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VOORWOORD 
 
 

Na bijna vier jaar onderzoek in het lab van Prof. Lubbert Dijkhuizen 
(Microbial Physiology) is het tijd om dit promotieonderzoek af te ronden door 
het schrijven van het voorwoord van dit proefschrift. Voor het tot stand komen 
van dit boekje wil ik ten eerste Lubbert bedanken voor de mogelijkheid om in 
zijn groep onderzoek te verrichten. Hierdoor heb ik met veel plezier een 
bijdrage kunnen leveren aan het ontrafelen van de reactiespecificiteit van het 
enzym CGTase. De jaarlijkse meetings met Danisco, te Arhus en Kopenhagen, 
en de discussies over CGTase die wij tijdens het reizen hadden, hebben hieraan 
bijgedragen. Binnen Danisco liepen de contacten via Karsten. Karsten, I thank 
you for the nice collaboration, and for giving me the opportunity to do 
fundamental research on CGTase, the enzyme of common interest.  

Verder wil ik Prof. Bauke Dijkstra (Protein Crystallography) bedanken. 
Hoewel we niet op regelmatige basis samengewerkt hebben is jouw bijdrage 
aan dit onderzoek van grote waarde geweest. Vooral denk ik dan aan de 
discussies achter een monitor om de effecten van mutaties te verklaren aan de 
hand van driedimensionale structuren en natuurlijk aan de scherpe 
vragen/opmerkingen in de manuscripten.  

Ook Henriëtte heeft een belangrijke bijdrage aan dit boekje geleverd door de 
structuren van mutant CGTases te bepalen, hetgeen de kwaliteit van vier 
hoofdstukken heeft verhoogd. In het begin van mijn promotieonderzoek hebben 
de discussies met Joost en Bart gezorgd voor een snelle overdracht van de 
CGTase kennis, waarvoor dank. Verder wil ik Maarten (student) bedanken 
voor zijn screenings werk (hoofdstuk 7), Gea voor de hulp, uitleg en onderhoud 
van de DSC apparatuur (hoofdstuk 9), Gert-Jan voor het programmeren van 
Plato (de pipetteerrobot; hoofdstuk 7) en Robert, Michael, Edwin en Janine 
voor hun hulp en tips bij het layout werk.  
 Tenslotte is deze periode plezierig geweest door de vele microbiologie 
collega’s, met wie koffie gedronken en geborreld werd. 
 
Hans 
Groningen, januari, 2003 
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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). 

 



General introduction 

 
 11 

 

 
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 



General introduction 

 
 23 

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. 



 

 

 



 

  

 



 

29 

 
Chapter 2 

 
 

Thermoanaerobacterium thermosulfurigenes Cyclodextrin 
Glycosyltransferase: Mechanism and Kinetics of Inhibition 

by Acarbose and Cyclodextrins 
 
Hans Leemhuis, Bauke W. Dijkstra and Lubbert Dijkhuizen 
 
Published in the European Journal of Biochemistry, volume 270, pages 155-
162, 2003. 
 
 
 
 
 
 
SUMMARY 

Cyclodextrin glycosyltransferase (CGTase) uses an α-retaining double 
displacement mechanism to catalyze three distinct transglycosylation reactions. 
To investigate these reactions as catalyzed by the CGTase from Thermoanaero-
bacterium thermosulfurigenes the enzyme was overproduced (8 mg/L culture) 
using Bacillus subtilis as a host. Detailed analysis revealed that the three 
reactions proceed via different kinetic mechanisms. The cyclization reaction 
(cyclodextrin formation from starch) is an one-substrate reaction, whereas the 
other two transglycosylation reactions are two-substrate reactions, which obey 
substituted enzyme mechanism kinetics (disproportionation reaction) or ternary 
complex mechanism kinetics (coupling reaction). 

Analysis of the effects of acarbose and cyclodextrins on the dispropor-
tionation reaction revealed that cyclodextrins are competitive inhibitors, 
whereas acarbose is a mixed type of inhibitor. Our results showed that one 
molecule of acarbose binds either in the active site of the free enzyme, or at a 
secondary site of the enzyme-substrate complex. The mixed inhibition thus 
indicates the existence of a secondary sugar binding site near the active site of 
T. thermosulfurigenes CGTase. 
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INTRODUCTION 
The α-amylase family, or glycoside hydrolase family 13 [25;81], is a large 

family of starch processing enzymes, which form a wide variety of 
oligosaccharide products [23;24], via an α-retaining double displacement 
mechanism involving a covalent glycosyl-enzyme intermediate [7;11;16]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic re-presentation of the reactions catalyzed by CGTase. In the first step of 
the reaction (bond cleavage) a covalently linked oligosaccharide intermediate is formed. In 
the second reaction step this oligosaccharide is transferred to an acceptor molecule. 
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Cyclodextrin glycosyltransferase (CGTase) is an unique member of this 
family, that forms circular α-(1,4)-linked oligosaccharides from starch (cyclo-
dextrins). Cyclodextrins are composed of 6, 7 or 8 glucose residues, α-, β- and 
γ-cyclodextrin, respectively. CGTase consists of five domains (A-E) [32;69]. 
Domains A and B constitute the catalytic core, domain E is a raw starch 
binding domain [33;34], whereas the functions of the C and D domains are less 
well understood. CGTase binds its substrate across several sugar binding 
subsites (labeled –7 to +2 [40]) and cleaves it between the sugars bound at 
subsites –1 and +1 to form a covalently linked glycosyl-enzyme inter-mediate 
[11;16] (Fig. 1). Cyclodextrins are subsequently formed via an intra-molecular 
transglycosylation reaction with the non-reducing end of this intermediate 
(cyclization) (Fig. 1). CGTase may also transfer the covalently bound 
oligosaccharide to a second sugar (disproportionation) or to water (hydrolysis) 
(Fig. 1). A fourth reaction catalyzed by CGTase is the coupling reaction, in 
which a cyclodextrin molecule is cleaved and transferred to a second sugar. It 
is expected that an analysis of CGTase enzyme-starch interactions will provide 
detailed insights in the mechanisms and specificity of action of starch-acting 
enzymes. Moreover, CGTases are used in industry to produce cyclodextrins, 
which are used for their ability to form inclusion complexes with many 
hydrophobic molecules [105]. At present, the hydrolysis and coupling reactions 
of CGTase limit the cyclodextrin yield in the production process of 
cyclodextrins [106;107]. 

Acarbose, a pseudotetrasaccharide compound, is a strong inhibitor of many 
α-amylase family enzymes [108-114]. Three-dimensional structures of 
CGTases and α-amylases complexed with acarbose have revealed that acarbose 
binds in the active site [43;65]. However, in these structures acarbose often 
appears as a longer oligosaccharide derivative (Fig. 2), indicating that acarbose 
is slowly processed [61].  

Here we report an analysis of the transglycosylation reactions catalyzed by 
the CGTase from Thermoanaerobacterium thermosulfurigenes strain EM1 
(Tabium). The inhibitory effects of acarbose and cyclodextrins on the 
disproportionation reaction show that the inhibition mechanisms are different 
for the two compounds. Acarbose binds in the active site and at a secondary 
site to inhibit the disproportionation reaction, whereas only cyclodextrin 
binding in the active site results in inhibition. 
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Figure 2. Schematic overview of the interactions between T. thermosulfurigenes CGTase and 
a maltohexaose inhibitor bound from subsites –3 to +3 [58]. The interactions at subsite +3 are 
weak (3.6 Å). For clarity, not all interactions at subsites –1 and +1 are shown. 
 
 
MATERIALS AND METHODS 

Construction of the expression vector - The cgt gene of Tabium was 
amplified from plasmid pCT2 [115] using an N-terminal primer (p1), that 
introduced an NcoI restriction site, and a primer p2 that removed the internal 
NcoI and HindIII restriction sites. The 375 bp product was used as primer in a 
second PCR reaction together with a C-terminal primer (p3) that introduced a 
HindIII restriction site. The 2100 bp product was cut with NcoI and HindIII and 
ligated in the pDP66k- vector [33], to obtain pCScgt-tt, which is an Escherichia 
coli-Bacillus subtilis shuttle vector. The following primers were used: p1, 5’-
GGGGAACCATGGCTCCTGATACAGTAAG-‘3 (NcoI);  p2, 5’-CAGTAAA 
GCTGCCAAAGTATGGATTTGTTCTCTTAAAATCACGAGCCCAATAAC
CGTGGTACGATG-‘3; p3, 5’-CCGGCAAGCTTATTATTTTAATCTATTG-
‘3 (HindIII). Restriction sites are underlined. 

Production and purification of CGTase - CGTase protein was produced 
using a 4 L fermentor containing 3 l medium (10 g/L NaCl, 5 g/L yeast extract, 
20 g/L tryptone and 10 g/L casamino acids) and B. subtilis DB104A as 
expression host [116], and purified from the culture supernatant as described 
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[68]. Plasmid carrying strains were grown at 37° C in the presence of 6 µg 
kanamycin/ml. Transformation of B. subtilis was done according to Bron [117]. 

Enzyme assays - All enzyme assays were performed in 10 mM sodium 
citrate buffer (pH 6.0) at 60º C and repeated (at least) three times. The rates 
obtained are initial rates.  

Cyclodextrin forming activities were determined by incubating 0.2 µg/ml 
enzyme with 2.5% (w/v) partially hydrolyzed potato starch (AVEBE, Foxhol, 
The Netherlands). Cyclodextrin concentrations were measured with 
phenolphthalein (β-cyclodextrin) [118] or with HPLC (α-, β- and γ-
cyclodextrin) equipped with an Econosphere NH2 5U column (250 by 4.6 mm; 
Alltech, Breda, The Netherlands) eluted with acetonitrile/water (60/40 (v/v), 1 
ml/min) [74]. 

Coupling activities were measured as described [75], using 0.05-0.2 µg/ml 
enzyme, α-, β- and γ-cyclodextrin (up to 10, 2.0 and 10 mM, respectively) as 
donor substrates and methyl-α-D-glucopyranoside (MαDG) as acceptor 
substrate (0-200 mM). The linear products formed were converted to glucose 
with amyloglucosidase (Sigma, Zwijndrecht, The Netherlands) and the amount 
of glucose formed was determined with the GOD-PAP reagent of Roche 
(Almere, The Netherlands). 

Disproportionation activity was measured with 0.05 µg enzyme/ml and 
0.075-1.5 mM 4-nitrophenyl-α-D-maltoheptaoside-4-6-O-ethylidene (EPS; 
Megazyme, County Wicklow, Ireland) as donor substrate. Glucose (2-100 
mM), maltose (1-20 mM), maltotriose (0.25-10 mM) or maltotetraose (0.25-10 
mM) were used as acceptor substrate. Reactions were performed in a glass 
cuvette (1 ml, light pathway of 1 cm) and activity was measured by liberating 
p-nitrophenol from the cleaved EPS, using an excess of thermostable α-
glucosidase (Megazyme). Under these conditions the molar extinction 
coefficient of p-nitrophenol is 4.4 mM-1cm-1 at 401 nm.  

Inhibition by acarbose and cyclodextrins was determined for the 
disproportionation reaction, with maltose as acceptor substrate at a fixed 
concentration of 25 mM (~5 times KM). The acarbose concentrations were 
between 0.05 and 0.4 µM and those of α-, β- and γ-cyclodextrin were between 
5-20 mM, 2.5-12 mM and 2.5-10 mM, respectively. The acarbose and 
cyclodextrin concentrations used did not significantly affect the action of the α-
glucosidase used in the assay. Although cyclodextrins are the substrate of the 
coupling reactions and they were degraded during the disproportionation assay, 
the cyclodextrin concentrations did not change significantly during the assay 
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time (data not shown). Acarbose was a gift from J.H. Branolte (Bayer 
Nederland). 
 Kinetic analysis – The experimental data were analyzed using the SigmaPlot 
software(Jandel Scientific), with the following initial rate equations [119]: 
 
(Eq. 1) v=V·a·b/(Kmb·a+Kma·b+a·b)     substituted-enzyme mechanism 
(Eq. 2)  v=V·a·b/(K*ma·Kmb+Kmb·a+Kma·b+a·b) ternary complex mechanism 
(Eq. 3) v=V·a/{Km·(1+i/Kic)+a·(1+i/Kiu)}  mixed inhibition 
(Eq. 4) v=V·a/(Km·(1+i/Kic)+a)      competitive inhibition 
 
In these equations v is the reaction rate, V is the maximum reaction rate, a, b 
and i are the substrate and inhibitor concentrations, Km and K*m are the 
concentrations at half maxium rate for the substrates in the absence and 
presence of a second substrate, respectively. Kic and Kiu are the competitive and 
uncompetitive inhibition constants. Although K*mb is not shown in Eq. 2, it can 
be determined since Kma/Kmb=K*ma/K*mb [119]. The ternary complex 
mechanism equation applies to the compulsory and random type of this 
mechanism [119]. The substituted-enzyme and ternary complex mechanisms 
are two substrate reactions. In the substituted-enzyme mechanism the donor 
substrate is processed before the acceptor substrate binds to the enzyme, 
whereas in the ternary complex mechanism both substrates bind to the enzyme 
before the reaction starts [119]. 
 
 
RESULTS AND DISCUSSION 

Enhanced production of CGTase protein - Previously, Tabium CGTase was 
produced using an E. coli PC1990 (pCT2) expression system, which yielded 
about 0.3 mg of purified protein per liter culture in a batch fermentor [58]. By 
constructing an E. coli-B. subtilis shuttle vector (pCScgt-tt) and using B. 
subtilis DB104A as expression host, resulting in extracellular production of 
CGTase, we succeeded in increasing the production level 27-fold to 8 mg per 
liter culture. 

Cyclization reactions – All reactions start with substrate cleavage and 
covalent intermediate formation (Fig. 1). In the cyclization reaction this 
intermediate is circularized to form a cyclodextrin. Tabium CGTase forms α-
cyclodextrin at the highest rate, although the β-cyclodextrin forming activity is 
also high (Table 1). Km values for starch are not reported, since at the low  
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starch substrate concentrations needed, the amount of cyclodextrin formed is 
too low for reliable activity measurements. The Km value, however, is clearly 
below 0.2 mg/ml of starch. Although Tabium CGTase produces more β- than 
α-cyclodextrinss after prolonged incubation [53;120] our results indicate that 
the initial α-cyclodextrin forming activity is higher than that of β-cyclodextrin 
formation (Table 1). Thus, the cyclization, coupling and disproportionation 
reactions affect the final ratio of α- and β-cyclodextrin formed upon prolonged 
incubation. 
 

Table 1. Cyclization activities of T. thermosulfurigenes CGTase at 60° C. 

 α-cyclodextrin β-cyclodextrin γ-cyclodextrin 

kcat (s-1) 375 ± 13 294 ± 4 61 ± 9 
 

The disproportionation reaction follows a substituted-enzyme mechanism – 
In the disproportionation reaction an EPS (4-nitrophenyl-α-D-maltoheptaoside-
4-6-O-ethylidene) molecule is cleaved and the reducing part is transferred to a 
sugar acceptor to form a linear product. Lineweaver-Burk plots of the initial 
velocity (v) at various EPS and maltose substrate concentrations resulted in 
parallel lines (Fig. 3), revealing a substituted-enzyme mechanism, as observed 
also for the disproportionation reactions catalyzed by Bacillus circulans and 
alkalophilic Bacillus CGTases [121;122]. The kinetic parameters were 
calculated with Eq. 1, revealing a high turnover rate and a low Km value for the 
EPS substrate (Table 2). Such a substituted-enzyme mechanism makes sense,  
 
Table 2. Kinetic parameters of the disproportionation reaction catalyzed by T. thermo-
sulfurigenes CGTase at 60° C. 

kcat (s-1) Km,EPS (mM) kcat/Km,EPS (s-1mM-1) Km,maltose (mM) 

1200 ± 37 0.21 ± 0.02 5714 ± 572 4.6 ± 0.3 

 
as CGTase cleaves and reforms α-(1,4)-glycosidic bonds, which necessitates 
departure of the cleaved-off part of the donor substrate from the acceptor 
subsites before a new acceptor substrate can bind again at the acceptor subsites. 
X-ray structures [11;73] have indeed shown that uncleaved donor substrates 
bind at the donor and acceptor subsites simultaneously, indicating that an 
acceptor substrate can only bind after the leaving group has left the active site. 
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Figure 3. Lineweaver-Burk plots of the disproportionation reaction. The reciprocal velocities 
are plotted against 1/[EPS] at fixed maltose concentrations (1 (■), 2 (●), 3 (▲), 6 (♦), 10 (□) 
and 20 (○) mM). The calculated fit for the complete experimental data set (using Eq. 1) is 
represented by the lines and the symbols represent the experimental data. 

 
Tabium CGTase has three acceptor subsites – Mutagenesis and crystal-

lographic experiments have shown that CGTases contain at least two acceptor 
subsites [40;53;73;77;123;124]. The structure of a Tabium CGTase-
hexasaccharide inhibitor complex (Fig. 2) suggested the presence of a third 
acceptor subsite, albeit with only two weak interactions at subsite +3 (3.6 Å). 
Moreover, these interactions might be an artefact of the crystallization as the 
+3 glucose moiety had a closer contact (3.4 Å) with a symmetry related 
CGTase molecule [58]. Also a mutant B. circulans CGTase suggested the 
presence of a +3 acceptor subsite, as an E264A mutant at subsite +3 (Glu265 in 
Tabium) had reduced disproportionation activity [124]. To investigate this in 
more detail for Tabium CGTase we determined the Km values for acceptor 
substrates of increasing length (glucose, maltose, maltotriose and malto-
tetraose) using the disproportionation reaction. The donor substrate concen-
tration was fixed at 2 mM (~10 times Km,EPS). The acceptor substrate used had 
no large effect on the kcat value (Table 3), but Km values decreased from 
glucose to maltotriose, but not further for maltotetraose (Table 3). The lower 
Km values for the longer acceptor substrates indicate that the longer acceptor 
substrates have more binding interactions. Thus, Tabium CGTase binds three 
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glucose units of the acceptor substrate, demonstrating the presence of three 
functional acceptor subsites. 
 
Table 3. Kinetic parameters of the disproportionation reaction for four acceptor substrates at 
60° C. The EPS concentration was fixed at 2 mM. 

Acceptor Km (mM) kcat (s-1) 

Glucose 11.7 ± 1.4 1019 ± 58 

Maltose   4.6 ± 0.4 1200 ± 37 
Maltotriose   1.2 ± 0.2 1115 ± 46 
Maltotetraose   1.1 ± 0.1 1132 ± 41 

 
The coupling reaction proceeds via a ternary complex – In the coupling 

reaction a cyclodextrin is cleaved and transferred to an acceptor sugar to yield a 
linear product. Lineweaver-Burk plots of the initial velocity (v) at various α-, 
β- and γ-cyclodextrin (donor) and MαDG (acceptor) substrate concentrations 
yielded straight lines of which the slope and the vertical axis intercept 
increased with decreasing MαDG concentrations, as shown for α-cyclodextrin 
(Fig. 4). Formation of a ternary complex can account for these results [119].  
 

 
Figure 4. Lineweaver-
Burk plot of the coup-
ling reaction. The reci-
procal velocities are 
plotted against 1/[α-
CD] at fixed MαDG 
concentrations (3 (■), 6 
(●), 10 (▲), 25 (♦) and 
100 (□) mM). Lines 
represent the calculated 
fit for the complete 
experimental data set 
(using Eq. 2) and 
symbols represent the 
experimental data. 

 
 



Chapter 2 

38  

Whether the donor and acceptor substrates bind in a random or compulsory 
order to the enzyme can not be determined from these initial rate 
measurements, as both mechanisms of ternary complex formation have 
identical rate equations [119]. While the Km values for α-, β- and γ-
cyclodextrin are between 1 and 1.5 mM, they are much higher for the acceptor 
substrate MαDG (20-83 mM, depending on the type of cyclodextrin used as 
acceptor substrate) (Table 4). Interestingly, after binding of the first substrate 
(either cyclodextrin of MαDG) the Km value for the second substrate 
decreased, as indicated by the lower K*m values (Table 4), suggesting 
cooperativity. 

When a ternary complex is formed both substrates bind in the active site 
before the reaction starts. However, X-ray analysis has shown that intact 
cyclodextrin molecules bind across the donor and acceptor subsites [41;73], 
preventing acceptor binding at subsites +1/+2. Nevertheless, our kinetic results 
indicate the formation of a ternary complex during the coupling reaction of 
Tabium CGTase. This was also observed for the coupling reaction of B.  
 
