltodextrinase, neopullulanase and maltogenic-amylase it has been shown 
that this N-domain has a function in dimerization and oligomerization of 
enzyme monomers [35-38]. Moreover, neopullulanase dimers had increased  
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Figure 3. (A) The four conserved amino acid sequence regions of the α-amylase family 
[24;30]. The seven residues fully con-served in this family are shown in bold italic. The 
amino acid numbering is that of the Bacillus circulans strain 251 CGTase. The following 
sequences were used: CGTase from B. circulans strain 251; 4-α-glucanotransferase from 
Thermotoga maritima; α-amylase from Aspergillus oryzae; cyclomaltodextrinase from 
alkalophilic Bacillus sp. I-5; oligo-1,6-glucosidase from Bacillus cereus; amylosucrase from 
Neisseria polysaccharea; branching enzyme from Escherichia coli. (B) Close-up view of the 
catalytic site (subsite –1) of B. circulans CGTase in which a saccharide (grey) is covalently 
bound to Asp229 [11]. The seven residues shown in black are fully conserved in the α-
amylase family. Although His140 has no interactions with the covalently linked saccharide, it 
does interact with an uncleaved substrate at this subsite [41].  
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cyclodextrin degrading activity, but lower starch degrading activity [37]. For 
cyclomaltodextrinase it has been shown that the dodecameric form has a five-
fold higher kcat for cyclodextrin degradation than the enzyme dimers [39]. A 
few other domains have been identified as well in α-amylase family enzymes, 
but their functions remain to be elucidated. 

Catalytic mechanism of the α-amylase family – The biochemical 
characterization of mutant α-amylase family enzymes and the determination of 
all stable reaction intermediates along the reaction coordinates in CGTase 
[11;32;40-42] have yielded a detailed understanding of the α-retaining double 
displacement mechanism employed. This mechanism involves two catalytic 
residues, a catalytic nucleophile (Asp229) and an acid/base catalyst Glu257 
[7;11;14]. After substrate binding, Glu257 protonates the scissile bond, the 
substrate is cleaved and a β-glycosidic bond is formed between Asp229 and the 
cleaved substrate (Fig. 4). The existence of the β-glycosidic bond in an α-
retaining GH was shown for the first time in CGTase, after trapping the 
covalent glycosyl-enzyme intermediate followed by crystallization and X-ray 
analysis [11]. After leaving group departure from the acceptor subsites, an 
acceptor molecule can bind at subsite +1 to attack the β-glycosidic bond of the 
glycosyl-enzyme intermediate, in which Glu257 functions as a general base 
that deprotonates the acceptor (Fig. 4). The product has again an α-(1,4)-
glycosidic linkage. Both steps in catalysis proceed via oxocarbonium ion-like 
transition states [7;11]. Besides the catalytic nucleophile and the acid/base 
catalyst, Asp328, Arg227, and the histidines 140 and 327 are also very 
important for catalytic activity [31]. These four residues bind the substrate at 
subsite –1 (Fig. 3), and are important for substrate distortion (Arg227, His327 
and Asp328) [11], the protonation state of Glu257 (Asp328) [43], transition 
state stabilization (Asp328) [44], and reduction of the electronegativity of the 
OH2 group (Arg227 and His327) [11]. Mutants in these four residues 
drastically reduce the activities of α-amylase family enzymes [24;27;43;45-48].  
The bond cleavage process is thought to be identical in the α-amylase family 
enzymes acting on α-(1,1), α-(1,4) and α-(1,6)-glycosidic bonds [6]. Indeed, 
the glucose binding mode in the catalytic site is very similar in α-amylases, 
CGTases and amylosucrase, which are active on α-(1,4) and α-(1,1)-glycosidic 
bonds [49]. For enzymes with specificity towards α-(1,6)-glycosidic linkages, 
the binding mode of a saccharide in the active site is unknown, although the 
structures of such native enzymes have been solved. Nevertheless, the residues 
forming the catalytic site in these enzymes (branching enzyme, oligo-1,6-
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glucosidase and iso-amylase) superimpose well with those of α-amylases and 
CGTases [50-52]. 
 