Table 4. Kinetic parameters of the coupling reactions catalyzed by T. thermosulfurigenes 
strain EM1 CGTase at 60° C. CD, cyclodextrin. 

parameter α-CD coupling β-CD coupling γ-CD coupling 

Km,CD (mM) 1.1 ± 0.1 1.0 ± 0.1 1.5 ± 0.1 

Km,MαDG (mM) 20 ± 2 83 ± 14 45 ± 3 
K*

m,CD (mM)a 0.6 ± 0.1 0.5 ± 0.1 1.0 ± 0.2 
K*

m,MαDG (mM)a 11 ± 2 42 ± 11 30 ± 6 
kcat (s-1) 1586 ± 48 509 ± 44 588 ± 17 
a K*

m is the Km value when the other substrate is already bound. 

 
circulans CGTase [122]. To explain this, it has been suggest that the acceptor 
substrate binds close to subsite +1 and that it rapidly moves into subsite +1 
after cyclodextrin-ring cleavage [122] (the cleaved cyclodextrin is now 
covalently linked to Asp230). The covalently bound oligosaccharide 
intermediate subsequently changes from a circular to a linear conformation 
[42]. If this linearization step is slow compared to the movement of the 
acceptor, the displacement of the acceptor will not appear in the kinetic 
analysis. Therefore, although the kinetic mechanism points to ternary complex 
formation, we deem a substituted enzyme mechanism, as observed for the 
disproportionation reaction, more likely. Although, subsite +3 seems to be a 
likely candidate to bind the acceptor substrate before cleavage of the 



Mechanisms of CGTase 

 
 39 

cyclodextrin, as the +1 and +2 subsites are blocked the cyclodextrin, this is 
unlikely as an E264A mutation at subsite +3 in B. circulans CGTase (Glu265 
in Tabium CGTase) had no effect on the coupling reaction [124]. Thus, the data 
indicates the presence of sugar binding site in the vicinity of the catalytic site 
that has not (yet) been identified. 

Inhibition by acarbose – Because Tabium CGTase has a very low Km value 
for starch substrates, which make it impossible to perform reliable kinetic 
studies of the cyclization reaction, we used the disproportionation reaction with 
EPS to study the inhibitory effects of acarbose. A Lineweaver-Burk plot of the 
reciprocal velocity (1/v) against 1/[EPS] yielded straight lines of which the 
slope and the vertical axis intercept increased with increasing acarbose 
concentrations (Fig. 5), revealing a mixed type of inhibition.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Lineweaver-Burk plot of the disproportionation reaction with acarbose as inhibitor. 
(A) The reciprocal velocities plotted against 1/[EPS] at different acarbose concentrations (0 
(■), 0.05 (●), 0.1 (▲), 0.2 (♦) and 0.5 (□) µM). The lines represent the calculated fit for the 
complete experimental data set (using Eq. 3) and the symbols represent the experimental data. 
(B and C) Secondary plots showing the dependence of the slope and vertical axis intercept of 
the Lineweaver-Burk plot on the acarbose concentration. 
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Table 5. Inhibition constants of acarbose and cyclodextrins in the disproportionation reaction 
at 60° C. 

Inhibitor Ki,competitive Ki,uncompetitive 

Acarbose (µM) 0.10 ± 0.01 0.25 ± 0.04 
α-cyclodextrin (mM) 3.4 ± 0.6 - 
β-cyclodextrin (mM) 0.7 ± 0.1 - 
γ-cyclodextrin (mM) 1.0 ± 0.1 - 

 
Secondary plots of the slopes and vertical axis intercepts from the 

Lineweaver-Burk plot against the acarbose concentrations resulted in straight 
lines (Fig. 5), indicating that only one molecule of acarbose binds to free 
enzyme or to the enzyme-substrate complex, respectively [110]. A second 
order (parabolic) line would indicate the binding of a second acarbose 
molecule. The kinetic parameters (calculated with Eq. 3) show that acarbose is 
a powerful inhibitor, as indicated by the low Ki values (Table 5). Thus, the 
inhibition is caused by a single acarbose molecule, which binds either to the 
CGTase active site (competitive inhibition) or to a CGTase-EPS complex, in 
which acarbose is bound to a secondary site that is only accessible after EPS 
binding (uncompetitive inhibition). A schematic model of this mechanism is 
shown in Fig 6. 

 
 
Figure 6. A schematic 
model of inhibition by 
acarbose on the dispro-
portionation reaction 
(mixed-type). E, S, i, P 
and Q are the enzyme, 
substrate, inhibitor and 
the products respectively. 
KS, Kic, Kiu, K2 are the 
dissociation constants 
and k3 is a rate constant. 
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The precise location of this secondary acarbose binding site requires further 
investigation. Although X-ray structures have revealed the binding of sugar 
ligands to the surface of CGTase at various positions at the non-catalytic 
domains [32;43], binding of acarbose to those sites is unlikely to effect the 
disproportionation reaction, as they are far from the active site, in particular 
because the substrate used, the maltoheptaose compound EPS, is relatively 
short. Thus, the data reveals the presence of a secondary sugar binding site is in 
the vicinity of the active site.  

Cyclodextrins are competitive inhibitors – Whereas cyclodextrins are the 
products of the cyclization reaction and the substrates for the coupling reaction, 
they act as inhibitors in the disproportionation reaction, competing with the 
EPS substrate, as previously observed for B. circulans CGTase [76]. 
Lineweaver-Burk plots of the initial disproportionation rates (v) at various EPS 
and α-, β- and γ-cyclodextrin (inhibitor) concentrations yielded straight lines 
that intersect at a single point on the vertical axis, as shown for α-cyclodextrin 
(Fig. 7), indicating competitive inhibition. The inhibition constants (Table 5), 
calculated using Eq. 4, are ~104-fold higher than those of acarbose (Table 5), 
showing that cyclodextrins are much less efficient inhibitors than acarbose.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Lineweaver-Burk plot of the disproportionation reaction with α-CD as inhibitor. 
The reciprocal velocities are plotted against 1/[EPS] for different α-CD concentrations (0 (■), 
5 (●), 10 (▲) and 20 (♦) mM). The calculated fit for the complete experimental data set 
(using Eq. 4) is represented by the lines and the symbols represent the experimental data. 
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X-ray analysis has shown that cyclodextrins bind in the active site as well as 
to the non-catalytic domains of CGTase [41]. The observation of competitive 
inhibition demonstrates, however, that only cyclodextrin binding in the active 
site inhibits the disproportionation reaction. This indicates that cyclodextrin 
binding to the non-catalytic domains either does not occur under the assay 
conditions, or that it has no effect on the disproportionation reaction. The latter 
explanation seems more likely, since the EPS substrate is too short to reach the 
non-catalytic domains. Thus, cyclodextrins give competitive inhibition in 
CGTase catalyzed disproportionation reaction involving a short substrate. 
 Acarbose and cyclodextrins bind both in the active site of CGTase; the 
difference between them is, however, that acarbose can also bind at a second 
site to inhibit the disproportionation reaction. To explain this difference we 
suggest that a cyclodextrin molecule is too bulky to bind at the secondary site, 
or that this secondary site has a much lower Km value for acarbose than for 
cyclodextrins. 

Conclusions – Characterization of the transglycosylation reactions catalyzed 
by Tabium CGTase revealed that they proceed via different kinetic 
mechanisms, similar to B. circulans CGTase [122]. Whereas the cyclization 
reaction is a single-substrate reaction, the disproportionation and coupling 
reactions are two-substrate reactions that have substituted-enzyme and ternary 
complex mechanism kinetics, respectively. The characterization also revealed 
that Tabium CGTase contains three functional acceptor sugar-binding subsites. 
Inhibition studies showed that cyclodextrins inhibit the disproportionation 
reaction in a competitive manner, whereas acarbose exerts a mixed-type of 
inhibition. The ternary complex mechanism kinetics (of the coupling reaction) 
as well as the mixed-type of inhibition (of the disproportionation reaction) 
indicate the presence of a secondary sugar binding site in the vicinity of the 
active site of Tabium CGTase. 
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SUMMARY 

The α-amylase family is a large group of starch processing enzymes. It is 
characterized by four short sequence regions, that contain the seven fully 
conserved amino acid residues in this family: two catalytic carboxylic acid  
residues and four substrate-binding residues. The seventh conserved residue 
(Asp135) has no direct interactions with either substrates or products, but it is 
hydrogen bonded to Arg227, which does bind the substrate in the catalytic site. 
Using cyclodextrin glycosyltransferase as an example, this paper provides for 
the first time definite biochemical and structural evidence that Asp135 is 
required for the proper conformation of several catalytic site residues and 
therefore for activity. 
 
 
INTRODUCTION 

The α-amylase family, or glycoside hydrolase family 13 [4;25], is an 
extensively studied enzyme family [24;81], that comprises many starch 
modifying enzymes. The enzymes of this family possess a (β/α)8-barrel 
catalytic domain, identical catalytic residues, and they all use an α-retaining 
mechanism which proceeds via a covalent glycosyl-enzyme intermediate 
[7;11]. About 20 different reaction and product specificities have been 
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identified in is family [5]. Neopullulanase, for example, catalyzes hydrolysis 
and transglycosylation of α-(1,4)- and α-(1,6)-glycosidic bonds in a single 
active site [81], whereas cyclodextrin glycosyltransferase (CGTase) catalyzes 
the transglycosylation of α-(1,4)-glycosidic bonds to produce circular α-(1,4)-
linked oligosaccharides (cyclodextrins). CGTase can also transfer linear 
oligosaccharides to a second sugar (disproportionation) or to water 
(hydrolysis), although the hydrolytic activity is rather low. 

The structure of the catalytic domain is conserved throughout the α-amylase 
family, but the overall sequence similarity is rather low (see the PFAM 
database for an alignment of α-amylase family enzymes [125]). Nevertheless, 
four short conserved sequence regions have been identified in this family 
[24;30]. These regions cluster together at the bottom of a groove in the surface 
of the catalytic domain and they contain the seven residues strictly conserved in 
the α-amylase family. These conserved residues are the catalytic nucleophile 
(Asp229), the general acid/base catalyst (Glu257), four residues involved in 
substrate binding/distortion and transition state stabilization (His140, Arg227, 
His327 and Asp328) [11;27], and Asp135 whose function is unclear. 
Numbering of the amino acids follows that of Bacillus circulans strain 251 
(BC251) CGTase. The importance of the first six residues for catalytic activity 
of α-amylase family enzymes has been shown by mutation studies [46;48;126], 
including CGTases (Table 1). A detailed review of the putative functions of 
these six residues in CGTase catalysis, based on X-ray crystallography and 
biochemical evidence, has been published [31].  

To obtain insight into the function of the fully conserved Asp135, which is 
part of conserved sequence region I of the α-amylase family (Table 2) [24;30], 
we mutated it into an alanine and an asparagine residue. Although Asp135 has 
no direct interactions with substrates or products [40], biochemical and struc-
tural analysis of the mutants showed that Asp135 is essential for the conforma-
tion of several catalytic site residues and for the catalytic activity of CGTase. 
 
 
MATERIALS AND METHODS 

 Structure determination – Crystals of mutant CGTase proteins were 
grown from 60% (v/v) 2-methyl-2,4-pentanediol, 100 mM HEPES pH 7.5 and 
5% (w/v) maltose [32]. Data of mutant D135A were collected in house at 100 
K using a MARCCD system (MarUSA Inc., Evanston, USA) with a diameter 
of 165 mm and using CuKα radiation from a BrukerNonius FR591 rotating-
anode generator equipped with Osmic mirrors. Data of mutant D135N were  
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Table 1. Transglycosylation activities of (mutant) CGTases. The mutations are in the seven 
residues that are strictly conserved throughout the α-amylase family. Although residue 
Tyr100 is not one of the seven fully conserved residues, it is included for clarity.  

Enzyme Cyclization 
(µmol/min·mg) 

Disproportionation 
(µmol/min·mg) 

Reference 

Bacillus circulans 251     

Wild-type 270 ± 8 970 ± 20 [74] 
D135N 0.18 ± 0.01 0.89 ± 0.03 This study 
D135A 0.13 ± 0.01 0.12 ± 0.01 This study 
D229N 0.01 ± 0.002 NDa [135] 
E257Q 0.067 ± 0.005 ND [135] 
D328N 0.005 ± 0.001 ND [135] 
Thermoanaerobacterium 
thermosulfurigenes EM1 

   

Wild-type 240 ± 9 ND [53] 
R228Ab 0.9 ± 0.1 ND This study 
R228Kb 2.9 ± 0.4 ND This study 
Alkalophilic Bacillus sp. 1011    
Wild-type 40 ± 2 ND [45] 
H140N 3.9 ± 0.2 ND [45] 
H327N 8.4 ± 0.5 ND [45] 
Alkalophilic Bacillus sp. I-5    
Wild-type 86 ± 1 ND [136] 
Y100S No measurable 

activity 
ND [136] 

Y100F 49 ± 3 ND [136] 
a ND, is not determined. 
b Equivalent to Arg227 in B. circulans 251 CGTase. 

 
collected at 100 K on an in house DIP2030H image plate (BrukerNonius, Delft, 
The Netherlands) and using CuKα radiation from a BrukerNonius FR591 
rotating-anode generator equipped with Franks’ mirrors. Processing was done 
with DENZO and SCALEPACK [127]. The structure of CGTase liganded with 
maltotetraose (PDB code 1CXF) with all waters and sugars removed was used 
as starting model. Refinement was done with CNS [128]. Ligands were placed 
in a sigmaA-weighted 2Fo-Fc and Fo-Fc electron density maps with the 
program O [129]. Data and refinement statistics are given in Table 3. The 
atomic coordinates and the structure factors of the structures have been 
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deposited in the Protein Data Bank (code XXXX for D135A and code XXXX 
for D135N; www.rcsb.org). 
 
Table 2. Sequence alignment of conserved sequence region I of a few α-amylase family 
enzymes. The two residues fully conserved in this region (Asp135 and His140) are shown in 
bold italic. 

Enzyme Species Region I Reference 

CGTase B. circulans strain 251 VIIDFAPNH [32] 
α-Amylase Aspergillus oryzae LMVDVVANH [27] 
Amylosucrase Neisseria polysaccharea LMMDLVVNH [99] 
Branching enzyme Escherichia coli VILDWVPGN [52] 
Isoamylase Pseudomonas amyloderamosa VYMDVVYNH [51] 
Maltogenic amylase Thermus strain IM6501 VMLDAVFNH [35] 
Oligo-1,6-glucosidase Bacillus cereus LMMDLVVNH [50] 

 
Bacterial strains and growth conditions – Escherichia coli strain MC1061 

[130] was used for DNA manipulations and CGTase proteins were produced 
with Bacillus subtilis strain DB104A [116]. Plasmids pCScgt-tt [131] and 
pDP66k- [33], with the cgt genes of Thermoanaerobacterium thermo-
sulfurigenes strain EM1 and BC251, respectively, were used for site-directed 
mutagenesis and protein production. Plasmid carrying strains were grown on 
Luria-Bertani medium [132] at 37° C in the presence of 50 or 6 µg 
kanamycin/ml for E. coli or B. subtilis, respectively. Transformation of B. 
subtilis was done as described [117]. 

DNA manipulations – Mutant CGTases were constructed with PCR as 
described [53;68], using the oligonucleotides: 5’-AAAGTCATTATCGCCTTT 
GCCCCG-3’ (D135A); 5’-AAAGTCATTATCAACTTTGCCCCG-3’ 
(D135N); 5’-ATAGACGGTATAGCACTAGATGCTGT-3’ (R228A) and 
ATAGACGGTATAAAACTAGATGCTGT-3’ (R228K). Mutations were 
confirmed by DNA sequencing of the complete fragment obtained by PCR.  

Production of CGTase proteins – CGTase proteins were produced and 
purified as described [33]. Purity and molecular weight were checked by SDS-
polyacrylamide gel electrophoresis. Protein concentrations were determined 
using the Bradford reagent from Bio-Rad (München, Germany) and bovine 
serum albumin as standard.  

Enzyme assays – Enzyme assays were performed in 10 mM sodium citrate 
buffer (pH 6.0) at 50 or 60 ºC for BC251 and T. thermosulfurigenes CGTase, 
respectively. Formation of β-cyclodextrin was determined by incubating 0.2–
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5.0 µg enzyme/ml with 2.5% (w/v) partially hydrolyzed potato starch (Paselli 
SA2; AVEBE, Foxhol, The Netherlands). The amount of β-cyclodextrin 
produced was quantified with phenolphthalein [118]. Hydrolysis activity was 
measured as described [68] by following the increase in reducing power, using 
5-10 µg enzyme/ml and 1% (w/v) soluble starch (Lamers and Pleuger, 
Wijnegen, Belgium) as substrate. Disproportionation activity was determined 
using 0.1–10 µg enzyme/ml, 2 mM 4-nitrophenyl-α-D-maltoheptaoside-4-6-O-
ethylidene (Megazyme, County Wicklow, Ireland) as donor substrate and 10 
mM maltose as acceptor substrate [121]. 
 
Table 3. Data collection statistics and quality of the B. circulans strain 251 CGTase mutants. 

 D135A D135N 

Data collection   

Space group P212121 P212121 
Cell axes a, b, c (Å) 116.9 109.8 67.8 116.9 109.7 67.8 
Resolution range (Å)  25.0 – 2.0 50.0 – 2.1 
Total no. of observations 437820 526845 
No. of unique reflections 59255 50669 
Completeness (%)a 99.4 (97.4) 98.3 (97.6) 
<I/σ(I)>a 50.9 (15.5) 17.6 (4.4) 
Rmerge (%)a 2.3 (7.3) 6.7 (27.5) 
Refinement statistics   
No. of residues 686 (all) 686 (all) 
No. of Ca2+ ions 3 3 
Active site ligand Maltoheptaose Maltoheptaose 
Average B-factor 20.2 21.5 
Final R-factor (%)a 15.2 (16.0) 14.8 (17.7) 
Final free R-factor (%)a 18.1 (18.1) 18.4 (21.3) 
Root mean square deviation (rmsd) from ideal geometry 
Bond lengths (Å) 0.005 0.005 
Angles (°) 1.3 1.3 
Dihedrals (°) 24.3 24.3 
Improper dihedrals (°) 0.89 0.89 

a Highest resolution shell in parentheses. 
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Structure viewing – Protein structures were displayed using the Swiss-Pdb 
Viewer version 3.7 (b2) [133]. Figures were made using the Swiss-Pdb Viewer 
and Pov-Ray for Windows version 3.1g. 
 
 
RESULTS AND DISCUSSION 

Asp135 is one of the seven fully conserved residues in the α-amylase family 
[24;30]. It has no direct interactions with either substrates or products in any α-
amylase family enzyme structure [38;40;49;65]. The functional role of Asp135 
is unclear, although the 3D-structures of α-amylase family enzymes suggest 
that Asp135 is important for the conformation of the Tyr100 and Arg227 side 
chains, as it forms hydrogen bonds with them [27;32;52] (Fig. 1). Tyr100 and 
Arg227 bind the substrate in the catalytic subsite –1 via hydrophobic stacking 
and hydrogen bonding interactions, respectively [40] (Fig. 1). The importance 
of Tyr100 and Arg227 has been shown by mutation studies. In alkalophilic 
Bacillus sp. I-5 CGTase, mutation Y100F reduced the activity 2-fold, whereas 
mutant Y100S had virtually no activity (Table 1). Mutations in Arg227 
drastically reduced the activities of B. stearothermophilus α-amylase [126] and 
maize branching enzyme [48]. To confirm that Arg227 is also important for 
CGTase-catalyzed reactions, this residue was mutated into an alanine and a 
lysine in T. thermosulfurigenes CGTase, which reduced the cyclization activity 
270- and 80-fold, respectively (Table 1). Moreover, the Asp135/Arg227 
interaction is observed in all structures of α-amylase family enzymes (about 30 
structures [5]), while the Asp135/Tyr100 interaction is only absent in Thermo-
actinomyces vulgaris R47 α-amylase II [38], although the Tyr-residue is 
present in this enzyme. Thus, the conservation of Asp135 and its conserved 
interactions with the catalytically important residues Tyr100 and Arg227 
suggest that Asp135 is important for the activity of α-amylase family enzymes.   

To study the role of this strictly conserved Asp residue in more detail, we 
constructed D135N and D135A mutants in BC251 CGTase, which is one of the 
best-studied α-amylase family enzymes. An Asp to Asn mutation in Saccharo-
myces cerevisiae glycogen debranching enzyme changed the enzyme’s 
transglycosylation specificity (on α-(1,4)-glycosidic bonds) into a hydrolysis 
specificity [134]. Therefore, the authors suggested that the Asp residue is 
involved in acceptor substrate binding [134]. However, this seems very un-
likely as in all available α-amylase family enzyme structures the position of 
Asp135 is conserved and the Asp residue does not participate in substrate 
binding in any of these structures. In CGTase, the D135N and D135A 



Role of Asp135 in CGTase 

 
 51 

mutations reduced the cyclization and disproportionation activities over 1000-
fold (Table 1), and the hydrolytic activity was reduced at least 100-fold (data 
not shown). The effect of the D135N mutation in CGTase and glycogen 
debranching enzyme is thus similar for the common activity (trans-
glycosylation) of these enzymes. The mutation has a dissimilar effect on the 
hydrolysis specificity of both enzymes, probably because of subtle differences 
in the catalytic site architecture of both enzymes. Unfortunately, no three-
dimensional structure is known fot the Saccharomyces glycogen debranching 
enzyme. We conclude that Asp135 is critical for all activities of CGTase. 
 

 
Figure 1. Close-up views of the catalytic site of BC251 CGTase (grey) with a bound 
oligosaccharide (black); hydrogen bonds are shown as dashed lines. The catalytic site (labeled 
–1) is conserved throughout the α-amylase family. (A) Overview of the interactions between 
the sugar substrate and amino acid residues at the catalytic site of CGTase. (B) The 
interactions between Asp135, Tyr100 and Arg227. Tyr100 forms a stacking interaction with 
the substrate at subsite –1. The figure is based on a BC251 CGTase-maltononaose inhibitor 
complex (subsites –7 to +2) as described in reference [40] (Protein Data Bank structure 2DIJ 
[155]). 
 

Structural analysis of the BC251 CGTase mutant proteins D135A and 
D135N shows that both structures contain a maltoheptaose ligand bound in 
subsites –7 to –1. Since no maltoheptaose was added to the crystallization 
experiment, this must be the product of transglycosylation reactions of CGTase 
with the maltose present in the crystallization set-ups or α-cyclodextrin used 
for the purification of the CGTase proteins. Transglycosylation products have 
more often been observed in the active site of BC251 CGTase crystal 
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structures; in particular a maltoheptaose ligand was found to be bound to the 
virtually inactive D229A/E257A double mutant of BC251 CGTase [42]. The 
structures also showed that Asp135 is crucial for the conformation of Arg227 
(which is critical for activity, Table 1), but not for the Tyr100 conformation 
(Fig. 2). In both mutant structures the Arg227 side chain has moved into the 
space occupied by the Asp135 side chain in wild-type CGTase (Fig. 2), while 
the Tyr100 side chain conformation is not affected by the mutations. 
 

 
Figure 2. Superposition of wild-type CGTase (light grey) and the CGTase mutants D135A 
(black) and D135N (dark grey). The glucose in subsite –1 is bound very similarly in all three 
structures; the glucose shown is from mutant D135N. 

 
Moreover, both structures showed that Asp135 is important for the side-

chain of the acid/base catalyst Glu257. In the D135N structure, the Glu257 
side-chain had turned away from the scissile bond (Fig. 2), whereas the Glu257 
had double conformations in the D135A structure. The D135A structure 
showed also double conformations for the catalytic nucleophile Asp229. Only 
the wild-type like conformations for Asp229 and Glu257 are shown in Fig. 2 
(in the other conformations, the Asp229 and Glu257 side-chains had turned 
away from the scissile bond). The unproductive Glu257 conformations are 
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likely caused by the altered conformation of Arg227, since in unliganded wild-
type BC251 CGTase the Arg227 and Glu257 side chains have a hydrogen 
bonding interaction [32]. Thus, although Asp135 has no direct interactions with 
substrates, the residue is essential for catalytical competent conformations of 
Arg227 and Glu257 in the catalytic site of CGTase, and this explains why 
Asp135 is a key determinant for the catalytic activity of CGTase. 

Conclusion – Our results provide for the first time definite structural and 
biochemical evidence that the strictly conserved Asp135 residue of conserved 
sequence region I, is crucial for the conformation of several catalytic site 
residues in BC251 CGTase. Moreover, the conservation of the Asp135 residue 
and its conserved interactions with the fully conserved Arg227 residue in the 
catalytic site suggests that this result can be extended to the entire α-amylase 
family. 

Acknowledgements – H.L. thanks Danisco for financial support. 
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SUMMARY 

Cyclodextrin glycosyltransferase (CGTase) catalyzes the formation of α-, β- 
and γ-cyclodextrins (cyclic α-(1,4)-linked oligosaccharides of 6, 7 or 8 glucose 
residues, respectively) from starch. Nine substrate binding subsites were 
observed in an X-ray structure of the CGTase from Bacillus circulans strain 
251 complexed with a maltononaose substrate. Subsite -6 is conserved in 
CGTases, suggesting its importance for the reactions catalyzed by the enzyme. 
To investigate this in detail, we made six mutant CGTases (Y167F, G179L, 
G180L, N193G, N193L and G179L/G180L). All subsite -6 mutants had 
decreased kcat values for β-cyclodextrin formation, as well as for the 
disproportionation and coupling reactions, but not for hydrolysis. Especially 
G179L, G180L and G179L/G180L effected the transglycosylation activities, 
most prominently for the coupling reactions. The results demonstrate that (i) 
subsite -6 is important for all three CGTase catalyzed transglycosylation 
reactions. (ii) Gly180 is conserved because of its importance for the 
circularization of the linear substrates. (iii) It is possible to independently 
change cyclization and coupling activities. (iv) Substrate interactions at subsite 
-6 activate the enzyme in catalysis, via an induced-fit mechanism. This article 
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provides for the first time definite biochemical evidence for such an induced-fit 
mechanism in the α-amylase family. 
 
 
INTRODUCTION 

Cyclodextrin glycosyltransferase (CGTase) produces 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), but also larger 
cyclodextrins are formed [66-68]. CGTase belongs to glycoside hydrolase 
family 13, or α-amylase family [25], which is an extensively studied enzyme 
family [23;24]. All members contain a catalytic (β/α)8-barrel domain [24] and 
use an α-retaining double displacement mechanism [7]. Although the catalytic 
residues and the architecture of the catalytic site are conserved within this 
family, its members may catalyze a variety of reactions, including hydrolysis of 
α-(1,4)- and α-(1,6)-glycosidic linkages (e.g. α-amylases and isoamylases, 
respectively), as well as the formation of α-(1,4)- and α-(1,6)-glycosidic bonds 
(e.g. 4-α-glucanotransferases and branching enzymes, respectively) [23]. 

High resolution X-ray structures are known for the CGTases from Bacillus 
circulans strains 8 [69] and 251 (BC251) [32], Thermoanaerobacterium 
thermosulfurigenes strain EM1 [70], Bacillus stearothermophilus [71] and 
alkalophilic Bacillus sp. 1011 [72]. The structures of CGTases are organized in 
five domains (A-E). The N-terminal part consists of the catalytic (β/α)8-barrel 
fold (domain A) with a loop of approximately 60 residues protruding at the 
third β-strand (domain B). Domains A and B together form the substrate 
binding groove and contain the catalytic site residues [40;69]. Domains C and 
E are involved in starch binding [33], while the function of domain D remains 
to be elucidated. The substrate binding groove of the BC251 CGTase consists 
of at least nine sugar binding subsites [40], labeled -7 to +2, with bond 
cleavage occurring between subsites -1 and +1. Figure 1 gives an overview of 
the interactions between the enzyme and a maltononaose substrate and shows 
the binding mode of this maltononaose in the active site of CGTase. 

CGTase uses an α-retaining double displacement mechanism to catalyze 
four different reactions, cyclization, coupling, disproportionation and 
hydrolysis. The cyclization (and disproportionation) reactions start with the 
binding of a linear maltooligosaccharide substrate, followed by cleavage of the 
α-(1,4)-glycosidic bond between the residues bound at subsites +1 and -1, 
resulting in an intermediate that is covalently linked to Asp229 [11;16]. 
Subsequently, the non-reducing end moves from subsite -7 (for β-cyclization) 
into subsite +1. This step is called circularization, which is followed by 
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intramolecular bond formation. Circularization is most likely the rate-
determining step in the cyclization reaction [122;137]. In the disproportionation 
reaction the non-reducing end of a second sugar molecule is used as acceptor. 
CGTase also catalyzes the reverse reaction of cyclization, which is called the 
coupling reaction. In this reaction a cyclodextrin ring is opened and the 
resulting, covalently bound, linear oligosaccharide is transferred to a second 
sugar molecule, the acceptor. Besides these three transglycosylation reactions, 
CGTase catalyzes the hydrolysis of α-(1,4)-glycosidic bonds in starch. 
Interestingly, the hydrolysis activity of CGTase is much lower than its 
transglycosylation activities, making the enzyme an efficient transferase [68]. 
Of all reaction types, the disproportionation reaction is most efficiently 
catalyzed by CGTase [121;122].  
 

 
Figure 1. (A) Schematic overview of the interactions between the B. circulans strain 251 
CGTase and a maltononaose substrate. For clarity not all interactions at subsites +1, -1 and –2 
are shown [41]. (B) Maltononaose (black) conformation in the active site of CGTase. The 
arrow indicates the cleavage site. Figure B was made using Swiss-PDB-Viewer [133]. 

 
The high transferase activity of CGTase was recently investigated by 

comparing X-ray structures of CGTase representing different stages of its 
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reaction cycle [42]. From these studies it appeared that the protein backbone of 
CGTase can undergo small but significant conformational changes after 
binding of substrate sugars at the acceptor subsites +1 and +2 and at the donor 
subsites -3 and -6. Only if sugars are simultaneously bound at these subsites, 
the conformation of Asn139 and His140 is changed [41]. This enables His140 
to make a hydrogen bond to the O6 atom of the -1 sugar (Fig. 1A), and helps to 
distort the -1 sugar towards transition state planarity [11;41;42]. It was 
suggested that in this way, these distant sugar binding subsites communicate 
the presence of long oligosaccharide substrates and acceptors and ensure that 
they are preferentially processed. 

Support for this mechanism has come from site directed mutagenesis 
experiments of the residues in the acceptor subsites and of His140 
[45;123;124]. Subsite -6 has not been studied so far, but its position far from 
the catalytic site (see Fig. 1B) makes it unlikely that the mutants directly 
interfere with the catalytic process. Instead, they may affect substrate binding 
or the proposed induced-fit mechanism, providing an excellent opportunity to 
test whether distant subsites play a role in regulating transglycosylation 
activity.  

At present there are no mutagenesis data concerning subsite -6. Since this 
subsite is identical in all known CGTases, subsite -6 must be important for the 
function and the unique characteristics of CGTase. We constructed mutants 
that block subsite -6 (G179L, G180L and G179L/G180L) or that abolish 
interactions at subsite -6 (Y167F, N193G and N193L). Here we report a kinetic 
analysis of these mutants. The results obtained show that subsite -6 has an 
important function in all three transglycosylation reactions. They provide new 
insights in the catalytic mechanism employed by CGTase. 
 
 
EXPERIMENTAL PROCEDURES 

Structure determination - Crystals of mutant BC251 CGTases were grown 
from 60% v/v 2-methyl-2,4-pentanediol, 100 mM HEPES pH 7.5 and 5% w/v 
maltose [32]. Soaking of N193G crystals with acarbose was carried out as 
decribed earlier [40]. For G179L data were collected to 1.94 Å at 120 K on an 
in-house MacScience DIP2030H image plate (Nonius, Delft, The Netherlands) 
using CuKα radiation from a Nonius FR591 rotating-anode generator with 
Franks’ mirrors. Processing was done with DENZO and SCALEPACK [127]. 
The structure of CGTase liganded with maltotetraose (PDB code 1CXF) with 
all waters and sugars removed, was used as a starting model. Refinement was 



Subsite –6 of CGTase 

 
 59 

done with CNS [128] in a standard way. The compression of the longest cell 
axis of G179L compared to that of N193G (Table 1) is due to a locally changed 
crystal packing at the maltose binding site near Trp 616 and Trp 662. This has 
improved the crystal quality, as shown by the increased resolution of the data at 
the in-house source and the low overall B-factor of structure and the low R-
factors.  
 
Table 1. Data collection statistics and quality of the B. circulans strain 251 CGTase mutants 
G179L and N193G. 

 G179L N193G 

Data collection   

Spacegroup P212121 P212121 
Cell axes a, b, c (Å) 114.7, 109.5, 65.8 120.7, 111.2, 65.9 
Resolution range (Å)  50.0-1.94 50.0-2.43 
No. of unique reflections 60480  31710 
Completeness (%)a 97.5 (96.6) 92.1 (70.2) 
Refinement statistics   
No. of amino acids 686 (all) 686 (all) 
No. of Ca 2+ ions 2 2 
No. of MPD molecules 1 - 
No. of water molecules 1026 420 
Active site ligand maltotetraose Acarbose 
MBS1 ligand maltotriose Maltotriose 
MBS2 ligand maltose Maltotriose 
MBS3 ligand  maltose Maltose 
Ligand glucose - 
Average B-factor 22.2 24.5 
Final R factor (%) 15.2 15.3 
Final free R-factor (%) 18.6 19.9 
R.m.s. deviation from ideal geometry   
Bond lengths (Å) 0.005 0.006 
Angles (°) 1.28 1.25 
Dihedrals (°) 24.3 24.5 
Improper dihedrals (°) 0.71 0.73 

a Highest resolution shell in parentheses. 
 

For N193G data were collected to 2.43 Å at room temperature on a 
MacScience DIP2020 imaging plate mounted on an Elliot GX21 rotating-anode 
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generator producing CuKα radiation. Data were reduced and scaled using the 
program XDS [138] and programs from the Groningen BIOMOL software 
package. Sugar ligands were manually placed in a sigmaA-weighted 2Fo-Fc 
and Fo-Fc maps with the program O [129]. The atomic coordinates and the 
structure factors of the structures have been deposited in the Protein Data Bank 
(www.rcsb.org, code 1KCL for G179L and 1KCK for N193G). 

Bacterial strains, plasmids and growth conditions - Escherichia coli strain 
MC1061 [hsdR mcrB araD139 ∆ (araABC-leu)7679 ∆lacX74 galU galK rpsL 
thi] [130] was used for recombinant DNA manipulations. CGTase (mutant) 
proteins were produced with the α-amylase and protease negative Bacillus 
subtilis strain DB104A [amy his nprR2 nprE18 aprA3] [116]. Plasmid 
pDP66k- [33], with the cgt gene of B. circulans strain 251, was used for site 
directed mutagenesis and enzyme production. Plasmid carrying strains were 
grown on LB medium at 37° C in the presence of kanamycin, 50 or 5 µg/ml for 
E. coli or B. subtilis, respectively. Transformation of B. subtilis was done 
according to Bron [117]. 

DNA manipulations - Mutant CGTases were constructed via a double PCR 
method using Pwo-DNA polymerase (Boehringer Mannheim, Germany) as 
previously described [68]. The PCR product was cut with PvuII and SalI and 
exchanged for the corresponding fragment of pDP66k-. The following 
oligonucleotides were used to introduce the mutations: 5’-CTCGGGGGATT 
CACGAACGATACGCAAAACCTG-3’ (Y167F); 5’-CTACAAAGGCCTGT 
ACGATCTCGCAGATCTGAACCATAAC -3’ (N193G); 5’-CTACAAACTC 
CTGTACGATCTCGCAGATCTGAACCATAAC-3’ (N193L); 5’-GTTCCAC 
CATAACCTAGGCACGGACTTTTCCACG-3’   (G179L); 5’-GTTCCACCA 
TAACGGGTTAACGGACTTTTCCACG-3’ (G180L); 5’- GTTCCACCATA 
ACCTGTTAACGGACTTTTCCACG-3’ (G179L/G180L). Successful muta-
genesis resulted in the appearance of the underlined restriction sites: BlnI for 
G179L; HincII for G180L and G179L/G180L; BglII for N193G and N193L. 
Mutation Y167F removed an XmnI restriction site. All mutations were 
confirmed by DNA sequencing, of the complete PvuII/SalI fragment obtained 
with PCR. 

DNA sequencing - Cycle sequencing [139] was performed on ds-DNA using 
the Thermo Sequence fluorescent primer cycle sequence kit (Amersham 
Pharmacia Biotech AB). Sequence reactions were run on the Pharmacia ALF-
Express sequencing machine at the BioMedical Technology Centre 
(Groningen, The Netherlands). 
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Enzyme assays and enzyme purification - CGTase proteins were produced 
and purified as described before [68]. All enzyme assays were performed in 10 
mM sodium citrate buffer (pH 6.0) at 50º C. Cyclization activities were 
determined by incubating 0.1–0.5 µg/ml enzyme with 2.5% (w/v) Paselli SA2 
starch (partially hydrolyzed potato starch with an average degree of 
polymerization of 50; AVEBE, Foxhol, The Netherlands), as described by 
Penninga et al. [33]. Cyclodextrin product specificity under industrial process 
conditions was measured by incubating 10% (w/v) Paselli WA4 starch 
(pregelatinized drum-dried starch with a high degree of polymerization; 
AVEBE) with 2 U/ml of enzyme activity (1U is µmol min-1 β-cyclodextrin 
forming activity per mg protein). Samples were taken at regular intervals, 
boiled for 10 min, and analyzed by HPLC, as described below. Coupling 
activities were measured as described by Nakamura et al. [45], with some 
modifications [75], with α-, β- and γ-cyclodextrin as donor substrates and 
methyl-α-D-glucopyranoside (MαDG) as acceptor substrate, using 0.1–0.5 
µg/ml enzyme. Values of kcat and KM were determined by measuring rates at 5 
donor and 5 acceptor substrate concentrations (25 conditions) ranging from 0.2 
to 5 times the KM values. Disproportionation activity was determined as 
described by Nakamura et al. [121], with some modifications [75], using 0.1–
0.5 µg/ml enzyme, 4-nitrophenyl-α-D-maltoheptaoside-4-6-O-ethylidene (EPS; 
Boehringer Mannheim) or 4-nitrophenyl-α-D-maltopentaoside (G5-pNP; 
Megazyme, County Wicklow, Ireland) as donor substrate and maltose as 
acceptor substrate. With the EPS substrate values of kcat and KM were 
determined by measuring rates at 6 donor and 5 acceptor substrate 
concentrations (30 conditions) ranging from 0.2 to 5 times the KM values. With 
the G5-pNP substrate values of kcat and KM were determined by measuring 
rates at 12 different donor concentrations at fixed maltose concentration (10 
mM). Hydrolyzing activity was determined as described before [68] by 
measuring the increase in reducing power upon incubation of 5 µg enzyme 
with 1% (w/v) soluble starch (Lamers & Pleuger, Wijnegen, Belgium). 

HPLC analysis - Products formed were analyzed by HPLC, using an 
Econosphere NH2 5U column (250 by 4.6 mm)(Alltech Nederland bv, Breda, 
The Netherlands) linked to a refractive index detector. A mobile phase of 
acetonitrile/water (60/40, v/v) at a flow rate of 1 ml/min was used.  

Analysis of the experimental data - The results obtained for the coupling and 
disproportionating reactions were analyzed using SigmaPlot (Jandel Scientific). 
The coupling reaction followed the ternary complex mechanism [122]. The 



Chapter 4 

62  

disproportionating reaction proceeded via the substituted enzyme mechanism 
(or Ping-Pong mechanism) [121]. 
 
 
RESULTS 

Structures - The G179L structure had a maltotetraose ligand bound from 
subsites +2 to -2 with the glucose at subsite –1 in its beta-anomeric 
configuration. Since the G179L crystals were not soaked with sugars, the 
maltotetraose sugar must be the remainder of α-cyclodextrin used for the 
purifcation of the enzyme. This mutant has indeed a very low coupling activity. 
The G179L structure had also a glucose molecule bound at the surface near 
Gln287, Arg290, Arg294, Asp295 and Glu330, about 8 Å from subsite +2. A 
sugar at this position was not seen before. Its functional relevance for the 
enzyme is not known. The phi/psi angles of the mutated residue 179 were 66/-
151 compared to 97/-162 in the wild-type enzyme (PDB code 1CDG). The 
protein backbone conformation was hardly affected by this mutation, however. 
The N193G structure had an acarbose molecule bound from subsites +2 to -2. 
The phi/psi angles of the mutated residue were hardly changed, -72/150 
compared to -60/145 in wild-type (PDB code 1CDG), and the protein backbone 
conformation was not significantly altered. In both structures the 
Asn139/His140 conformation is identical to that of the unliganded wild-type 
CGTase [32], as expected for structures that have no sugar bound at the -6 
subsite. 