 
 
Figure 4. Reaction mechanism of CGTase, exemplifying the mechanism of the α-amylase 
family. The reaction starts with cleavage of an α-(1,4)-glycosidic bond to form a covalent 
glycosyl-enzyme intermediate. In the second step of the reaction, this covalent intermediate is 
attacked by a sugar acceptor and an α-(1,4)-glycosidic linkage is reformed. The figure has 
been adapted from reference [11]. 
 

Reaction specificities – An intriguing feature of α-amylase family enzymes 
is the variation in reaction and product specificities of the individual members, 
as the reaction mechanism and the catalytic site architecture are conserved 
throughout the family. These differences must, therefore, be governed by 
additional sugar binding subsites near the catalytic site, by differences in the 
entrance to the active site (like multimer formation of enzyme monomers), or 
by induced-fit mechanisms that favor the use of a specific substrate. All these 
phenomena have been described for α-amylase family enzymes [35;42;53;54; 
chapters 4 and 7].  

The reaction specificities identified in the α-amylase family include activity 
towards α-(1,1), α-(1,4)- and α-(1,6)-glycosidic bonds, exo/endo-specificity, 
hydrolysis or transglycosylation, branching/debranching, cyclodextrin for-
mation/breakdown or even glucan forming specificity [5;26]. However, the 
structural factors that determine reaction specificity are not well understood. 
Only for true exo-acting enzymes this is fully understood, as these enzymes 
have substrate binding pockets that do not allow the binding of substrates that 
are too long (e.g. oligo-1,6-glucosidase [50] and maltosyltransferase [55]). This 
also indicates that α-glucosidases have a substrate binding pocket, although, no 
three-dimensional structure of an α-glucosidase has yet been elucidated. 
Interestingly, also enzymes lacking a substrate binding pocket may have a high 
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(but not absolute) exo-acting reaction specificity, e.g. the Bacillus stearo-
thermophilus maltogenic α-amylase [56;57]. However, the high exo-specificity 
of this enzyme is not understood. In the remaining part of this chapter, the 
enzymes of the α-amylase family are discussed with the focus on the 
hydrolysis and transglycosylation reaction specificity. 

 
 
HYDROLYSIS AND TRANSGLYCOSYLATION REACTION 
SPECIFICITY 

As the catalytic site architecture and the α-retaining double displacement 
mechanism are conserved in the α-amylase family, the preference for 
hydrolysis or transglycosylation reactions is not determined by the catalytic site 
and must, therefore, be determined by the environment of the catalytic site or 
by the substrate binding subsites near the catalytic site. Interestingly, the active 
sites of the transferases and hydrolases of the α-amylase family are rather 
accessible to solvent, indicating that transferase specificity is not a con-
sequence of shielding the active site from water. Moreover, comparison of the 
water molecules near the catalytic center of hydrolases and transferases did not 
reveal a catalytic water molecule position typical for the hydrolases [52]. 

It has been suggested that hydrophobicity of residues in the vicinity of the 
catalytic site, and, in particular, near the acid/base catalyst are important for the 
hydrolysis/transglycosylation reaction specificity, as mutations in these 
residues changed the hydrolysis/transglycosylation ratio of neopullulanase [54]. 
However, the effects did not exceed 45% and the mutations strongly reduced 
the enzyme activities. Another explanation for the altered ratio is that the pH 
optimum has changed differently for the hydrolysis and transglycosylation 
reactions. For CGTase, it has indeed been shown that mutations in Phe283 and 
Asn326 (these residues correspond to the mutated residues in neopullulanase) 
lowered the pH optimum for hydrolysis by 1 to 1.5 pH units, whereas the pH 
optimum for transglycosylation was only slightly lowered [58]. 