Cyclization activities of wild-type and mutant CGTases - The cyclization 
activities of the (mutant) CGTases are summarized in Table 2. Substrate 
affinity values are not reported since, at the low substrate concentrations 
needed, the amount of cyclodextrin formed is too low for reliable activity 
measurements. Low starch concentrations are needed because BC251 CGTase 
has a high affinity for starch (<0.5 mg/ml) [122]. All subsite -6 mutants have 
reduced β-cyclodextrin forming activities, most pronounced for mutations that 
introduce a leucine at position 180 (G180L and G179L/G180L), or remove a 
side chain at position 193 (N193G) (Table 2). Gly180 is most important for β-, 
γ- and δ-cyclodextrin formation, while the G179L mutation affects especially 
α-cyclization. Mutant N193L is only slightly affected in its cyclization 
activities. The N193G mutation, in contrast, decreases specifically β-
cyclodextrin formation. Thus, subsite -6 plays an important role in the 
cyclization reactions catalyzed by CGTase. 
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Table 2. Cyclization and hydrolyzing activities of wild-type and mutant cyclodextrin 
glycosyltransferases from B. circulans strain 251 on starch. 

Enzyme kcat α-CD 
(s-1) 

kcat β-CD 
(s-1) 

kcat γ-CD 
(s-1) 

kcat δ-CD 
(s-1) 

kcat hydrolysis 
(s-1) 

Wild-type 17.0 ± 1.0 338 ± 2 61 ± 2 36.2 ± 0.8 4.0 ± 0.2 

G179L   8.8 ± 0.3 269 ± 3 52 ± 2 24.9 ± 0.5 3.9 ± 0.2 
G180L 25.5 ± 0.4   77 ± 1 24 ± 1 11.1 ± 0.3 3.9 ± 0.2 
G179L/G180L 21.4 ± 0.4   81 ± 1 20 ± 1 12.0 ± 0.4 4.0 ± 0.2 
Y167F 19.5 ± 0.8 278 ± 9 50 ± 3 29.3 ± 1.5 3.5 ± 0.3 
N193G 25.8 ± 0.9 166 ± 5 64 ± 5 31.1 ± 1.3 4.3 ± 0.3 
N193L 19.3 ± 1.2 316 ± 8 53 ± 4 33.1 ± 1.1 4.0 ± 0.3 

 
Subsite -6 mutations affect the disproportionation reaction - All mutants 

show reduced disproportionating activities with the maltoheptaose EPS (Table 
3), most prominently for G179L, G180L and G179L/G180L. With the shorter 
G5-pNP substrate, which cannot reach subsite -6, the mutants G179L, 
G179L/G180L and N193G had decreased disproportionation activity, whereas 
the Y167F, G180L and N193L mutants had wild-type activity (Table 4). 
 
Table 3. Kinetic parameters of the disproportionation reaction with EPS catalyzed by wild-
type and mutant cyclodextrin glycosyltransferases from B. circulans strain 251.  

Enzyme KM,EPS 

(mM) 
KM, maltose 

(mM) 
kcat,disp. 

(s-1) 
kcat/KM,EPS 
(s-1mM-1) 

kcat,β-cycl. / 
kcat,disp. 

Wild-type 0.22 ± 0.02 0.83 ± 0.05 1213 ± 22 5514 ± 511 0.28 
G179L 1.06 ± 0.05 0.80 ± 0.04   597 ± 15   563 ±   30 0.45 
G180L 0.92 ± 0.08 0.87 ± 0.09   493 ± 21   539 ±   52 0.16 
G179L/G180L 1.04 ± 0.06 0.35 ± 0.02   317 ±   8   305 ±   19 0.26 
Y167F 0.21 ± 0.03 0.91 ± 0.10   990 ± 23 4714 ± 682 0.28 
N193G 0.20 ± 0.02 1.04 ± 0.08   774 ± 22 3870 ± 402 0.21 
N193L 0.21 ± 0.02 0.86 ± 0.07 1076 ± 35 5124 ± 516 0.29 

 
Furthermore, the wild-type CGTase had a lower disproportionation activity 

with the shorter G5-pNP substrate than with EPS, indicating that substrate 
interactions at subsite –6 are important in this reaction. Mutation of Gly179 and 
Gly180 resulted in 4 to 5-fold increased KM,EPS values (Table 3), demonstrating 
that introducing leucines at positions 179 and 180 negatively affects binding of 
the maltoheptaose compound EPS. This indicates that the wild-type enzyme 
has interactions with EPS at subsite -6. Indeed, product analysis of the 
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disproportionation reaction showed that EPS is able to reach subsite -6 (data 
not shown). Mutation of Tyr167 and Asn193, in contrast, have no significant 
effect on the KM,EPS value (Table 3). The specificity constants (kcat/KM,EPS) 
(Table 3) also show that especially Gly179 and Gly180 are important for the 
disproportionation activity of CGTase. The apparent affinities for the acceptor 
substrate (KM,maltose) are not significantly changed, except for the double mutant 
G179L/G180L which has a 2-fold lower KM,maltose (Table 3). 
 
Table 4. Kinetic parameters of the disproportionation reaction with G5-pNP catalyzed by 
wild-type and mutant cyclodextrin glycosyltransferases from B. circulans strain 251.  

Enzyme KM,G5-pNP 

(mM) 
kcat,disp. 

(s-1) 
kcat/KM,G5-pNP 

(s-1mM-1) 

Wild-type 1.1 ± 0.1 761 ± 32 692 ± 69 

G179L 2.3 ± 0.2 360 ± 18 257 ± 26 
G180L 1.2 ± 0.1 788 ± 35 657 ± 62 
G179L/G180L 2.6 ± 0.3 246 ± 15  95 ± 12 
Y167F 1.2 ± 0.1 790 ± 20 658 ± 57 
N193G 1.1 ± 0.1 327 ±   9 297 ± 28 
N193L 1.1 ± 0.1 774 ± 41 704 ± 74 

 
In all mutants coupling activity is decreased - All subsite -6 mutants have 

reduced coupling activities (Table 5). The G179L mutant has a 4-fold 
decreased kcat for β-cyclodextrin coupling. Unexpectedly, the coupling 
activities with α- and γ-cyclodextrin are fully abolished (Table 5). Furthermore, 
the coupling activities of the G179L/G180L mutant are also virtually absent for 
each of the three cyclodextrins (Table 5). In contrast, the Y167F, G180L, 
N193G and N193L mutants retained significant coupling activity with all 
cyclodextrins tested (data not shown for α- and γ-cyclodextrin). The G180L 
and N193G mutants strongly reduced the coupling activity with β-cyclodextrin, 
while the effect was small for Y167F and N193L. Thus, subsite -6 is very 
important in the coupling reactions. The mutations at subsite -6 also have an 
effect on acceptor binding as shown by the apparent affinity constants for the 
acceptor substrate (Table 5). Especially the G180L mutation drastically 
increases the KM,MαDG values, while the effect is smaller for mutant N193G. 
This is unlikely to be a direct effect of the mutation, since Gly180 and Asn193 
are positioned at a large distance from the acceptor site (Fig. 1). This shows 
that subsite -6 influences the acceptor binding subsites.  
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Table 5.  Kinetic parameters of the coupling reactions catalyzed by wild-type and mutant 
cyclodextrin glycosyltransferases from B. circulans strain 251. 

Enzyme KM,CD 
(mM) 

KM, MαDG 
(mM) 

K’M, CD 
(mM) 

K’M, MαDG 
(mM) 

kcat 
(s-1) 

αααα-CD      

Wild-type 2.2 ± 0.3  0.45 ± 0.05 5.3 ± 1.2    1.1 ±  0.3 240 ± 7 
G179L Nd Nd Nd Nd < 0.1 

G180L 5.4 ± 0.3 10 ± 1.3 2.8 ± 0.2 5.2 ± 1.1 196 ± 11 
G179L/G180L Nd Nd Nd Nd < 0.1 

ββββ-CD      
Wild-type 0.32 ± 0.02  18.1 ±   1.4 0.15 ± 0.04    8.5 ±   2.2 368 ± 10 
G179L 0.57 ± 0.05    5.0 ±   1 1.25 ± 0.20   11   ±   3   95 ±   4 
G180L 0.59 ± 0.07 245   ± 18 0.28 ± 0.03 116   ± 14 233 ± 10 
G179L/G180L Nd Nd Nd Nd < 0.1 

Y167F 0.29 ± 0.03 16.2 ± 1.8 0.23  ± 0.03 12.7 ± 2.5 326 ± 14 
N193G 0.39 ± 0.05 52.2 ± 6 0.41 ± 0.05 54.9 ± 12 104 ±   6 
N193L 0.38 ± 0.05 16.7 ± 1 0.22 ± 0.02 9.7 ± 1.7 331 ± 16 
γγγγ-CD      
Wild-type 0.13 ± 0.02  16.6 ± 3.0 0.12 ± 0.03    15.7 ± 6.1 188 ± 11.3 
G179L Nd Nd Nd Nd < 0.1 

G180L 0.12 ± 0.02 38 ± 3 0.46 ± 0.05 146  ± 9 83 ± 5 
G179L/G180L Nd Nd Nd Nd < 0.1 

Nd, not detectable. 
 

Hydrolyzing activities - The hydrolyzing activity of CGTase results in the 
formation of linear products from starch. Although the substrate used (starch) is 
able to reach subsite -6, the mutations at this subsite have no significant effect 
on the hydrolyzing activity (Table 2), showing that it is possible to selectively 
alter one of the CGTase activities without affecting another activity. 

Cyclodextrin product ratios of (mutant) CGTases - In this production assay 
the α:β:γ ratio of formed cyclodextrins changes in time as the combined result 
of all four reactions described above. Figure 2 shows this time dependency of 
cyclodextrin production for the wild-type and mutant enzymes. After 6 hours, 
30-37% of the starch has been converted into cyclodextrins (Table 6), with 
only small amounts (< 3%) converted into linear products (not shown). Initially 
wild-type CGTase produces mainly β- and γ-cyclodextrin, while smaller 
amounts of α-cyclodextrin are formed. Compared to wild-type, the G180L, 
G179L/G180L and N193G CGTases produce larger amounts of α- and γ- 
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Figure 2. Production of cyclodextrins (g/L) from 10% (w/v) pregelatinized starch by the 
action of (mutant) B. circulans strain 251 CGTases. ○, ● and ▼ indicate α-, β- and γ-
cyclodextrin, respectively. 
 
cyclodextrin in the first minutes of the reaction (Fig. 2). After 6 hours all 
mutants have produced more α-cyclodextrin, with the exception of G179L, 
which produced significantly less α-cyclodextrin (Fig. 2 and Table 6). The 
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wild-type and the G179L and G179L/G180L mutants formed more α- than γ-
cyclodextrin, whereas the other mutants formed more γ- than α-cyclodextrin 
after 6 hours of incubation (Fig. 2). The data thus show that subsite -6 is 
involved in cyclodextrin product specificity. Although the mutant CGTases 
have lower or minimized coupling activities, they do not produce significantly 
more cyclodextrins than the wild-type enzyme.  
 
Table 6. Cyclodextrin production from 10% (w/v) pregelatinized starch after 6 h of 
incubation with wild-type and mutant cyclodextrin glycosyltransferases from B. circulans 
strain 251. 

Enzyme Conversion of starch into 
CD’s (g/l) 

α-CD 
(mass %) 

β-CD 
(mass %) 

γ-CD 
(mass %) 

Wild-type 36 ± 1 13.6 ± 0.4 69.7 ± 1.1 16.7 ± 0.7 

G179L 30 ± 1   9.0 ± 0.5 72.0 ± 1.3 19.0 ± 0.5 
G180L 31 ± 1 17.7 ± 0.4 66.8 ± 0.9 15.5 ± 0.4 

G179L/G180L 34 ± 1 15.7 ± 0.3 66.6 ± 1.1 17.7 ± 0.8 

Y167F 36 ± 2 18.5 ± 0.3 64.9 ± 1.6 16.6 ± 0.6 
N193G 37 ± 2 22.1 ± 0.5 59.0 ± 0.8 19.0 ± 1.0 
N193L 35 ± 1 18.6 ± 0.2 65.9 ± 0.4 15.5 ± 0.3 

 
 
DISCUSSION 

Substrate binding sites in CGTases - The substrate binding groove of BC251 
CGTase consists of at least nine sugar binding subsites, ranging from +2 to –7 
(Fig. 1A) [40;140]. While subsites +1, -1 and -2 are conserved in CGTases and 
most α-amylases [24;41], subsites +2, -3, -4, -5, -6 and -7 are typical for 
CGTases [41;123]. Mutagenesis studies have shown that subsite +2 is 
important for acceptor binding in all three transglycosylation reactions 
[123;124], and that subsites -3 and -7 are important for CGTase product 
specificity [58;75;77;136]. The function of subsite -6 is unknown, and no 
subsite -6 mutants have been described yet. X-ray structures of the BC251 
CGTase complexed with linear maltononasaccharide ligands showed strong 
interactions of this subsite with the oligosaccharide (Fig. 1A) [40;41]. These 
interactions are provided by the side chains of Tyr167 and Asn193, and the 
backbone N and O atoms of Ala144, Gly179, Gly180 and Asp196 (Fig. 1A). 
The conservation of the residues in this subsite [41;86] suggests that they are 
important for the enzyme’s functionality [41].  
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Circularization - One of the striking effects of the mutations is their 
influence on the cyclodextrin product ratio. An explanation for this is suggested 
from circularization pathway calculations which revealed that subsite -6 
stabilizes intermediary stages of the circularization process by successively 
binding the 6th, 7th, and 8th (γ-cyclodextrin formation) glucose residue during 
the movement of the non-reducing end of the substrate towards the +1 acceptor 
subsite [137]. Thus, mutations in subsite -6 are expected to interfere with the 
cyclization reaction. Indeed, mutations in subsite -6 affect especially β-, γ- and 
δ-cyclization. No negative effect is seen for the α-cyclization activity, which 
only involves binding of six glucose residues. An exception, however, is 
mutant G179L, of which the α-cyclization activity has been reduced to 50% of 
the wild-type activity.  

Function of subsite -6 in the cyclization reactions - The rate-limiting step in 
the β-cyclization reaction is most likely the 23 Å movement of the non-
reducing end of the substrate from subsite -7 to subsite +1 (circularization) 
[11;137]. The lower β-cyclization activities of the subsite -6 mutant CGTases 
thus indicate that substrate binding, or the circularization process, or both, are 
affected. Since subsite -6 provides several strong interactions with linear 
substrates, it has been suggested that this subsite selects for substrates of 
sufficient length for cyclodextrin formation [40]. In addition, it was suggested 
that Gly179 and Gly180 are conserved in CGTases because the absence of side 
chains is a requirement for substrate binding at subsite -6 [41]. The increased 
KM values (Table 3) for the maltoheptaose compound used in the 
disproportionation reaction (EPS) show that linear substrate binding is indeed 
hindered by mutations in Gly179 and Gly180. For G179L this is most likely 
caused by the presence of the leucine side chain, since the protein backbone 
conformation was hardly affected by this mutation. The especially strongly 
decreased α-cylization activity of the G179L mutant (Table 2) can be explained 
by the assistance of subsite -7 in binding of the longer sugar chains required for 
β-, γ- and δ-cyclization. This assistance of subsite -7 can not occur in the α-
cyclization reaction. 

It has been derived that the ratio of kcat,β-cyclization / kcat,disproportionation can be 
used as an indicator for cyclization efficiency [137]. For the mutants discussed 
here, this ratio is most drastically decreased by mutation G180L (Table 3), 
indicating that this mutation especially hampers the circularization process. 
Thus, a side chain at position 180 interferes strongly with the circularization 
process, explaining the conservation of Gly180 in CGTases. 
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Substrate binding at subsite -6 activates the enzyme in catalysis - Substrate 
binding at subsite -6 has been suggested to stimulate processing of longer 
oligosaccharides [41]. The mutants give clear evidence for this. The much 
lower kcat and kcat / KM,EPS values for disproportionation of the Gly179 and 
Gly180 mutants (Table 3), indicate that substrate interactions at subsite -6 are 
important for the catalytic efficiency of the enzyme. Since subsite -6 is far 
away (> 16 Å) from the catalytic nucleophile (Asp229) (Fig. 1B) it is unlikely 
that the mutations directly affect bond cleavage. Indeed, the mutants Y167F, 
G180L and N193L have wild-type activity with the shorter maltopentaose 
substrate (Table 4), but not with EPS (Table 3). The decreased dispropor-
tionation activities of G179L and N193G with the maltopentaose substrate are 
most likely caused by changes in structural flexibility, since the G179L and 
N193G structures showed no significant difference compared to the wild-type 
CGTase. Furthermore, the wild-type enzyme has a higher kcat value with the 
longer EPS substrate than with the shorter G5-pNP substrate (Tables 3 and 4). 
Together this supports the presence of an induced-fit mechanism that is 
operated by substrate binding at subsite -6, as suggested by X-ray structure 
comparisons [41]. This induced-fit mechanism can explain the high trans-
glycosylation activity of CGTase with longer sugar chains [42] and the 
conservation of subsite -6 in all known CGTases. 

Function of subsite -6 in the coupling reaction - Subsite -6 has no inter-
actions with a cyclodextrin molecule bound in the active site of CGTase 
[41;73]. Unexpectedly, mutants in this subsite showed decreased coupling 
activities, demonstrating that subsite -6 is important for the coupling reaction. 
Especially mutation G179L drastically reduces the coupling activities, while its 
effect on the cyclization reaction is much smaller. Mutation G180L, in contrast, 
especially decreases the cyclization activities. In the coupling reaction binding 
of the cleaved cyclodextrin molecule to subsite -6 is necessary for efficient 
transfer of the covalent intermediate to the acceptor as shown by the decreased 
coupling activities. The strongly reduced acceptor affinities of G180L and 
N193G indicate that acceptor binding at subsite +1 is hampered in these 
mutants, although these subsite -6 residues are far from the acceptor subsite +1 
(Fig. 1B). Therefore, we propose that attachment of the opened cyclodextrin 
molecule to subsite -6 together with acceptor binding at subsite +1 activates the 
enzyme in the coupling reaction. This proposal thus extends and strengthens a 
previous hypothesis based on structural results only [42]. 

Conclusions - This study shows that subsite -6 of CGTase is of great 
importance in all three transglycosylation reactions catalyzed by the enzyme, 
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but not in the hydrolysis reaction (Table 2). The data provide for the first time 
definite biochemical support for a hypothesis based on X-ray crystallographic 
evidence [41] that substrate binding at subsite -6 activates an induced-fit 
mechanism. Such an induced-fit mechanism favors the processing of longer 
oligosaccharides. In addition, our results explain the conservation of Gly180, 
since a larger residue interferes with the cyclization reaction. In addition, we 
provide clear evidence that it is possible to independently change the 
cyclization and coupling reactions. 
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SUMMARY 
 Cyclodextrin glycosyltransferases (CGTase) preferably catalyze trans-
glycosylation reactions with glucosyl residues as acceptor, whereas the 
homologous α-amylases catalyze hydrolysis reactions using water as acceptor. 
This difference in reaction specificity is most likely caused by the acceptor 
binding site. To investigate this in detail we altered the acceptor site residues 
Lys232, Phe183, Phe259, and Glu264 of Bacillus circulans strain 251 CGTase 
using site-directed mutagenesis.  

Lys232 is of general importance for catalysis, which appears to result mainly 
from stablisation of the conformation of the loop containing the catalytic 
nucleophile Asp229 and His233, a residue that has been implied in transition 
state stabilization. Glu264 contributes to the disproportionation reaction only, 
where it is involved in initial binding of the (maltose) acceptor. Phe183 and 
Phe259 play important and distinct roles in the transglycosylation reactions 
catalyzed by CGTase. Mutation of Phe183 affects especially the cyclization 
and coupling reactions, whereas Phe259 is most important for the cyclization 
and disproportionation reactions. Moreover, the hydrophobicity of Phe183 and 
Phe259 limits the hydrolyzing activity of the enzyme. Hydrolysis can be 
enhanced by making these residues more polar, which concomitantly results in 



Chapter 5 

74  

a lower transglycosylation activity. A double mutant was constructed, which 
yielded an enzyme preferring hydrolysis to cyclization (15:1), whereas the wild 
type favours cyclization to hydrolysis (90:1). 
 