Recently, it has been suggested that the separation between the acid/base 
catalyst Glu257 and Asp328 (two of the seven fully conserved residues) may 
control the transglycosylation/hydrolysis specificity of α-amylase family 
enzymes, as this distance is larger in a maltosyltransferase (a 4-α-gluca-
notransferase) than in other enzymes of this family [55]. This maltosyl-
transferase from Thermotoga maritima has a very high transglycosylation 
/hydrolysis ratio [55]. Moreover, the distance is also large in branching enzyme 
[52], which also has virtually no hydrolytic activity (Preiss, personal com-
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munication). However, the similar distance between these two residues in the 
transglycosylase CGTase and the hydrolase α-amylase are not in favor of this 
hypothesis. 

A third explanation for the low hydrolysis activity of transferases is that the 
reaction intermediate is favorably stabilized, which is obviously not necessary 
in hydrolases, and that a conformational change in the protein (induced by the 
acceptor sugar) is required to form the reaction product. Recently, this was also 
hypothesized to explain the strict transferase reaction specificity of branching 
enzyme [52]. Structural analysis of another transferase, CGTase, strongly 
suggests that a transglycosylation reaction requires an induced-fit by sugar 
acceptor binding in acceptor subsite +1. This acceptor subsite is narrowed in a 
“reaction intermediate” structure, but not in native, substrate bound and product 
bound structures [42]. Thus, detailed insights in how α-amylase family 
enzymes can control their hydrolysis/transglycosylation reaction specificity are 
gradually emerging. 
 
 
THE ENZYMES OF THE αααα-AMYLASE FAMILY 

α-Amylases – α-Amylases are hydrolases that cleave internal α-(1,4)-
glycosidic bonds in starch to produce linear and branched oligosaccharides of 
various lengths. Some α-amylases have, in addition, a low transglycosylation 
activity [59]. This transglycosylation activity has also been observed in X-ray 
structures of α-amylases, in which acarbose (a pseudo-maltotetraose inhibitor) 
appeared as a longer oligosaccharide bound in the active site [44;60;61]. Thus, 
α-amylases possess very low transglycosylation/hydrolysis ratios. This ratio 
was, however, significantly increased in Bacillus stearothermophilus α-
amylase by an A289Y mutation, but much less by an A289F mutation [62]. 
This residue is not conserved in α-amylases, whereas the homologous residue 
(Phe283) is conserved in the transferase CGTase, suggesting the importance of 
the side chain at this position for transglycosylation reaction specificity of α-
amylase family enzymes. The still low, but increased transferase specificity of 
mutant A289Y is explained by the altered pH optimum of this mutant (Ala289 
is located in the vicinity of the acid/base catalyst Glu), which lowered the 
enzyme’s overall catalytic activity, but increased the transferase activity 
relative to the hydrolytic activity [62]. 

Y83L, Y83N and W84L mutations strongly increased the transglycosylation 
activity of Saccharomycopsis fibuligera α-amylase [63;64]. Tyr83 and Trp84 
are conserved among α-amylase and CGTases (Tyr100 and Trp101 in CGTase) 
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and they interact with the substrate at the –1 and –2 subsites, respectively (Fig. 
5) [40;65]. The substitutions at position 83 even resulted in enzymes that 
preferred transglycosylation to hydrolysis [64]. Thus, the transglycosylation 
/hydrolysis ratio of S. fibuligera α-amylase is strongly enhanced by mutations 
in Y83 at the –1 subsite, but the mechanism behind this is unclear, although the 
strongly reduced hydrolytic activity (50-fold) may play a role. 
 

 
Figure 5. Overview of the 
interactions of B. circulans 
strain 251 CGTase with a 
maltononaose substrate. 
The substrate is cleaved 
between the subsites –1 
and +1. Subsite numbering 
is according to Davies et 
al. [104]. For clarity, not 
all interactions at the –2, –
1 and +1 subsites are 
shown. The figure has 
been adapted from 
reference [41]. 