 
INTRODUCTION 

Cyclodextrin glycosyltransferases (CGTase) belong to the α-amylase family 
(glycosyl hydrolase family 13) [4], an important group of starch converting 
enzymes. Catalysis in the α-amylase family proceeds via a covalently linked 
intermediate [11], which basically divides the reaction in two steps. In the first 
step the donor substrate (starch or oligosaccharide) is processed, yielding the 
covalent intermediate (donor reaction). In the second step the acceptor reacts 
with this intermediate, resulting in product formation (acceptor reaction). 
Whereas α-amylases usually catalyze a hydrolysis reaction using water as 
acceptor, CGTases mainly catalyze transglycosylation reactions in which the 
acceptor is either the non-reducing end glucose of another oligosaccharide 
(disproportionation) or the non-reducing end glucose of the covalently linked 
oligosaccharide intermediate, resulting in formation of a cyclodextrin 
(cyclization). Also the reverse of the cyclization, in which a cyclodextrin is 
cleaved and transferred to an accepting oligosaccharide (coupling), is catalyzed 
by CGTase [122]. The main determinants that cause the difference in reaction 
specificity between α-amylases and CGTases are thus likely to be found at the 
acceptor binding sites. 
 The crystal structures of the B. circulans strain 251 CGTase in complex with 
an acarbose-derived maltononaose inhibitor [40] and a maltononaose substrate 
[11] have revealed the nature of the acceptor site. In the maltononaose 
structures the glucose residue at subsite +1 has hydrogen bonding interactions 
with His233, similar to those in Aspergillus oryzae α-amylase complexed with 
an acarbose-derived maltohexaose inhibitor [44]. At subsite +2 hydrogen 
bonding interactions also occur in both enzymes (with Lys232, CGTase 
numbering) (Fig. 1). In CGTase the +2 sugar residue is, in addition, 
sandwiched between phenylalanines 183 and 259 (see Fig. 1). These residues 
are well conserved in CGTases, but not in α-amylases, where only Leu232 
(equivalent to Phe259 in CGTase) has hydrophobic interactions with this 
glucose residue [44]. The two aromatic residues have been shown to be 
important for the cyclization reaction [123], but their specific functions have 
remained unclear. Finally, a +3 acceptor subsite has been identified in the 
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CGTase from Thermoanaerobacter thermosulfurogenes strain EM1, in which 
Glu265 (Glu264 in the B. circulans CGTase) is involved [58] (see Fig. 1). 

 

 
Figure 1. Schematic representation of the interactions between the B. circulans strain 251 
CGTase and sugar residues bound in the active site. (A) Binding mode of a linear 
oligosaccharide, representing binding of a donor substrate [11;40;58]. (B) Binding mode of a 
cyclodextrin [41]. 

 
The above structural studies have given insights in the binding mode of 

linear oligosaccharides. A crystal structure of the B. circulans strain 251 
CGTase in complex with a γ-cyclodextrin [41] revealed specific differences 
between the binding mode of linear and cyclic compounds.  The glucose 
residue bound at subsite +1 has similar interactions in both cases, but the bound 
cyclodextrin has no hydrogen bonding interactions at subsites +2 and +3 
(Fig.1b). The hydrophobic interactions with Phe183 and Phe259 are also 
different. Phe183 has better stacking interactions with the linear compounds, 
while for Phe259 these interactions are better with the cyclodextrin (Fig. 1). 

These different interactions suggest that the residues involved may have 
different roles in the various reactions catalyzed by CGTase. We have 
investigated this by site-directed mutagenesis and detailed characterization of 
the mutant enzymes. Our study indeed shows that the various residues have 
distinct roles, dependent on whether disproportionation, cyclization, or 
coupling reactions take place. 
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EXPERIMENTAL PROCEDURES 
 Bacterial strains and plasmids - Escherichia coli MC1061 [hsdR mcrB 
araD139 Δ(araABC-leu)7679 ΔlacX74 galU galK rpsL thi] [130] was used 
for recombinant DNA manipulations and site-directed mutagenesis. E. coli 
DH5α [F'/endA1 hsdR17 supE44 thi1 recA1 gyrA (Nalr) relA1 (lacZYA-argF) 
U196 (o80dlacΔ(lacZ)M15] [141] was used for the production of plasmid 
DNA for sequencing. CGTase (mutant) proteins were produced with the α-
amylase and protease negative Bacillus subtilis strain DB104A [amy nprR2 
nprE18 aprA3] [116]. Plasmid pDP66K [33], with the cgt gene from Bacillus 
circulans strain 251 under control of the p32 promoter [142], was used to 
introduce site-directed mutations and for production of the enzymes. Plasmid 
pBluescript KSII (Stratagene) was used for automated sequencing. DNA 
manipulations and calcium chloride transformation of E. coli strains were 
performed as described [132]. Transformation of B. subtilis was performed 
according to Bron [117]. 
 Site-directed mutagenesis - Mutations were introduced with a PCR method 
using VENT-DNA polymerase (New-England Biolabs, Beverly, MA, USA) 
[33]. A first PCR reaction was carried out with a mutagenesis primer for the 
coding strand plus a primer downstream on the template strand. The reaction 
product was subsequently used as primer in a second PCR reaction together 
with a primer upstream on the coding strand. For the construction of 
F183/F259 double mutants the reaction product of the first PCR with the 
mutagenesis primer for F259 mutations was used as primer in a second PCR 
reaction together with the mutagenesis primer for F183 mutations. This 
reaction product was subsequently used as primer in a third PCR reaction 
together with a primer upstream on the coding strand. The products of the PCR 
reactions (1360 bp) were cut with PvuII and SalI and the resulting fragments 
(1210 bp) were exchanged with the corresponding fragment from the vector 
pDP66K. The resulting (mutant) plasmids were transformed to E. coli MC1061 
cells. The following oligonucleotide was used to construct the Lys232 
mutations: 5'-CATGGATGCAGTACWGCACATGCCG-3'. The underlined 
cytosine is a replacement for the original thymine, resulting in removal of a 
NdeI site (CATATG). W can be an adenine or a thymine. An adenine results in 
the K232Q mutation; a thymine results in the K232L mutation and introduction 
of a ScaI site (AGTACT). For the construction of mutant E264A the primer 5'-
CCTGGGCGTTAACGCAGTGAGCCCG-3' was used, resulting in intro-
duction of a HpaI site (GTTAAC). Oligonucleotides used to construct the 
phenylalanine mutations were: for F183I,T,N, or S, 5'-GGCGGTACCGACAN 
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TTCCACGACC-3', containing a KpnI site (GGTACC); for F259I,T,N, or S, 5'-
GGCGAATGGANCCTAGGCGTA AATGAA-3', containing a AvrII site 
(CCTAGG). N can be any of the four bases, resulting in identical mutations 
with both primers. An adenine results in the Phe  Asn mutation; a cytosine in 
the Phe  Thr mutation; a guanine in the Phe  Ser mutation; a thymine in 
the Phe  Ile mutation. The built in restriction sites allowed rapid screening of 
potential mutants. A mutation frequency close to 70% was observed; all 
mutations were confirmed by restriction analysis and DNA sequencing. 

DNA sequencing - Plasmids pDP66K carrying the correct restriction sites 
were cut with EcoRI and ApaI, and with ApaI and SalI. The resulting fragments 
were cloned in the multiple cloning site of plasmid pBluescript, and the 
resulting plasmids transformed to E. coli DH5α cells. Dideoxy sequencing 
reactions were done using T7 DNA polymerase, with either 5'-end labelled 
primers or with unlabelled primers and fluorescein-labelled ATP [143;144]. 
Nucleotide sequencing was done with the Automated Laser Fluorescent DNA 
sequencer (Pharmacia). The nucleotide sequence data were compiled and 
analyzed using the programs supplied in the PC/GENE software package 
(Intelligenetics). 

Growth conditions and purification of CGTase proteins – Plasmid carrying 
bacterial strains were grown on LB agar in the presence of the antibiotic 
kanamycin, at concentrations of 100 and 5 μg/ml for E. coli and B. subtilis, 
respectively [132]. Agar plates also contained 1.5 % potato starch (Sigma) for 
the detection of CGTase secretion by the bacteria. CGTase activity is visible on 
these plates by the precipitation of (β-)cyclodextrins, resulting in halo 
formation. B. subtilis strain DB104A with plasmid pDP66K, carrying wild type 
or mutant cgt genes, was grown for 24 h in a 2 L fermentor, containing 1.5 L 
medium with 2% trypton, 0.5% yeast extract, 1% sodium chloride and 1% 
casamino acids (pH 7.0) with 10 μg/ml erythromycin and 5 μg/ml kanamycin, 
to a final optical density at 600 nm of approximately 12. Under these 
conditions high extracellular CGTase levels were obtained reproducibly, 
allowing purification to homogeneity of up to 25 mg of CGTase protein per 
liter. The culture was centrifuged at 4oC for 30 min at 10,000 g. The (mutant) 
CGTases in the culture supernatants were further purified to homogeneity by 
affinity chromatography, using a 30 ml α-cyclodextrin-Sepharose-6FF column 
(Pharmacia, Sweden) [145] with a maximal capacity of 3.5 mg protein per ml. 
After washing with 10 mM sodium acetate buffer (pH 5.5), bound CGTase was 
eluted with the same buffer containing 10 mg/ml α-cyclodextrin. 
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Enzyme assays – For all assays and enzyme dilutions a 10 mM citrate buffer 
(pH 6) was used. All incubations were carried out at 50 oC. 
β-Cyclodextrin forming activity was determined by incubating appropriately 

diluted enzyme (0.1-0.2 units of activity) for 2-4 min with a 5% solution of 
partially hydrolysed potato starch with an average degree of polymerization of 
50 (Paselli SA2; AVEBE, Foxhol, The Netherlands) preincubated at 50 oC for 
10 min. At regular time intervals samples were taken and the amount of β-
cyclodextrin formed was determined based on its ability to form a stable 
colourless inclusion complex with phenolphthalein [118]. One unit of activity 
is defined as the amount of enzyme able to produce 1 μmole of β-cyclodextrin 
per min. 

The coupling activity was determined as described by van der Veen et al. 
[122]. The reaction mixtures containing cyclodextrin and methyl-α-D-
glucopyranoside (MαDG, Fluka) were incubated for 10 min at 50 oC before the 
reaction was started with appropriately diluted CGTase. At regular time 
intervals (0.25 min) 100 μl samples were taken and the CGTase was 
inactivated. The linear products were converted to glucose residues through the 
action of amyloglucosidase (Sigma). The glucose concentration was 
determined with the glucose/GOD-Perid method (Boehringer Mannheim). One 
unit of activity is defined as the amount of enzyme coupling 1 μmole of 
cyclodextrin to MαDG per min. 

The disproportionation activity was measured using the method according to 
van der Veen et al. [122]. The reaction mixture contained upto 6 mM 4-
nitrophenyl-α-D-maltoheptaoside-4-6-O-ethylidene (EPS, Boehringer Mann-
heim): a maltoheptasaccharide blocked at the non-reducing end and with a 
paranitrophenyl group at its reducing end as donor and up to 10 mM maltose 
(Fluka) as acceptor. After 10 min of preincubation at 50 oC the reaction was 
started with appropriately diluted CGTase. At regular time intervals (0.25 min) 
100 μl samples were taken and the CGTase was inactivated. Subsequently, the 
samples were incubated with α-glucosidase (Boehringer Mannheim) to liberate 
para-nitrophenol from the product of the disproportionation reaction, non-
blocked linear oligosaccharide. After addition of 1 ml 1M sodium carbonate the 
absorbance of the samples was measured at 401 nm (ε401= 18.4 mM-1). One 
unit of activity was defined as the amount of enzyme converting 1 μmole of 
EPS per min. 
 The hydrolyzing activity was determined as described before [68]: The 
hydrolysis of a 1% soluble starch (Lamers & Pleuger, Belgium) solution, 
preincubated at 50 oC for 10 min, upon addition of CGTase was followed by 
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measuring the increase in reducing power [146]. One unit of saccharifying 
activity was defined as the amount of enzyme producing 1 μmole of reducing 
sugar per min. 

Kinetic analysis of the two substrate reactions (coupling and 
disproportionation) was performed with SigmaPlot (Jandel Scientific). The 
following equations [119] were used to fit the experimental data to determine 
which kinetic mechanism applies to the transglycosylation reactions catalyzed 
by CGTase: 

 
substituted-enzyme mechanism: 
 
(Eq.1a) v=V·a·b/(KMB·a+KMA·b+a·b)        without substrate inhibition    
(Eq.1b) v=V·a·b/(KMB·a+KMA·b·(1+b/KiB)+a·b)     with substrate inhibition    
 
ternary complex mechanism: 
 
(Eq.2) v=V·a·b/(K'MA·KMB+KMB·a+KMA·b+a·b)     
 
In these equations v is the reaction rate, V is the maximal reaction rate, a and b 
are the donor and acceptor substrate concentrations, respectively, A and B are 
the donor and acceptor substrates, respectively, and KM and K'M are the affinity 
constants for the substrates in the absence and presence of the second substrate, 
respectively. K'MB is lost in the derivation of equation 2, but it can easily be 
determined, since KMA/KMB = K'MA/K'MB. 
 Determination of protein concentration - Protein concentrations were 
determined with the Bradford method using the Bio-Rad reagent and bovine 
serum albumin as a standard (Bio-Rad Laboratories, Richmond, CA, USA). 
 
 
RESULTS 

Screening and identification of mutant enzymes - Several variants of residues 
183, 232, 259 and 264 were obtained. A first screening on starch containing 
agar plates revealed halo formation by all single mutants, indicating the 
production of β-cyclodextrin by the mutant CGTases. In contrast, several 
double mutants of residues 183 and 259 were incapable of halo formation. 
DNA sequencing of various selected clones resulted in the identification of the 
following CGTase mutants: F183N, F183S, K232L, K232Q, E264A, F259N, 
F259S, and the double mutant F183S/F259N. 
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Effects of the mutations on the cyclization reaction - The β-cyclization 
activities of the wild type and mutant CGTase enzymes are shown in Table 1. 
Changing hydrogen bonding interactions at subsite +2 (K232 mutants) clearly 
resulted in decreased cyclization activity, especially with mutant K232Q. 
Likewise, substitution of F183 and F259 by hydrophilic residues strongly 
reduced cyclization activity. Of the single mutants F183N and F183S showed 
the highest reduction in cyclization activity (10 and 20 fold). The double 
mutant F183S/F259N showed even a 300 fold decrease in cyclization activity, 
suggesting a synergistic action of the two phenylalanine residues. In contrast, 
in the subsite +3 mutant E264A the cyclization activity was hardly affected. 
 
Table 1. β-Cyclization and hydrolyzing activities of wild-type and mutant CGTases. 

Enzyme β-cyclization (U/mg) Starch hydrolysis 

Wild-type 270.0 ±   1.7   3.2 ± 0.2 

K232L 122.9 ±   6.5 Nd 
K232Q   69.2 ±   3.5 Nd 
F183N   25.4 ±   1.7 10.6 ± 0.4 
F183S   14.8 ±   1.2   8.8 ± 0.3 
F259N   41.7 ±   0.2 60.3 ± 1.7 
F259S   42.0 ±   1.8 32.6 ± 1.0 
E264A 215.8 ± 11.9 Nd 
F183S/F259N 0.9 ±   0.1 14.3 ± 1.4 

Nd, not determined. 

 
Effects of the mutations on the hydrolysis reaction - The specific starch 

hydrolyzing activities of the (mutant) enzymes are listed in Table 1. Especially 
the F259 mutants showed a significant increase in hydrolysis (10 to 20 fold), 
while mutation of F183 resulted in a 3 fold increase. Starch hydrolysis by the 
double mutant F183S/F259N was intermediate compared to the single F183S 
and F259N mutants. 

Effects of the mutations on the disproportionation reaction - For further 
characterization of the acceptor site, the disproportionation reaction was 
analyzed (Fig. 2, Table 2). All mutations resulted in decreased dispropor-
tionation activities. For the K232 mutants and mutant F259N this reduction in 
activity was comparable to that in the cyclization activity, suggesting similar 
roles for these residues in the two reactions. Mutations F183N and F183S, 
however, showed only two and fivefold reductions in disproportionation 
activity (compared to ten and twentyfold reductions in cyclization activity, 
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respectively), suggesting that this residue has a more significant role in 
cyclization. As for the cyclization reaction, the double mutant F183S/F259N 
gave a much larger reduction in disproportionation activity (75 fold) than 
would be expected from a combination of the single mutants. The results thus 
suggest also a synergistic action of the two phenylalanine residues in the 
disproportionation reaction. Finally, at subsite +3, mutant E264A showed a 
twofold reduction in disproportionation activity, indicating that this subsite, 
although somewhat remote from the catalytic site, contributes to this reaction. 
Surprisingly, all mutations, even the one at subsite +3, resulted in decreased KM 
values for maltose, and thus increased affinities.  
 

 
 

Figure 2. The dispropor-
tionation reaction of mutant 
F183N. (A) A mesh diagram 
showing the disproportionation 
activity of the mutant versus 
the substrate concentrations; 
substrate inhibition by maltose 
is clearly apparent.  
(B) Lineweaver-Burke plot; the 
reciprocal activity (1/v) is 
plotted against the reciprocal 
EPS concentration at fixed 
maltose concentrations (0.1 
(●), 0.25 (○), 0.5 (▼), 1 ( ), 2 
(■), 5 (□), and 10  (♦) mM). 
Linear regression results in the 
dotted lines, which clearly 
deviate from the parallel lines 
observed with the wild type 
enzyme (see insert). The cal-
culated fit with the Sigma-Plot 
program using equation 1b is 
represented by solid lines. 
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 Furthermore, Fig. 2a clearly indicates substrate inhibition exerted by the 
acceptor substrate (maltose), which may be a direct effect of the increased 
affinities. While the parallel lines in the Lineweaver-Burke plot for the wild 
type enzyme (Fig. 2b, insert) indicate a normal ping-pong type of kinetics, 
represented by equation 1a, the experimental data of the mutants could best be 
fitted by equation 1b, resulting in the inhibition constants listed in Table 2. The 
substrate inhibition by maltose was most pronounced for mutant F183N (shown 
in Fig. 2), although this mutant did not give the highest increase in affinity for 
maltose. 
 
Table 2. Kinetic parameters of the disproportionation reaction of wild-type and mutant 
CGTases. 

Enzyme Vmax (U/mg) KM,EPS (mM) KM,mal (mM) Ki,mal (mM) 

Wild-type 970.0 ± 17.6 0.22 ± 0.02 0.83 ± 0.05 Nd 

K232L 627.3 ± 15.6 0.29 ± 0.02 0.42 ± 0.03 4.7 ± 0.7 
K232Q 303.3 ± 11.9 0.39 ± 0.04 0.29 ± 0.03 6.5 ± 1.5 
F183N 556.3 ± 16.0 0.26 ± 0.02 0.31 ± 0.02 1.3 ± 0.2 
F183S 170.3 ±   4.0 0.27 ± 0.03 0.27 ± 0.02 6.0 ± 1.3 
F259N 189.2 ±   4.2 0.10 ± 0.01 0.14 ± 0.01 4.9 ± 1.1 
E264A 520.6 ± 10.6 0.11 ± 0.01 0.10 ± 0.01 5.1 ± 1.1 
F183S/F259N 13.7 ±   0.9 0.70 ± 0.06 0.01 ± 0.08 2.1 ± 0.3 

Nd, not detectable. 
 
 Effects of the mutations on the coupling reaction - To delineate the roles of 
the acceptor site residues in the formation of the ternary complex in the 
coupling reaction [122], the effects of the mutations on β-CD coupling were 
analyzed (Table 3). Drastically decreased coupling activities were observed 
with the F183 mutants, suggesting an important role for this residue in the 
coupling reaction. The F259 and K232 mutants were more significantly 
affected in their substrate affinities, suggesting that these residues are more 
specifically involved in the formation of the ternary complex. 
 

 
DISCUSSION 

In the present study the +2 and +3 acceptor binding sites of CGTase were 
investigated in detail. Previously, structural and biochemical studies of CGTase 
had already provided evidence for the importance of His233 in the +1 acceptor 
binding subsite for catalysis [45]. Here we concentrate on subsites +2 and +3, 
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more distant from the catalytic site. Our results show that Phe183, Lys232, and 
Phe 259, which interact with substrates and/or products at subsite +2, are 
involved in all CGTase catalyzed transglycosylation reactions, whereas Glu264 
at subsite +3 is only involved in the disproportionation reaction. 
 
Table 3. Kinetic parameters of the β-coupling reaction of wild-type and mutant CGTases. 

Enzyme Vmax (U/mg) KM,CD (mM) KM,ACC (mM) K'M,CD (mM) K'M,ACC (mM) 

Wild-type 294.0 ±   7.6 0.32 ± 0.02 18.1 ± 1.4 0.15 ± 0.04 8.5 ± 2.2 

K232L 213.9 ± 15.6 0.47 ± 0.02 44.8 ± 4.3 0.35 ± 0.02 33.6 ± 4.3 
K232Q 84.8 ± 15.6 0.49 ± 0.02 60.6 ± 4.3 0.32 ± 0.02 39.4 ± 4.3 
F183N 1.6 ±   0.06 0.15 ± 0.02 6.2 ± 0.9 0.13 ± 0.07 5.1 ± 0.8 
F183S 1.0 ±   0.03 0.41 ± 0.06 4.7 ± 0.6 0.43 ± 0.03 4.9 ± 0.5 
F259N 117.0 ±   6.2 0.38 ± 0.04 17.7 ± 2.1 0.49 ± 0.05 22.6 ± 2.0 
F259S 239.0 ± 15.2 0.54 ± 0.05 79.5 ± 7.1 0.29 ± 0.03 42.1 ± 4.0 
E264A 282.7 ± 15.6 0.24 ± 0.02 17.8 ± 4.3 0.12 ± 0.02 8.7 ± 4.3 
F183S/F259N <<   1 Nd Nd Nd Nd 

Nd, not determined. 
 