 
 
 
 
 
 
 
 
 

 
Cyclodextrin glycosyltransferases – The unique feature of CGTases is that 

they form circular α-(1,4)-linked oligosaccharides (cyclodextrins) from starch. 
The major products are α-, β- and γ-cyclodextrin (with six, seven or eight 
glucose residues, respectively), but also larger cyclodextrins are formed [66-
68]. X-ray structures are known for the CGTases of Bacillus circulans strains 8 
[69] and 251 [32], Thermoanaerobacterium thermosulfurigenes strain EM1 
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[70], Bacillus stearothermophilus [71] and alkalophilic Bacillus sp. 1011 [72]. 
The substrate binding cleft of CGTases consists of at least ten sugar binding 
subsites [40;58], labeled –7 to +3, with bond cleavage occurring between 
subsites –1 and +1. An overview of the interactions between CGTase and a 
natural maltononaose substrate is shown in Figure 5. CGTase also catalyzes 
disproportionation, coupling and hydrolysis reactions. All CGTase-catalyzed 
reactions start with oligosaccharide substrate binding, followed by α-(1,4)-
glycosidic bond cleavage, to form a reaction intermediate that is covalently 
linked to the catalytic nucleophile Asp229 [11;16]. In the cyclization reaction 
the non-reducing end of the intermediate moves into subsite +1, followed by 
intramolecular bond formation to yield a cyclodextrin product, whereas the 
intermediate is transferred to a second sugar molecule or to water in the 
disproportionation and hydrolysis reaction, respectively. In the coupling 
reaction, a cyclodextrin ring is opened and the resulting, covalently bound, 
linear oligosaccharide is transferred to a second sugar molecule to yield a linear 
product. Interestingly, the hydrolysis activity of CGTase is much lower than its 
transglycosylation activities, making the enzyme an efficient transferase [68]. 

Structural and biochemical analysis of (mutant) CGTases have provided a 
detailed insight into the catalytic mechanism of CGTase. Especially, the 
elucidation of X-ray structures with bound inhibitors, a natural substrate, the 
reaction intermediate and a cyclodextrin product have helped the understanding 
of the bond cleavage process [11;32;40-42;69;71-73]. Nevertheless, the 
preference of CGTase for transglycosylation reactions is less well understood. 
Several mutagenesis studies on CGTases, aimed at improving cyclodextrin size 
specificity, revealed that various mutations at the donor subsites increased the 
hydrolysis/transglycosylation reaction specificity [68;74-77], although the 
effects were not very large and mainly due to decreased transglycosylation 
activities. This is not surprising, because the occurrence of a hydrolysis or 
transglycosylation reaction is determined by the nature of the acceptor substrate 
used and thus by the properties of the acceptor subsites. 

Mutations at the acceptor subsites of CGTases, in contrast, were very 
successful in changing the reaction specificity of CGTase. Some mutations 
even changed CGTase into an efficient starch hydrolase [chapters 5 to 7]. 

Novamyl – The product name Novamyl is used for the Bacillus 
stearothermophilus strain C599 maltogenic α-amylase, as this enzyme is 
clearly different from other maltogenic amylases. Novamyl has a very high 
structural similarity to CGTases [56]. However, Novamyl is a maltose 
producing starch hydrolase that does not form cyclodextrins [57]. Nevertheless, 
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Novamyl shows low transglycosylation reaction specificity at high oligo-
saccharide concentrations [57]. The different reaction specificities of CGTases 
and Novamyl are caused by a loop that is extended in Novamyl and that 
hampers substrate binding at the donor subsites –3/–4, and thus blocks the 
binding of substrates of sufficient length to form a cyclodextrin product (the 
smallest cyclodextrin contains six glucose residues). This has been demon-
strated by removing the loop extension (five amino acid residues) from 
Novamyl, which resulted in a cyclodextrin-producing enzyme [78]. The 
opposite experiment, introducing the loop extension into CGTase, changed 
CGTase into a starch hydrolase [Chapter 8]. These results show that Novamyl 
is a mutated CGTase [78] or that CGTase is a mutated Novamyl. 

Glucanotransferases – 4-α-Glucanotransferases catalyze disproportionation 
reactions, in which α-(1,4)-oligosaccharides are cleaved and the resulting 
covalently bound reaction intermediate is transferred to the 4-hydroxyl group 
of an acceptor sugar. Most of these enzymes have been classified in GH family 
77, although they are also found in the GH families 13 (α-amylase family) and 
57. The 4-α-glucanotransferases of the α-amylase family can have distinct 
reaction specificities. The maltosyltransferase (a 4-α-glucanotransferase) from 
Thermotoga maritima is an exo-acting enzyme with a very low hydrolytic 
activity that transfers maltose units only [55], whereas the second 4-α-
glucanotransferase from T. maritima is an endo-acting transglycosylase that 
transfers oligosaccharides of diverse lengths [79]. Interestingly, this T. 
maritima 4-α-glucanotransferase possesses two tryptophan residues at acceptor 
subsite +2, similar to the presence of two phenylalanine residues at this subsite 
in CGTase. These tryptophan residues may limit the hydrolytic activity of this 
4-α-glucanotransferase, as has been found for the corresponding phenylalanine 
residues of CGTases (chapters 5 and 6). 

Neopullulanase, maltogenic amylase and cyclodextrinase are enzymes that 
degrade pullulan, starch and cyclodextrins by catalyzing the hydrolysis and 
transglycosylation of α-(1,4)- and α-(1,6)-glycosidic bonds at one active center 
[80;81]. Activity towards α-(1,3)-glycosidic bonds has also been reported for 
several of these enzymes [36]. Because these enzymes have rather similar X-
ray structures and amino acid sequence identities above 40%, it has been 
proposed to name them all cyclomaltodextrinases [39]. Interestingly, 
cyclomaltodextrinases are intracellular enzymes, whereas most enzymes of the 
α-amylase family are extracellular enzymes [36;37]. These enzymes may 
enable some bacteria and archaea to utilize cyclodextrins for energy pro-
duction. Indeed, Klebsiella oxytoca and Thermococcus strain B1001 contain 
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gene clusters that encode an extracellular CGTase, a cyclodextrin uptake 
system and an intracellular cyclodextrinase [82;83]. Moreover, the cyclodextrin 
uptake system of K. oxytoca could be functionally expressed in Escherichia 
coli [84;85]. 

The transglycosylation/hydrolysis reaction specificity of B. stearo-
thermophilus strain TRS40 neopullulanase was increased by M375L, Y377F or 
S422V mutations (up to 45%) and slightly lowered by Y377D or Y377S 
mutations, using maltotriose as a substrate [54]. Met375, Tyr377 and Ser442 
are located near the catalytic acid/base and correspond to the conserved 
CGTase residues Leu281, Phe283 and Asn326 [86]. These results suggest that 
the hydrophobicity of the residues near the acid/base catalyst is important for 
the transglycosylation/hydrolysis reaction specificity and that more hydro-
phobic residues increase the preference for transglycosylation [54]. 

The transglycosylation/hydrolysis ratio of B. stearothermophilus strain ET1 
maltogenic amylase on maltotriose was decreased by an E332H mutation and 
enhanced by T383V, G382A/T383V and G382M/T383L mutations [87]. 
Glu332 is conserved in neopullulanase, cyclomaltodextrinase and maltogenic 
amylase and corresponds to the conserved CGTase residue His233. This 
residue participates in substrate binding at acceptor subsite +1 [40]. How the 
mutations in Gly382 and Thr383 influence reaction specificity is not under-
stood as these residues are not conserved and are not in the vicinity of the 
active site, as interpreted from the three-dimensional structure of the Thermus 
strain IM6501 maltogenic amylase [35]. Another study also showed that 
mutations in Glu332 (E332D, E332Q and E332H) decreased the trans-
glycosylation/hydrolysis ratio of the maltogenic amylase of Thermus strain 
IM6501 on acarbose, and acarbose derivatives [88]. This Glu332 is most likely 
important for positioning of sugar acceptor substrates at the acceptor subsite +1 
in the transglycosylation reactions catalyzed [88]. 