The importance of Lys232 - Mutations in Lys232 resulted in similar 

decreases in activity for all CGTase catalyzed transglycosylation reactions, 
suggesting a general importance. Mutants K232Q and K232L have still 
appreciable activity, indicating that the polar headgroup of Lys232 is not 
directly involved in catalysis. In contrast, reduction of the hydrophobicity of 
this recidue (K232Q) results in more severely decreased activities, than when 
the hydrophobic nature of the Lys232 side chain is maintained (K232L). 
Lys232 is situated in the loop following β-strand 3, which also contains the 
catalytic nucleophile Asp229 and the His233 residue. The apolar part of its 
aliphatic side chain has hydrophobic interactions with Trp258, a residue 
completely conserved in CGTases which neighbours the acid/base catalyst 
Glu257 in the loop following β-strand 4. Lys232 thus appears to be important 
for structural integrity of the active site. 
 The importance of hydrophobic residues at subsite +2 - Replacement of 
phenylalanines 183 and 259 by hydrophilic residues resulted in increased 
hydrolyzing activities and reduced transglycosylation activities. The physio-
logical function of CGTase is to produce cyclodextrins, and not short, linear 
oligosaccharides that can be utilized by competing organisms in the natural 
environment. Therefore, hydrolysis of the substrate should be prevented, which 
CGTase accomplishes by excluding water from the active site and making use 
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of an intricate induced fit mechanism [42;74]. The introduction of hydrophilic 
residues near the catalytic site reduces the hydrophobic character of the active 
site, and may favour the presence of water molecules that can react with the 
intermediate, as shown by the increased hydrolyzing activities of the Phe183 
and Phe259 mutants. Indeed, combination of the two mutants even resulted in 
an enzyme which significantly prefers hydrolysis over cyclization (15:1), 
whereas the wild type favours cyclization over hydrolysis (90:1). 

Phenylalanines 183 and 259 have distinct roles in the cyclization reaction - 
The cyclization reaction requires a conformational change of the covalently 
linked oligosaccharide, producing a circular product from a linear substrate 
(circularization). Mutations of Phe183 result in a larger decrease of the 
cyclization activity than those of Phe259, suggesting a more important role for 
Phe183. Crystal structures, however, show that Phe259 has ideal stacking 
interactions with cyclodextrins at subsite +2 [41], whereas for Phe183 these 
interactions are better with linear substrates [11] (see Fig. 1). Reaction path 
calculations on CGTase reconsile these apparently conflicting results [137]. 
These calculations showed that Phe183 is actively involved in the 
circularization process of linear oligosaccharides, while Phe259 only comes 
into play at the end of this process, interacting with the non-reducing end 
sugars of the circularized covalent intermediate bound at the acceptor binding 
subsites. Our kinetic data on the mutant enzymes presented in this study 
substantiate now for the first time that the two phenylalanine residues at subsite 
+2 affect the cyclization activity differentiallly. In addition, the loss of virtually 
all cyclization activity of the double F183S/F259N mutant supports an additive, 
consecutive action of the two subsite +2 phenylalanines. 

Dual binding mode of the acceptor maltose in the disproportionation 
reaction - The disproportionation reaction operates via a ping-pong mechanism 
in which the processing of the first (donor) substrate is followed by binding of 
the second (acceptor) substrate [122]. All mutations in the acceptor binding 
sites described here, including the E264A mutation at subsite +3, resulted in 
substrate inhibition exerted by maltose, whereas in the wild type enzyme no 
inhibitory effect of maltose on the binding of EPS is observed. This indicates 
that the CGTase active site is perfectly suited for the successive binding of 
donor and acceptor, in which also subsite +3 plays an important role. We 
propose that in the wild type enzyme a maltose can bind either at subsites +2 
and +3 (Fig. 3a), or at +1 and +2 (Fig. 3b). The lack of substrate inhibition in 
the wild type enzyme, even at high maltose concentrations, indicates that the 
presence of the acceptor maltose does not affect binding of the donor EPS. The 
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distribution of bound maltose over subsites +1/+2 and +2/+3 apparently 
facilitates exchange of this maltose for the donor substrate in such a way that 
no inhibitory effect of maltose is observed. Mutation of the acceptor site affects 
this distribution by changing the affinity for maltose, resulting in inhibition of 
the binding of the donor substrate by the acceptor substrate. This dual binding 
mode of maltose also explains the effects of the Phe183 and Phe259 mutations 
on the Vmax of the disproportionation activity. Whereas for Phe259 these 
effects are similar to those on the cyclization activity, for Phe183 they are less 
pronounced and for F183N they are comparable to the effects of the E264A 
mutant. This suggests that Phe183 is more specifically involved in the binding 
of maltose at subsites +2 and +3, which also involves interactions with Glu264, 
while Phe259 is more involved in the binding of maltose at subsites +1 and +2 
required for catalysis. Thus, whereas Phe183 together with Glu264 provides an 
initial docking site for the acceptor maltose, Phe259 serves to put the maltose 
in a (cyclodextrin-like) position suitable for catalysis. As for the cyclization 
reaction, this successive action of the subsite +2 phenylalanines explains why 
the double mutant F183S/F259N, in which both acceptor binding steps are 
affected, resulted in a very large decrease of the disproportionation activity. 
 

 
Figure 3. Schematic representation of acceptor binding at the active site of the B. circulans 
strain 251 CGTase. (A) initial "unproductive" binding at subsites +2 and +3. (B) "productive" 
binding at subsites +1 and +2. 
 

The role of the acceptor site in the coupling reaction - The kinetic 
mechanism of the coupling reaction proceeds via a ternary complex, in which 
the cyclodextrin (donor) and MαDG (acceptor) bind simultaneously in the 
active site [122]. Our results indicate that all mutated residues at subsite +2 
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affect the coupling reaction, whereas Glu264 at subsite +3 does not. The data 
suggest that especially acceptor binding in the ternary complex is affected: for 
the Lys232 mutants the affinity for the acceptor has decreased more than that 
for β-cyclodextrin, and for the Phe183 mutants the coupling activity has 
decreased much more than the cyclization activity. Because the difference 
between the coupling and cyclization reaction is the formation of the ternary 
complex, this latter observation indicates the importance of Phe183 for binding 
of the acceptor in the ternary complex, beside its role in the conformational 
change of the oligosaccharide (see above). In contrast, Phe259 contributes to a 
lesser extent to the coupling reaction. 
 Conclusions - The hydrolyzing activity of CGTase is limited by the 
hydrophobicity of Phe183 and Phe259, as shown by the increased hydrolysis 
resulting from the replacement of these residues by hydrophilic ones. 
Furthermore, Phe183 and Phe259 have specific roles in the transglycosylation 
reactions catalyzed by CGTase. The current results support the action of these 
residues in the cyclization reaction as visualized by reaction path calculations: 
Phe183 is most important for cyclization due to its intimate involvement in the 
23 Å relocation of the non-reducing end glucose of the covalently linked 
intermediate. In the disproportionation reaction, Phe183 together with Glu264 
provides a docking site for the acceptor (maltose) at subsites +2 and +3. Thus, 
in both the disproportionation and the cyclization reactions, Phe183 is involved 
in initial binding of the acceptor glucose residues. Phe259, which specifically 
binds oligosaccharides in a "cyclodextrin" conformation, is required for final 
interactions resulting in catalysis. 

By combining rational design and (semi) random mutagenesis we were able 
to select a double mutant (F183S/F259N) which significantly prefers 
hydrolysis over cyclization (15:1), whereas the wild type favours cyclization 
over hydrolysis (90:1). This shows that it is possible to specifically enhance 
one reaction over the other by site-directed mutagenesis of CGTase. 
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SUMMARY 

Cyclodextrin glycosyltransferase (CGTase) efficiently catalyses trans-
glycosylation of oligo-maltodextrins, although the enzyme has also a low 
hydrolytic activity. Its +2 substrate binding subsite, which contains the 
conserved Phe184 and Phe260 residues, has been shown to be important for 
this transglycosylation activity [Nakamura et al. (1994) Biochemistry 33, 9929-
9936]. 

Here we show that the amino acid side chain at position 260 also controls 
the hydrolytic activity of CGTase. Three Phe260 mutants of Thermoanaero-
bacterium thermosulfurigenes CGTase were obtained with a higher hydrolytic 
activity than ever observed before for a CGTase. These Phe260 mutations even 
changed CGTase from a transglycosylase into a starch hydrolase. 
 
 
INTRODUCTION 

The α-amylase family, or glycoside hydrolase family 13, is a large family of 
starch processing enzymes [23;24]. The catalytic site residues and the α-
retaining bond cleavage mechanism are strictly conserved in all members of 
this family [7;11], but the product and reaction specificity vary widely. 

Cyclodextrin glycosyltransferase (CGTase) is also a member of this family. 
It forms circular α-(1,4)-linked oligosaccharides (cyclodextrins) from linear α-
(1,4)-linked oligosaccharide substrates. This reaction proceeds via a covalent 
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intermediate [11;16]. The non-reducing end of this intermediate is subsequently 
used as the acceptor that cleaves the covalent enzyme-substrate bond, and a 
cyclodextrin is released. CGTase can also use water or the non-reducing end of 
a free oligosaccharide as acceptor, which results in a hydrolysis or a 
disproportionation reaction, respectively.  

 

 
Figure 1. Schematic overview of the interactions between Tabium CGTase and a 
maltohexaose inhibitor bound from subsites –3 to +3. For clarity, not all interactions at 
subsites –1 and +1 are shown [58]. 

 
Whereas α-amylase is a strongly hydrolytic enzyme, CGTase is first of all a 

transglycosylase. The hydrolysis activity of CGTases is in general much lower 
than the disproportionation and cyclization activities. Only the CGTases from 
Thermoanaerobacter [147] and Thermoanaerobacterium thermosulfurigenes 
strain EM1 (Tabium) [120] have relatively high hydrolysis activities, although 
still very low compared to α-amylases. The ratio between hydrolysis and 
transglycosylation is determined by the nature of the acceptor used and by the 
properties of the CGTase acceptor subsites. While acceptor subsite +1 is 
conserved in CGTases and α-amylases, the +2 subsite is only conserved in 
CGTase [40;44;58;73;77;135;148]. At this subsite Phe184 and Phe260 interact 
with bound oligosaccharides (Fig. 1) [124;149]. Furthermore, it has been 
suggested that binding of sugars at the acceptor subsites, but not water, 
activates CGTases for catalysis [42]. This induced-fit model can explain the 
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transglycosylation specificity of CGTase with its associated low hydrolysis 
activity.  

Here we describe mutations of three aromatic residues in Tabium CGTase. 
Phe184 and Phe260 are part of subsite +2, while Phe196 is located in the centre 
of the active site cleft (Fig. 1). All three residues interact with substrates and 
mutagenesis experiments have already demonstrated the importance of these 
residues in the transglycosylation activities of CGTase [77;123;124;149;150]. 
Mutation of Phe260 strongly enhanced the hydrolysis activity, converting 
CGTase into an enzyme preferring hydrolysis to transglycosylation. 

 
 

MATERIALS AND METHODS 
Bacterial strains, plasmids and growth conditions – Escherichia coli strain 

DH5α [141] was used for DNA manipulations. Plasmid pCT2, with the Tabium 
cgt gene [115], was used for site-directed mutagenesis and sequencing. CGTase 
proteins were produced with plasmid pCScgt-tt [131] and Bacillus subtilis 
strain DB104A as host [116]. Plasmid carrying strains were grown on LB 
medium [132] at 37° C in the presence of ampicillin (100 µg/ml) or kanamycin 
(50 µg/ml for E. coli and 5 µg/ml for B. subtilis).  

Production and purification of CGTase proteins – CGTase (mutant) proteins 
were produced and purified as described [33]. Purity and molecular weight 
were checked by SDS-polyacrylamide gel electrophoresis. Enzyme concen-
trations were determined using the Bradford reagent from Bio-Rad (München, 
Germany) and bovine serum albumin as standard. 

DNA manipulations – Mutants were constructed in pCT2 as described [58] 
and verified by DNA sequencing. Mutations were subsequently introduced in 
pCScgt-tt by exchanging its 1300 bps ScaI/DraIII fragment for the 
corresponding fragment of pCT2 carrying the mutation. The following 
oligonucleotides were used:  
F184S, 5’-CATTATGGAGGTACCGATTCTTCATCTTATG-‘3 (KpnI); 
F196G, 5’-TATCGTAACTTAGGTGGTGATTTAGCAGATCTAAATCAAC-
‘3 (BglII); F260L, 5’-CCAGTATTTACATTTGGAGAGTGGTTACTTGGAA 
CG-‘3; F260N, 5’-CCAGTATTTACATTTGGAGAGTGGAATCTTGGAAC 
G-‘3; F260H, 5’-CCAGTATTTACATTTGGAGAGTGGCATCTTGGAACG-
‘3; F260R, 5’-CCAGTATTTACATTTGGAGAGTGGCGTCTTGGAACG-‘3; 
F260E, 5’-CCAGTATTTACATTTGGAGAGTGGGAACTTGGAACG-‘3; 
F260I, 5’-CCAGTATTTACATTTGGAGAGTGGATTCTTGGAACG-‘3. 
Restriction sites are underlined. Mutations in Phe260 resulted in loss of a StuI 
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restriction site. The double mutants F184S/F260N and F196G/F260N were 
made using plasmid pCT2 with the F260N mutation as template in the PCR 
reactions. 

Enzyme assays – All enzyme assays were performed in 10 mM sodium 
citrate buffer (pH 6.0) at 60º C. β-Cyclodextrin forming activity was 
determined by incubating 0.1–5.0 µg enzyme/ml with a 2.5% (w/v) solution of 
partially hydrolysed potato starch with an average degree of polymerisation of 
50 (Paselli SA2; AVEBE, Foxhol, The Netherlands). The amount of β-
cyclodextrin produced was quantified with phenolphthalein [118]. 
Disproportionation activity was determined as described before [75;121], using 
0.1–5.0 µg enzyme/ml, 1 mM 4-nitrophenyl-α-D-maltoheptaoside-4-6-O-
ethylidene (EPS; Roche) and 10 mM maltose as donor and acceptor substrates, 
respectively. Hydrolysing activity was measured by following the increase in 
reducing power, using 1% (w/v) soluble starch (Lamers & Pleuger, Belgium) 
and 1 µg/ml of enzyme [33]. 

Formation of cyclodextrins and linear products from 10% (w/w) 
pregelatinised starch (Paselli WA4; AVEBE) was measured by incubating the 
starch solution for 24 h with 0.25 U/ml β-cyclodextrin forming activity (0.05 
U/ml for F260R and F196G/F260N). Products formed were analysed by HPLC 
equipped with an Econosphere NH2 5U column (250 by 4.6 mm; Alltech 
Nederland bv, Breda, The Netherlands) eluted with acetonitrile/water (60/40, 
v/v; 1 ml/min). 

 
 

RESULTS AND DISCUSSION 
Phenylalanine residues 184, 196 and 260 are important for trans-

glycosylation activity – To investigate the importance of subsite +2 and residue 
196 for the various activities of CGTase we mutated three conserved 
phenylalanines (Phe184, Phe196 and Phe260 in Tabium CGTase). The strongly 
reduced cyclization and disproportionation activities of the Phe184, Phe196 
and Phe260 mutants (Table 1) are in agreement with results of mutations of the 
corresponding residues in other CGTases [33;77;123;124;149;150]. The double 
mutants F184S/F260N and F196G/F260N showed even a stronger reduction in 
cyclization and disproportionation activity (Table 1) than would be expected 
from a combination of the single mutants suggesting that Phe184/Phe260 and 
Phe196/Phe260 act synergistically in these reactions. These results are 
consistent with a proposed induced-fit mechanism for CGTase, in which sugar 
binding at the acceptor subsites induces structural rearrangements that activate 
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catalysis [42]. Thus, the decreased transglycosylation activities show that 
phenylalanine residues 184, 196 and 260 are important in the cyclization and 
disproportionation reactions. 
 
Table 1. Hydrolysis, cyclization and disproportionation activities of Tabium wild-type and 
mutant CGTases at pH 6.0 and 60° C. 

Enzyme Hydrolysis of starch 
(µmol min-1 mg-1) 

β-Cyclization 
(µmol min-1 mg-1) 

Disproportionation 
(µmol min-1 mg-1) 

Wild-type 54 ±   4 240 ± 9 510 ± 23 

F184S 60 ±   7 52 ± 6 230 ± 12 
F196G 30 ±   3 27 ± 2 36 ±   2 
F260N 117 ± 12 31 ± 3 95 ±   7 
F260L 174 ± 10 33 ± 2 167 ± 10 
F260I 174 ±   7 17 ± 1 218 ±   5 
F260E 177 ± 13 19 ± 1 21 ±   4 
F260H 25 ±   3 74 ± 3 177 ± 14 
F260R 17 ±   2 0.7 ± 0.2 < 1 
F184S/F260N 118 ± 11 5 ± 1 20 ±   2 
F196G/F260N 15 ±   1 0.8 ± 0.2 < 1 

 
Phe196 is important for transglycosylation and hydrolysis – The centrally 

located Phe196 residue (Fig. 1) has been suggested to play a role in limiting the 
hydrolysis activity of CGTase, since α-amylases (hydrolases) have a small 
residue (glycine, alanine, serine) at this position [86]. Indeed the Y195G 
mutation in BC251 CGTase, which is equivalent to position 196 in Tabium 
CGTase, shows an increased hydrolytic activity [68]. Unexpectedly, however, 
the corresponding F196G mutant of Tabium CGTase has a two-fold lower 
hydrolytic activity (Table 1). Thus, Phe196 is not only important for the 
transglycosylation activity, but also for the enzyme’s hydrolytic activity. 
Despite this, mutant F196G produced three times more linear products from 
starch than wild-type CGTase over a 24 h incubation period (Fig. 2). This 
indicates that residue Phe196 is a clear determinant for the linear versus 
circular product specificity of CGTase. 

Phe260 limits the hydrolytic activity – Hydrolysis is a minor activity of 
CGTases. Nevertheless, several mutations are known to increase the enzyme’s 
hydrolytic activity [33;75;76;124]. The most substantial enhancement of 
hydrolytic activity is, however, achieved by mutations of subsite +2 residues 
(Table 2). It has been suggested that the hydrophobicity of Phe183 and Phe259 
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at subsite +2 limits the hydrolytic activity of BC251 CGTase [124]. Mutation 
of the corresponding residues in Tabium CGTase showed that the F184S 
mutation changed the hydrolysis rate only slightly (Table 1). In contrast, 
mutations in Phe260 either significantly decreased (F260H,R) or increased 
(F260N,L,I,E) the hydrolytic activity (Table 1). Mutation F260N doubled the 
hydrolytic activity, whereas the corresponding F259N mutation in BC251 
CGTase increased the hydrolytic activity 20-fold (Tables 1 and 2). Both 
mutants, however, enhanced the hydrolytic activity with about 60 units, 
suggesting that the mutations have a similar effect in both CGTases and that 
the 20-fold enhancement is a consequence of the low hydrolytic activity of 
BC251 CGTase. The hydrolytic activity of CGTase thus is strongly modulated 
by the identity of residue 260.  
 

 
Figure 2. Cyclodextrin and linear oligosaccharide (glucose to malto-octaose) products formed 
during incubation of the Tabium CGTase variants with 10% (w/v) starch for 24 h at 60° C. 
From bottom to top, α-CD (black), β-CD (gray), γ-CD (dark gray) and linear oligosaccharides 
(light gray). 

 
Furthermore, our mutations reveal that it is not the hydrophobicity of the 

side chain at position 260 that is important for the enzyme’s hydrolytic activity, 
since similar sized hydrophobic (F260I,L) as well as hydrophilic (F260N,E) 
substitutions increase the hydrolytic activity to a similar extent (Table 1). 
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Therefore we conclude that the aromatic side chain of Phe260 is instrumental 
in limiting the hydrolytic activity of CGTase. 

 
Table 2. Subsite +2 mutant CGTases described in literature and their hydrolysis activities. 
The Thermoanaerobacter CGTase is included, because the wild-type enzyme has a high 
hydrolytic activity. 