Branching and debranching enzymes – Isoamylase, pullulanase, amylo-
pullulanase, glycogen debranching enzyme and oligo-(1,6)-glucosidase hydro-
lyze α-(1,6)-glycosidic bonds and are called debranching enzymes. Oligo-
(1,6)-glucosidase and glycogen debranching enzyme are exo-acting enzymes 
that hydrolyze non reducing terminal α-(1,6)-glycosidic bonds [50;89], 
whereas isoamylase, pullulanase and amylopullulanase can hydrolyze internal 
α-(1,6)-glycosidic bonds [51;90-92]. Branching enzyme, in contrast, is a 
transferase that forms α-(1,6)-glycosidic bonds (branches) in glucan polymers 
by cleavage of an α-(1,4)-glycosidic bond and the subsequent transfer of the 
cleaved-off part to the O6 hydroxyl group of a glucosyl moiety in an α-(1,4)-
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glucan chain [93]. Interestingly, branching enzymes do not have measurable 
hydrolytic activity (Preiss, personal communication). The absent hydrolytic 
activity forms an intriguing question about the structural features determining 
this characteristic. Nevertheless, the recently elucidated three-dimensional 
structure of Escherichia coli branching enzyme could not answer this question, 
as the active site seems to be fully accessible for water molecules [52]. A 
covalent glycosyl-enzyme intermediate structure of branching enzyme may 
solve this question. 

Trehalose synthase and hydrolase – Trehalose is a disaccharide composed of 
two glucose moieties linked via an α,α-bond between the two C1 atoms. Some 
bacteria form trehalose by the successive action of trehalose synthase and 
trehalose hydrolase [94]. Trehalose synthase isomerizes the α-(1,4)-bond at the 
reducing end of a maltooligosaccharide to form a maltooligosyl trehalose, after 
which the trehalose hydrolase hydrolyzes the α-(1,4)-bond next to the α-(1,1)-
bond to yield a shorter maltooligosaccharide and trehalose [94;95]. Although 
trehalose synthases are known for their transferase activity, it has recently been 
reported that during prolonged incubation the enzyme (in vitro) completely 
converts linear maltooligosaccharides to glucose and maltose, by hydrolyzing 
the α,α-bond of the maltooligosyl trehalose formed to release a glucose residue 
[96]. This process is repeated until the maltooligosaccharide is shortened to 
maltose [96]. To improve the trehalose yields, the hydrolytic activity of 
maltooligosyl trehalose synthase should be lowered by protein engineering. 

Amylosucrase – Whereas most α-amylase family enzymes degrade starch, 
amylosucrase produces an α-(1,4)-glucan polymer using sucrose as sole 
substrate [97]. After cleaving the α-(1,1)-glycosidic bond of sucrose, the 
enzyme transfers the glucose moiety to the non-reducing end of a growing 
glucan chain to form an α-(1,4)-glycosidic linkage. Amylosucrase, however, 
also hydrolyzes a significant fraction of the sucrose substrate and forms 
turanose (3-O-α-D-glucopyranosyl-D-fructose), which lowers the glucan yield 
[98]. The three-dimensional structure of amylosucrase has recently been solved 
[99], including a structure  with a sucrose (substrate) in the active site of an 
inactive mutant [49]. They may provide a basis for rational construction of 
mutant amylosucrases with increased (or decreased) transglycosylation reaction 
specificity in the near feature. 
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CONCLUSIONS 
The α-amylase family constitutes a large group of enzymes that act on 

various α-glycosidic bonds. All members contain a catalytic (β/α)8-barrel 
domain, have a virtually identical catalytic site architecture and use the same α-
retaining double displacement mechanism. Although the atomic details of the 
bond cleavage machinery are well understood [11;31], the structural basis for 
the variation in reaction and product specificity in this enzyme family is far 
from understood. 
 
 
SCOPE OF THIS THESIS 

To further expand the insight into the structure/function relationships of the 
α-amylase family, the CGTases from Bacillus circulans strain 251 and 
Thermoanaerobacterium thermosulfurigenes were studied. CGTase is a unique 
member of this family that forms circular oligosaccharides (cyclodextrins) 
from starch. Of both enzymes, the three-dimensional structure has been solved 
in the Protein Crystallography group at the University of Groningen. Combined 
structural and biochemical work (of the Protein Crystallography and Microbial 
Physiology groups, University of Groningen) on CGTases has resulted in 
structures of all stable intermediates along the reaction pathway and has 
yielded a detailed insight into the bond cleavage machinery of the enzyme. 
These studies were mainly focused on understanding the cyclodextrin size 
specificity and the catalytic mechanism of CGTase. Most of these studies have 
been described in four Ph. D. theses [100-103]. The main topic of the present 
thesis is to extend the insights into the reaction specificity of α-amylase family 
enzymes and to understand the factors governing hydrolysis and trans-
glycosylation specificity. 

Chapter 1 provides an introduction to the glycoside hydrolase enzymes with 
the emphasis on members of the α-amylase family. The focus is on the 
variation in reaction specificity of α-amylase family enzymes. 

Chapter 2 describes a kinetic analysis of the transglycosylation reactions 
catalyzed by T. thermosulfurigenes CGTase, including the inhibitory effects of 
cyclodextrins and acarbose on the disproportionation reaction catalyzed. 

The enzymes of the α-amylase family contain seven conserved amino acid 
residues. Six of these residues have direct interactions with oligosaccharides at 
the catalytic site, whereas the seventh residue (Asp135) is near the catalytic 
site, but has no direct interactions with substrates. Over the years the functional 
role of the conserved residue Asp135 has remained unclear. Studies described 
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in chapter 3 have now revealed that this residue is crucial for the conformation 
of the catalytic site residues and the catalytic activity of CGTase. 

Although the bond cleavage process in the α-amylase family is well 
understood, the roles of remote substrate binding subsites in catalysis and 
reaction specificity are less clear. In chapter 4, the function of amino acids in 
the remote, yet conserved CGTase subsite –6 is studied by site-directed 
mutagenesis. Kinetic analysis of the mutants revealed that substrate binding at 
subsite –6 activates CGTase in catalysis to provide, for the first time, definite 
biochemical evidence for an induced-fit mechanism in the α-amylase family 
enzyme. 

In chapters 5 and 6 the functional roles of residues constituting acceptor 
subsite +2 of B. circulans and T. thermosulfurigenes CGTase were studied by 
site-directed mutagenesis. Analysis of the effects of mutations in two con-
served phenylalanine residues demonstrated that subsite +2 controls the trans-
glycosylation reaction specificity of CGTases and limits the competing hydro-
lysis reaction. 

Although chapters 5 and 6 show the importance of acceptor subsite +2 for 
the reaction specificity of CGTase, there may be more residues essential for the 
transglycosylation reaction specificity of CGTase that are not obvious from 
three-dimensional structures. Chapter 7 describes how at least some of these 
residues were identified using random mutagenesis. 

In chapter 8, the transglycosylase CGTase is compared with a starch 
hydrolase, namely Novamyl, the maltogenic α-amylase from Bacillus stearo-
thermophilus, that has a very similar three-dimensional structure. By extending 
a loop in CGTase, mimicking the situation in Novamyl, CGTase was changed 
into an effective starch hydrolase. 

Chapter 9 describes a comparison between the CGTases from the meso-
phile B. circulans strain 251 and the thermophile T. thermosulfurigenes. By 
introducing several of the differences between the two enzymes into the B. 
circulans CGTase, the resistance to thermal inactivation of this enzyme was 
strongly increased. 



 

 

 



 

  

 