CGTase Hydrolysis activity  
(µmol min-1 mg-1) 

Reference 

Tabium    

Wild-type 54 this study 
B. circulans strain 251   
Wild-type  3 [124] 
F183S 9 [124] 
F183N 11 [124] 
F259S 33 [124] 
F259N 60 [124] 
B. stearothermophilus   
Wild-type 2 [149] 
F260I 4 [149] 
B. sp. 1011   
Wild-type ND [123] 
F183L ND [123] 
F259L ND [123] 
Thermoanaerobacter   
Wild-type 82 [152] 
Chemically modified 127 [152] 

ND, not determined. 
 
Until now wild-type Thermoanaerobacter CGTase displayed the highest 

hydrolytic activity [152]. Three Tabium mutants (F260L,I,E), however, possess 
even higher hydrolytic activities, and significantly lower cyclization activities 
(Table 1). The data shows that single mutations can change CGTase reaction 
specificity from cyclization into hydrolysis. A product analysis after 24 h 
incubation of starch with (mutant) CGTases also showed that these Phe260 
mutants produced substantially more linear than circular products (Fig. 2). 
Single mutations thus change CGTase product specificity from cyclodextrins 
into oligo-maltodextrins. 
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Conclusions – Our results show that Phe260 has an important role in 
limiting the hydrolytic activity of CGTase. Mutation of Phe260 into a Leu, Ile, 
or Glu resulted in mutants with the highest hydrolysis activity ever reported for 
a CGTase. Furthermore, CGTase can be changed from a transglycosylase into a 
hydrolase by mutations in Phe260, a residue that is strongly conserved in 
CGTase proteins. The data presented provide new insights into the hydrolysis 
reaction catalysed by CGTase and factors determining the transglycosylation 
versus hydrolysis specificity in the α-amylase family. 
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SUMMARY 

Cyclodextrin glycosyltransferase (CGTase) preferably catalyzes trans-
glycosylation reactions, whereas many other α-amylase family enzymes are 
hydrolases. Despite the availability of three-dimensional structures of several 
transglycosylases and hydrolases of this family, the factors that determine the 
hydrolysis and transglycosylation specificity are far from understood. To 
identify the amino acid residues that are critical for the transglycosylation 
reaction specificity, we carried out error-prone PCR mutagenesis and screened 
for Bacillus circulans strain 251 CGTase mutants with increased hydrolytic 
activity. After three rounds of mutagenesis the hydrolytic activity had increased 
90-fold, reaching the highest hydrolytic activity ever reported for a CGTase. 
The single mutation with the largest effect (A230V) occurred in a residue not 
studied before. 

The structure of this A230V mutant suggests that the larger valine side chain 
hinders substrate binding at acceptor subsite +1, although not to the extent that 
catalysis is impossible. The much higher hydrolytic than transglycosylation 
activity of this mutant indicates that the use of sugar acceptors is hindered 
especially. This observation is in favor of a proposed induced-fit mechanism, in 
which sugar acceptor binding at acceptor subsite +1 activates the enzyme in 
transglycosylation [Uitdehaag et al. (2000) Biochemistry 39, 7772-7780]. As 
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the A230V mutation introduces steric hindrance at subsite +1, this mutation is 
expected to negatively affect the use of sugar acceptors. Thus, the 
characteristics of mutant A230V strongly support the existence of the proposed 
induced-fit mechanism in which sugar acceptor binding activates CGTase in a 
transglycosylation reaction. 
 
 
INTRODUCTION 

The α-amylase family, or glycoside hydrolase family 13 [25], is a large 
family of starch processing enzymes [24;81]. The (β/α)8-barrel fold of the 
catalytic domain, the catalytic site residues and the α-retaining bond cleavage 
mechanism are conserved in this family [7;11], but the product and reaction 
specificity vary widely [26]. 
 

Figure 1. Schematic over-
view of the interactions 
between a maltononaose 
substrate and the substrate 
binding cleft of B. circulans 
CGTase. The arrow in-
dicates the scissile bond 
between subsites –1 and +1; 
hydrogen bonds are shown 
as dashed lines. Arg47 and 
Asn94 do not interact with 
uncleaved substrate, but 
they do interact with the re-
action intermediate and the 
product γ-cyclodextrin, res-
pectively [41;42]. Phe183 
and Phe259 have hydro-
phobic stacking interaction 
with the sugar rings. For 
clarity not all interactions at 
the –2, –1 and +1 subsites 
are shown. The figure has 
been adapted from [41]. 
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Figure 2. Schematic representation of the reactions catalyzed by CGTase. After bond 
cleavage a covalently bound reaction enzyme-glucosyl intermediate is formed. In the second 
step of the reaction the reaction intermediate is transferred to an acceptor molecule. In the 
cyclization reaction the terminal OH-4 group of the covalently linked oligosaccharide is used 
as acceptor, whereas water or a second sugar are used as acceptors in the hydrolysis and 
disproportionation reactions, respectively. This figure has been adapted from reference [131]. 

 
Cyclodextrin glycosyltransferase (CGTase) is a member of this family that 

forms circular α-(1,4)-linked oligosaccharides composed of six, seven or eight 
glucose residues (α-, β- and γ-cyclodextrin, respectively). It consists of five 
domains (A-E); domains A and B constitute the catalytic domains, domain E is 
involved in raw starch binding [33;34], whereas the functions of domains C 



Chapter 7 

102  

and D are not known. After binding of the substrate across several sugar 
binding subsites (labeled –7 to +2; Fig. 1), the α-(1,4)-glycosidic bond between 
subsites –1 and +1 is cleaved to yield a covalent glycosyl-enzyme intermediate 
[11] that is bound at the donor subsites (–1, –2, –3, etc.) (Fig. 2) [11]. In the 
next step of the reaction an acceptor molecule binds at acceptor subsite +1 and 
cleaves the glycosyl-enzyme bond. In the cyclization reaction the non-reducing 
end of the covalently bound sugar is used as the acceptor to yield a 
cyclodextrin (Fig. 2). CGTase may also use water or a second sugar molecule 
as acceptor, which results in a hydrolysis or a disproportionation reaction, 
respectively (Fig. 2).  

The relative efficiencies of the hydrolysis and transglycosylation reactions 
are determined by the nature of the acceptor used in the second half of the 
reaction and thus by the properties of the acceptor subsites. CGTase has a clear 
preference for glucosyl acceptors, as its transglycosylation activities are much 
higher than the hydrolysis activity [122]. Previously, we have shown that 
mutations at acceptor subsite +2 can change CGTase into a starch hydrolase 
[53;124;149], whereas mutations at other subsites have much smaller effects on 
the hydrolysis/transglycosylation ratio [74-76]. To explain the trans-
glycosylation reaction specificity it has been suggested that binding of a sugar, 
but not water, in acceptor subsite +1, activates CGTase for the second half of 
the reaction [42]. 

To identify the amino acid residues that restrict the hydrolytic activity of 
CGTase and that are thus important for the transglycosylation reaction 
specificity of the enzyme, we randomly introduced mutations in Bacillus 
circulans strain 251 (BC251) CGTase and selected the variants displaying 
increased hydrolytic activity. Several mutated residues were identified, but the 
major finding was that the A230V mutation strongly enhanced the hydrolytic 
activity of CGTase and converted the enzyme into a starch hydrolase. 
 
 
EXPERIMENTAL PROCEDURES 

Structure determination – Crystals of BC251 CGTase mutant A230V were 
grown from 60% (v/v) 2-methyl-2,4-pentanediol, 100 mM HEPES buffer, pH 
7.5, and 5% (w/v) maltose [32]. Data were collected at 100 K on an in house 
MARCCD system (MarUSA Inc., Evanston, USA) with a diameter of 165 mm 
and using CuKα radiation from a BrukerNonius FR591 rotating-anode 
generator equipped with Osmic mirrors. Processing was done with DENZO 
and SCALEPACK [127]. The structure of CGTase liganded with maltotetraose 
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(PDB code 1CXF) with all waters and sugars removed was used as starting 
model. Refinement was done with CNS [128]. Ligands were placed in sigmaA-
weighted 2Fo-Fc and Fo-Fc electron density maps using the program O [129]. 
Data and refinement statistics are given in Table I. The atomic coordinates and 
the structure factors of mutant A230V have been deposited in with Protein Data 
Bank (code XXXX; www.rcsb.org). 
 
Table I. Data collection statistics and quality of the B. circulans CGTase mutant A230V. 

 A230V 

Data collection  

Space group P212121 
Cell axes a, b, c (Å) 117.6 109.7 65.7 
Resolution range (Å)  25.0 – 2.32 
Total no. of observations 356544 
No. of unique reflections 36647 
Completeness (%)a 97.8 (95.2) 
<I/σ(I)>a 21.8 (4.6) 
Rmerge (%)a 6.0 (27.1) 
Refinement statistics  
No. of amino acids 686 (all) 
No. of Ca2+ ions  3  
Active site ligand  Maltose 
Average B-factor 23.7 
Final R-factor (%)a 15.5 (19.2) 
Final free R-factor (%)a 19.9 (22.8) 
Root mean square deviation (rmsd) from ideal geometry 
Bond lengths (Å) 0.005 
Angles (º)  1.3 
Dihedrals (º) 24.4 
Improper dihedrals (º) 0.83 

a Highest resolution shell in parentheses. 

  
Bacterial strains and plasmids - Escherichia coli strain MC1061 [130] was 

used for DNA manipulations and Bacillus subtilis strain DB104A [116] was 
used for protein production. The plasmids pDP66k- [33] and pCScgt-tt [131], 
with the cgt genes of BC251 and Thermoanaerobacterium thermosulfurigenes 
strain EM1 (Tabium), respectively, were used for mutagenesis and protein 
production. Plasmid carrying strains were grown on LB medium [132] at 37° C 
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in the presence of kanamycin, 50 or 6 µg/ml for E. coli or B. subtilis, 
respectively. When appropriate, potato starch (1.5% w/v) was added to LB-
agar plates to identify colonies expressing a starch degrading CGTase. 
Transformation of B. subtilis was done according to Bron [117]. 

Site-directed mutagenesis – Mutations and restriction sites were introduced 
into pDP66k- and pCScgt-tt as described [33;53] and verified by DNA 
sequencing. The XhoI and KpnI restriction sites introduced into pDP66k- 
resulted in V6S and A678G mutations (near the N- and C-termini, 
respectively), which had no measurable effect on the cyclization, 
disproportionation and hydrolysis activities of BC251 CGTase (data not 
shown). The primers used were: F1 (XhoI), 5’- GCGCCGGATACCTCGAG 
TTCCAACAAGCAAAATTTC-‘3 and R1 (KpnI), 5’-CCAATTCACGTTAAT 
GGTACCGGTGCCGCTGGACGG-‘3; F21L, 5’-ATCTATCAAATTTTGAC 
CGACAGGTTT-‘3; R47W, 5’-ACGAACCTCTGGCTGTATTGC-‘3; N94S, 
5’-TCCGGCGTGAACAGCACGGCCTAT-‘3; A245T, 5’-TTTATGGCTA 
CCGTCAACAAC-‘3; Q320L, 5’-GTGGATGACCTGGTGACGTTC-‘3; 
A357T, 5’-GGCGTCCCCACCATTTATTAC-‘3; V660A, 5’-GGATCCACCG 
CCACGTGGGAA-‘3; A231V, 5’-ATACGTCTAGATGTTGTAAAACATA 
TG-‘3. Mutated nucleotides and restriction sites are underlined. 

Saturation mutagenesis – Ala230 of BC251 CGTase was replaced by all 
nineteen other amino acid residues. The mutations were introduced using the 
site-directed mutagenesis procedure, as described above, using the primer 5’-
ATCCGCATGGATNNSGTGAAGCATATG-3’ (A230X). N is A+G+C+T, S 
is G+C and X is any amino acid residue. 

Error-prone PCR mutagenesis – The BC251 cgt gene was amplified from 
pDP66k- with the primers F1 and R1. PCR mixtures (50 µl) contained: 1x Taq 
DNA polymerase buffer, 1 mM MgSO4, 0-1 mM MnCl2, 0.6 mM of each 
dNTP, 0.07 µM of each primer, 20 ng template and 2.5 units Taq DNA 
polymerase (Roche). PCR reactions were performed for 25 cycles: 30 sec 94° 
C, 40 sec 54° C, and 2 min 72° C. The PCR products were restricted with XhoI 
and KpnI, and the resulting fragment (2016 bp) was extracted from agarose gel 
(QIAquick Gel Extraction Kit; Qiagen) and cloned in pDP66k-, replacing the 
wild-type cgt gene. The XhoI site is 12 nucleotides beyond the sequence coding 
for the export signal of CGTase (CGTase is an extracellular enzyme) and the 
KpnI site is 30 nucleotides before the stop codon of the gene. 

DNA sequencing – Cycle sequencing [139] was performed on double-
stranded-DNA using the Thermo sequence fluorescent primer cycle sequence 
kit (Amersham Pharmacia Biotech AB) and the reactions were run on the 
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Pharmacia ALF-Express sequencing machine at BMTC (Groningen, The 
Netherlands). Error-prone PCR mutants were double-stranded sequenced (six 
sequence reactions per mutant). 

Selection of CGTase variants with increased hydrolytic activity – Ligation 
mixtures of the error-prone PCR products and the plasmid pDP66k- were 
transformed to E. coli, plated on LB-agar plates and the resulting colonies were 
transferred to 200 µl LB medium in 96-well microtiter-plates. After overnight 
incubation (750 rpm), 25 µl of each culture was transferred to a second 
microtiter-plate containing 25 µl bacterial protein extraction reagent (Pierce, 
Rockford, Illinois) per well to lyse the cells. Subsequently, 200 µl of 1% (w/v) 
soluble starch (Lamers and Pleuger, Wijnegen, Belgium) in 10 mM sodium 
citrate buffer (pH 6.0) was added and the microtiter-plates were incubated at 
50° C for 2 h in an oven. The amount of reducing sugars formed was measured 
using an adapted version of the Nelson-Somogyi assay [153;154]. Forty µl of 
the reaction was added to 40 µl solution D in polypropylene microtiter-plates. 
After sealing the microtiter-plates with a polypropylene lid, they were 
incubated in an oven at 100° C for 30 min. After cooling to room temp, 160 µl 
of solution E was added allowing color development within a few minutes. 
Microtiter-plates were either screened visually or the absorbance at 525 nm 
was measured. Solution D consisted of 25 ml solution A (25 g Na2CO3, 25 g 
NaKtartate and 200 g Na2SO4 in 1 l demi-water) and 1 ml solution B (30 g 
CuSO4·5H2O and 0.2 ml sulfuric acid in 200 ml demi-water). Solution E 
consisted of 15.6 g (NH4)6Mo7O24·4H2O and 13.1 ml sulfuric acid in 950 ml 
demi-water plus 1.9 g Na2HAsO4·7H2O dissolved in 50 ml demi-water.  

Enzyme assays – CGTase proteins were produced and purified as described 
[68]. All enzyme assays were done in 10 mM sodium citrate buffer (pH 6.0) at 
50º or 60° C for BC251 and Tabium CGTase, respectively. Cyclization 
activities were determined by incubating 0.1-0.5 µg enzyme/ml with 2.5% 
(w/v) partially hydrolyzed potato starch (Paselli SA2; Avebe, Foxhol, The 
Netherlands). The amount of β-cyclodextrin formed was measured with 
phenolphthalein [118]. The disproportionation activity was determined as 
described [75;121], using 0.1 µg enzyme/ml, 1 mM 4-nitrophenyl-α-D-
maltoheptaoside-4-6-O-ethylidene (EPS; Megazyme, County Wicklow, 
Ireland) and 10 mM maltose as donor and acceptor substrates, respectively. 
The hydrolysis activity was determined by measuring the increase in reducing 
power upon incubation of 0.5-5 µg enzyme/ml with 1% (w/v) soluble starch 
(Lamers & Pleuger, Wijnegen, Belgium) [68]. 



Chapter 7 

106  

Structure comparison – Three-dimensional structures were displayed and 
compared using the Swiss-PdbViewer version 3.7 (b2) [133] and the program 
O [129]. Figures were made using the Swiss-PdbViewer and Pov-Ray for 
Windows version 3.1g. The BC251 CGTase structures used were entries 1CDG 
[32] and 1CXK [11] from the Protein Data Bank [155]. 
 
 
RESULTS 
 Error-prone PCR conditions – Optimal error-prone PCR mutagenesis 
conditions were determined by amplifying the BC251 cgt gene at ten different 
MnCl2 concentrations. The PCR products were cloned in plasmid pDP66k-, 
transformed into E. coli and plated on LB plates complemented with starch. 
Only colonies expressing a starch degrading CGTase form a halo around the 
colony. The percentage of halo forming colonies decreased with increasing 
MnCl2 concentrations (Fig. 3), indicating that the number of inactivating 
mutations increased with higher MnCl2 concentrations. A MnCl2 concentration 
of 0.2-0.3 mM was chosen as optimal error-prone PCR condition, with about 
90% of the (mutant) CGTase clones obtained at this MnCl2 concentration 
retaining starch degrading activity (Fig. 3). 
  

 
Figure 3. Percentage of clones 
that expressed an active starch 
degrading CGTase (on LB starch 
plates) as function of the MnCl2 
concentration used during PCR 
amplification of the BC251 cgt 
gene. 
 
 
 
 

 
Selection of CGTase variants with increased hydrolytic activity – About 

12,000 clones were assayed for hydrolytic activity in the first round of 
mutagenesis and selection. The MnCl2 concentrations used in the PCRs were 
0.2 mM (6,000 clones) and 0.3 mM (6,000 clones). Twenty-two clones had a 
significantly increased hydrolytic activity. Plasmid DNA was isolated from 
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each positive clone and subsequently used to produce and purify the encoded 
mutant proteins. All 22 mutant CGTases had higher hydrolytic and lower 
cyclization activities than wild-type CGTase (Table II). Some mutants had 
even a higher hydrolytic than cyclization activity. 

The hydrolytic activity of CGTase was further enhanced in a second and 
third round of mutagenesis, using 0.25 mM MnCl2 during PCR amplification. 
Mutants 6 and 6-2 were used as PCR templates in the second and third round of 
mutagenesis, respectively; these variants had the highest hydrolytic activity 
after their rounds of mutagenesis (Table II). About 10,000 clones each were 
assayed for hydrolytic activity in the second and third rounds of mutagenesis 
resulting in four and eight clones with increased hydrolytic activity, 
respectively. Plasmid DNA of the positive clones was isolated and the encoded 
proteins were produced and purified. The mutant CGTases identified in the 
second round had much higher hydrolytic activities than the parent mutant 6 
(Table II). Surprisingly, the cyclization activities had also increased (Table II), 
although we selected for increased hydrolytic activity. The hydrolytic activity 
had further increased after the third round of mutagenesis, whereas the 
cyclization activity was unaffected or lowered compared to the parent mutant 
6-2 (Table II). Thus, a mutant CGTase with an almost 10-fold reduced 
cyclization activity and a 90-fold increased hydrolytic activity was obtained in 
only three rounds of mutagenesis and selection. 
DNA sequencing – Of the 34 selected CGTase variants with enhanced 
hydrolytic activity, 22 were subjected to nucleotide sequencing (2016 bp). This 
revealed 41 nucleotide substitutions and 31 amino acid mutations, of which 15 
amino acid mutations were different (Table II). Additional stop-codons were 
not found, which was in agreement with the wild-type size of all selected 
mutant proteins on SDS-PAGE (data not shown). The mutants had one to three 
nucleotide mutations (1.9 on average) per round of mutagenesis, which resulted 
in one or two amino acid mutations (1.4 on average). The variations in 
mutation frequency were small (< 10% at the DNA and the amino acid level) 
for the individual rounds of mutagenesis and the different MnCl2 
concentrations used (0.2, 0.25 and 0.3 mM). The substitutions A G, T C, 
C T and G A were observed most frequently, whereas A C, T A/G, 
C G and G T mutations were not found. The frequent observation of T C 
and C T mutations is due to the selection applied, as these changes were 
required to obtain the amino acid mutations causing the increased hydrolytic 
activity. 
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Table II. CGTase mutants with increased hydrolytic activity selected after random 
mutagenesis, and their cyclization and hydrolysis activities. 
Enzyme Additional mutations Cyclization 

(µmol/min·mg) 
Hydrolysis 

(µmol/min·mg) 
Wild-typea V6S/A678G 266 3 
1st round    
1 F259S 52 40 
2 A230V 13 72 
3 NDb 26 19 
4 ND 45 14 
5 ND 30 26 
6 A230V/V660A 14 70 
7 ND 113 12 
8 F259S, N299D 47 45 
9 ND 58 12 
10 ND 29 36 
11 A230V/A672G 14 70 
12 A230V/ I215V 14 66 
13 ND 44 25 
14 A230V 15 68 
15 F259S 48 43 
16 A230V 14 71 
17 ND 50 32 
18 ND 26 33 
19 A230V/T514A 9 57 
20 F259S 49 42 
21 A230V/K655E 11 72 
22 ND 39 15 
2nd round    
6-1 F21L 29 174 
6-2 F21L 28 175 
6-3 A245T/A357T 30 163 
6-4 F21L 28 172 
3rd round    
6-2-1 N94S/N8S 28 255 
6-2-2 Q320L 32 246 
6-2-3 N94S/N8S 30 260 
6-2-4 N94S 31 267 
6-2-5 N94S 32 272 
6-2-6 R47W 13 250 
6-2-7 ND 19 186 
6-2-8 ND 18 222 
a Contains V6S/A678G mutations, but has wild-type activities. 
b ND, not determined. 
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Mutations enhancing hydrolytic activity – The twelve mutants displaying the 
highest hydrolytic activity after the first round of mutagenesis had either a 
F259S (4 times) or an A230V (8 times) mutation, with or without a second 
mutation (Table II). The second round of mutagenesis yielded a F21L mutation 
(3 times) and once the combination A245T/A357T (Table II), in addition to the 
A230V/V660A mutations. After the third round of mutagenesis the mutations 
N8S, R47W, N94S and Q320L were identified, although N8S was identified in 
combination with N94S only (Table II). Of the four mutations with clearly 
enhanced hydrolytic activity, three mutations were in residues located in the 
substrate binding cleft at subsite –3 (Arg47), subsite +1 (Ala230), and subsite 
+2 (Phe259) (Fig. 1), and one mutation occurred in a residue that has no direct 
interactions with substrates (Phe21). 

Site-directed mutants – Of the 15 different amino acid mutations identified, 
seven mutations (N8S, I215V, N299D, T514A, K655E, V660A and A672G) 
were only found in combination with a second mutation (A230V, F259S or 
N94S). Comparison of the single A230V, F259S and N94S mutants with the 
double mutants showed that these seven mutations made no additional 
contribution to hydrolysis activities (Table II). For mutant V660A this was 
confirmed; it had similar activities as wild-type CGTase (Table III). 

To analyze the individual effects of the other eight mutations (F21L, R47W, 
N94S, A230V, A245T, F259S, Q320L and A357T) they were introduced as 
single mutation in wild-type CGTase. It appeared that N94S, A245T, Q320L 
and A357T hardly altered the hydrolytic activity, whereas F21L, R47W, 
A230V and F259S clearly caused an increased hydrolytic activity compared 
with wild-type CGTase (Table III). In addition, these eight mutations lowered 
the cyclization and disproportionation activities, except mutant R47W, which 
had a higher disproportionation activity (Table III). In particular, mutant 
A230V drastically lowered the cyclization and disproportionation activity. 
Thus, several residues (Phe21, Arg47, Ala230 and Phe259) important for the 
low hydrolytic activity of CGTase were identified.  

Saturation mutagenesis – Since error-prone PCR mutagenesis cannot 
introduce all possible mutations at a single position [156], the position of 
Ala230 was also investigated with saturation mutagenesis. Five hundred clones 
were assayed for hydrolytic and cyclization activity. Most clones (70%) had at 
most 5% of wild-type cyclization activity, whereas none of them had an 
increased cyclization activity, showing the importance of this residue for the 
cyclization reaction. Fourty clones (8%) had a strongly increased hydrolytic 
activity. Eight of them were randomly selected for sequencing; all of them 
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contained the A230V mutation. Thus, the mere change of an alanine to a valine 
side chain at position 230 is sufficient to strongly increase the hydrolytic 
activity and decrease the cyclization activity of CGTase. 
 
Table III. The cyclization, disproportionation and hydrolysis activities of (mutant) BC251 
and Tabium CGTases. 

CGTase Cyclization 

(µmol/min·mg) 
Disproportionation 

(µmol/min·mg) 
Hydrolysis 

(µmol/min·mg) 

BC251    

Wild-typea 266 970 3 
F21L  196 952 10 
R47W 182 1305 15 
N94S 243 796 2 
A230Vb 13 <10d 72 
A245T 260 934 3 
F259Sb 52 468 40 
Q320L 251 976 5 
A357T 230 701 3 
V660A 265 954 3 
Tabium    
Wild-type 240 510 54 
A231V 10 <10d 138 
F260Ec 19 21 177 
A231V/F260E 8 59 21 

a Contains V6S/A678G mutations, but has wild-type activities. 

b F259S and A230V are mutants 1 and 2, respectively, from Table II. 
c Mutant F260E has been described in reference [53]. 
d A230V and A231V, however, efficiently hydrolyzed the substrate of this reaction. 
 

Tabium CGTase – Mutation A230V was also introduced into Tabium 
CGTase (A231V, Tabium CGTase numbering), as this CGTase has a relatively 
high hydrolytic activity compared to most other CGTases [120]. Similar to the 
effects in BC251 CGTase, the A231V mutation strongly reduced the 
cyclization and increased the hydrolytic activity of Tabium CGTase (Table III). 
In an attempt to further enhance the hydrolytic activity of this CGTase, the 
double mutant A231V/F260E was constructed, since until now Tabium mutant 
F260E had the highest hydrolytic activity ever described for a CGTase [53]. 
However, the double mutant had an even lower hydrolytic activity than wild-
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type Tabium CGTase (Table III), showing that the two single mutations are 
mutually exclusive and not additive. 
 Structure – The three-dimensional structure of A230V CGTase (mutant 6) 
has a maltose ligand bound in the donor subsites –2 and –1. In addition, a 
maltotetraose sugar is bound at the maltose-binding site 1 [32], located on the 
E-domain of the enzyme. The tetrasaccharide could be either a degradation 
product of the α-cyclodextrin used for the purification of the enzyme, or it 
could be the product of transglycosylation reactions on the maltose used for the 
crystallization. The three additional mutations present in mutant 6 (V660A, 
V6S, and A678G; the latter two were a result of the cloning procedure, see 
Experimental Procedures) did not affect the protein backbone conformation 
within the error limits. 
 

 
Figure 4. Close-up view of the A230V mutant structure (black) superimposed on the 
structure of B. circulans D229N/E257Q CGTase with bound maltononaose (grey) [11]. For 
clarity only the substrate binding subsites –2 to +2 are shown. The valine side chain of mutant 
A230V would form a close contact (1.9 Å) with the O3 atom of the glucose in acceptor 
subsite +1 of the maltononaose structure (the alanine side chain is at 3.2 Å).  
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Superimposing the A230V structure on CGTase with a bound malto-
nonaose molecule (occupying subsites –7 to +2) [11] shows that the Val230 
side chain would form a close contact (1.9 Å) with the O3 atom of the glucose 
residue in acceptor subsite +1 (Fig. 4). Rotating the Val230 side chain away 
from the carbohydrate would result in an energetically unfavorable side chain 
conformation. Nevertheless, the interference with the substrate appears not 
severe enough to completely abolish carbohydrate binding at the +1 acceptor 
subsite, since this mutant is still able to process glycosidic bonds (Table III).  
 
 
DISCUSSION 
 The aim of this study was to identify residues that determine the 
transglycosylation reaction specificity of CGTase. Previously, we already 
identified by site-directed mutagenesis two phenylalanine residues at acceptor 
subsite +2 (Fig. 1) as being very important for the hydrolysis/trans-
glycosylation specificity of CGTase [53;124]. To determine whether there are 
more residues essential for the transglycosylation reaction specificity of 
CGTase, we applied random mutagenesis and screened for clones with 
enhanced hydrolytic activity. 

Phe259 is important for CGTase reaction specificity – Using error-prone 
PCR mutagenesis we found that the F259S mutant has a strongly increased 
hydrolytic activity. This mutation was already known to strongly increase the 
hydrolysis activity of BC251 CGTase [124]. The identification of the mutation 
F259S in our random mutagenesis and selection approach thus was an excellent 
control of the adequacy of the method. This result once again emphasized the 
importance of Phe259 for the transglycosylation reaction specificity of 
CGTase, as shown before [53;123;149]. 

Phe21 limits the hydrolytic activity of CGTase – Phe21 is not a conserved 
CGTase residue and has no direct interactions with substrates. Nevertheless, 
mutation F21L strongly enhanced the hydrolytic activities of mutant 6 
(A230V/V660A) and, to a lesser extent, of wild-type CGTase. Phe21 is 
surrounded by several conserved CGTase residues, including Tyr100 and 
His327 that interact with substrates in subsite –1 [11]. Mutation studies have 
demonstrated the importance of Tyr100 and His327 for catalytic activity 
[45;136;157]. Since the leucine side chain is somewhat smaller, mutation F21L 
may alter the conformation of Tyr100 and His327, which may have an effect at 
subsite –1 and at the conformation of the reaction intermediate. Thus, Phe21 
was identified as a residue important for the reaction specificity of CGTase. 
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Mutations of Gln320 and Ala245/Ala357 increase the hydrolytic activity of 
the A230V mutants – The hydrolytic activities of mutants 6 (A230V/V660A) 
and 24 (F21L/A230V/V660A) are enhanced by the A245T/A357T and Q320L 
mutations, respectively. Although mutant Q320L displays some increased 
hydrolytic activity on its own, the single site mutations A245T and A357T 
have no effect on hydrolysis (Table III). Thus, these mutations have only a 
significant effect in combination with other mutations. How they precisely 
affect the reaction specificity is not understood, as they are more than 10 Å 
away from Ala230 and Phe21. Moreover, they are also more than 10 Å away 
from the substrate binding cleft. 

Subsite –3 is important for CGTase reaction specificity – BC251 CGTase 
structures have shown that oligosaccharides in subsite –3 are bound by Arg47, 
Tyr89, Asn94, Asp196 and Asp371 (Fig. 1) [40-42]. The importance of these 
five residues for the cyclization reaction/product specificity of CGTases has 
been demonstrated by mutation studies [58;76;136]. The identification of 
R47W and N94S mutations in mutant CGTases with enhanced hydrolytic 
activity in our random mutagenesis study shows again the importance of 
subsite –3 for the activities of CGTase, in agreement with previous studies. 

Ala230 is essential for the transferase specificity of CGTase – In BC251 
CGTase the Ala230 side chain is located at 3.2 Å from the substrate at subsite 
+1 (Fig. 4). The residue is part of the conserved sequence region II of the α-
amylase family [24;30], but it is only conserved in CGTases. In α-amylases, 
for example, alanine, serine, threonine, and phenylalanine residues are found at 
the equivalent position [24]. CGTase mutants of Ala230 have not been 
reported, but mutation of the equivalent alanine residue in Bacillus 
licheniformis α-amylase into a serine or glycine reduced the enzyme activity 
50-fold [158]. The saturation mutagenesis that we carried out on Ala230 in 
BC251 CGTase is in agreement with that result: most mutations at this position 
are harmful, as 70% of the clones obtained had less than 5% of wild-type 
cyclization activity. Only mutant A230V showed an increased hydrolytic 
activity (24-fold), while its disproportionation and cyclization activities were 
strongly decreased (100- and 20-fold, respectively; Table III), making 
hydrolysis the main activity. From this we conclude that Ala230 is a residue 
that is absolutely critical for the transglycosylation activity of CGTase. 

The strongly reduced transglycosylation activities of mutant A230V can be 
explained by the valine side chain, which likely hinders sugar binding at 
acceptor subsite +1 (Fig. 4). All reactions catalyzed by CGTase start with 
substrate binding, glycosidic bond cleavage and covalent glycosyl-enzyme 
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intermediate formation (Fig. 1). The efficiency of this step is governed by the 
productive binding of the  –1 substrate residue and the scissile bond [11;31]. 
The next step is the attack of the C1 atom of the covalent reaction intermediate 
by a nucleophilic oxygen atom. In case of a transglycosylation reaction, this 
attack is done by the O4 atom of a sugar acceptor [11;31]. For this step, the 
correct orientation of the attacking +1 glucose residue in subsite +1 is critical. 
The larger valine side chain (A230V) may cause steric hindrance to the O3 
atom of the +1 glucose, and thus could interfere with the correct binding of the 
+1 glucose. The reduced overall activities of mutant A230V may be explained 
by the effect on the initial substrate binding. However, the preference of mutant 
A230V for water over sugar acceptors (72 compared to 13 and 10 
µmol/min·mg) can only be explained by an effect on the use of sugar acceptors 
in the second half of the reaction, showing that mutation A230V hinders the 
use of sugar acceptors. To explain the increased hydrolysis activity of mutant 
A230V we may speculate that the valine side chain enhances the productive 
binding of a nucleophilic water molecule in the +1 acceptor binding site. A 
second explanation could be that the covalent reaction intermediate is 
destabilized in the A230V mutant relative to wild-type CGTase and that the 
reaction intermediate collapses faster to form a hydrolysis product. However, 
the similarity of the A230V structure to that of wild-type CGTase, the similar 
(apolar) properties of alanine and valine, and the 4.4 Å distance to the covalent 
bond between Asp229 and the –1 glucose residue make this possibility not very 
likely. 
 Mutation A230V provides evidence for an induced-fit mechanism – Mutant 
A230V has a much higher hydrolytic than transglycosylation activity. Because 
both reactions proceed via a covalent glycosyl-enzyme intermediate, these 
activities show that in the A230V mutant the covalent intermediate is still 
formed at a significant rate (at least 72 µmol/min·mg, which is equivalent to a 
kcat of 90 s-1). However, the intermediate preferably reacts with water and not 
with an acceptor sugar.  
 For wild-type CGTase it has been argued that the transglycosylation 
activity of the enzyme is enhanced via an induced-fit mechanism upon binding 
of a carbohydrate residue in acceptor subsite +1 [42]. Tyr195 and the glucoses 
bound at subsites –6, –3, and +1 play a key role in this induced-fit activation. 
Since a water molecule bound at subsite +1 is not able to produce this 
activation, this was suggested as an explanation for the low hydrolytic activity 
of CGTase [42]. 
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 The A230V mutation hinders acceptor sugar binding at subsite +1 (Fig. 4), 
thereby interfering with such an induced-fit activation. This would result in a 
decreased transglycosylation activity, which is indeed clearly observed (Table 
III). The strongly reduced transglycosylation activity of the A230V mutant, 
which is even much less than the hydrolytic activity of the mutant, provides 
thus biochemical evidence for the presence of an induced-fit mechanism in the 
second step of the transglycosylation reaction, in particular because the first 
step of the reaction (the formation of the covalent intermediate) takes place at a 
significant rate.  
 In contrast, the hydrolytic activity of the A230V mutant is strongly 
increased. The cause of this increased activity needs further study. For instance, 
it could be the result of enhanced productive binding of the nucleophilic water 
molecule in the +1 acceptor binding site, or the binding of a water molecule in 
the +1 subsite could activate the catalytic machinery for hydrolysis via a 
(different) induced fit movement. 

Conclusions - Using error-prone PCR mutagenesis we have identified 
several residues that are important for the transglycosylation reaction 
specificity of CGTase. After three rounds of mutagenesis the hydrolytic 
activity had increased 90-fold, yielding the highest hydrolytic activity ever 
reported for a CGTase. Furthermore, the much higher hydrolytic than 
transglycosylation activity of mutant A230V provided for the first time 
biochemical support for a hypothesis that sugar acceptor binding at acceptor 
subsite +1 activates the catalytic machinery of glycosidic bond formation via 
an induced-fit mechanism. Such a mechanism can explain the high 
transglycosylation specificity of CGTase as it favors the use of glycosyl 
acceptors. 

Acknowledgements – H.L. thanks Danisco for financial support and 
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SUMMARY 

Cyclodextrin glycosyltransferase (CGTase) enzymes from various bacteria 
catalyze the formation of cyclodextrins from starch. The Bacillus stearo-
thermophilus maltogenic α-amylase (G2-amylase) is structurally very similar 
to CGTases, but converts starch into maltose. Comparison of the three-
dimensional structures revealed two large differences in the substrate binding 
clefts. (i) The loop forming acceptor subsite +3 had a different conformation, 
providing the G2-amylase with more space at acceptor subsite +3, and (ii) the 
G2-amylase contained a five-residue amino acid insertion that hampers 
substrate binding at the donor subsites –3/–4 [Dauter et al., 1999, 
Biochemistry]. 

In an attempt to change CGTase into an enzyme with the reaction and 
product specificity of the G2-amylase these differences were introduced into 
Thermoanaerobacterium thermosulfurigenes CGTase. The loop forming 
acceptor subsite +3 was exchanged, which strongly reduced the cyclization 
activity, however, the product specificity was hardly altered. The five-residue 
insertion at the donor subsites drastically decreased the cyclization activity of 
CGTase to the extent that hydrolysis had become the main activity of the 
enzyme. Moreover, this mutant preferably produced linear sugar with an even 
number of glucose residues and had a strongly increased exo-specificity. Thus, 
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CGTase can be changed into a starch hydrolase with a high exo-specificity by 
hampering substrate binding at the remote donor substrate binding subsites. 
 
 
INTRODUCTION 

The α-amylase or glycoside hydrolase family 13 [25] is an extensively 
studied enzyme family [23;24], which comprises several enzymes used in 
industrial starch processing [105;107;159]. Within this family, the catalytic site 
residues and the α-retaining bond cleavage mechanism are conserved [7;11], 
but the reaction and product specificities vary widely. The main difference are 
preference for hydrolysis or transfer reactions and specificity for α-(1,4) or α-
(1,6)-glycosidic bonds. However, the structural determinants for the variation 
in reaction and product specificity remain to be elucidated. 

Cyclodextrin glycosyltransferase (CGTase) is a unique member of the α-
amylase family that produces circular α-(1,4)-linked oligosaccharides (cyclo-
dextrins) of different sizes from starch via an intramolecular transglycosylation 
reaction. The size of the cyclodextrin product formed largely depends on the 
properties of the CGTase donor subsites [75;77]. CGTase enzymes are applied 
to produce cyclodextrins, which are used for their ability to form inclusion 
complexes with small hydrophobic molecules (e.g. drugs) [86;107]. CGTase 
also transfers linear oligosaccharides to a second oligosaccharide molecule 
(disproportionation) or to water (hydrolysis). The hydrolytic activity of 
CGTase, however, is rather low. The ratio between hydrolysis and trans-
glycosylation reactions is determined by the nature of the acceptor used and 
thus by the properties of the CGTase acceptor subsites [53;124]. CGTases are 
75 kD enzymes that consist of five domains (A-E) [32;69]. Domains A and B 
form the catalytic core, domain E is involved in starch binding [33], whereas 
the roles of the C and D domains are less well understood. The substrate 
binding cleft of CGTase comprises at least ten sugar binding subsites, labeled –
7 to +3, as shown by CGTase structures with bound inhibitors [40;58]. Bond 
cleavage occurs between subsites –1 and +1. The binding mode of a malto-
hexaose inhibitor in the active site of Thermoanaerobacterium thermo-
sulfurigenes strain EM1 (Tabium) CGTase is shown in Fig. 1 [58]. 

Bacillus stearothermophilus maltogenic α-amylase (G2-amylase) is also a 
member of the α-amylase family. Its X-ray structure is very similar to that of 
CGTases, with a root mean square difference of only 1.1 Å for 94% of the Cα 
atoms [56]. However, the G2-amylase is a hydrolase that produces maltose 
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from starch [160]. This enzyme has a rather high exo-specificity [57] and is 
used in baking to increase the shelf-life of baked products [105]. 

The structural similarity between CGTases and the G2-amylase provides an 
excellent opportunity to identify the structural determinants responsible for the 
differences in reaction and product specificities between these enzymes. Here 
we show that the reaction and product specificities of Tabium CGTase can be 
changed into that of a starch hydrolase via rational mutagenesis to extend our 
understanding of CGTase structure-function relationships. 

 

 
Figure 1. Overview of the interactions between Tabium CGTase and a maltohexaose inhibitor 
bound from subsites –3 to +3. For clarity, not all interactions at subsites –1 and +1 are shown 
[58]. 
 
 
MATERIALS AND METHODS 

Bacterial strains and plasmids – Escherichia coli DH5α [141] was used for 
DNA manipulations, and E. coli PC1990 [161] was used for extracellular 
production of CGTase proteins. Plasmid pCT2, carrying the cgt-gene [115], 
was used for site-directed mutagenesis, DNA sequencing and protein 
production. Plasmid-carrying strains were grown on LB medium [132] 
containing 100 µg/ml ampicillin. 

DNA manipulations – Mutant CGTases were constructed as described [58], 
using the following oligonucleotides: mutant A, introducing a five-residue 
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amino acid insertion, 5’-GTACGAAGATGGCATTTATCGTAACTTAACC 
GATCCTGCAGGTTTTGATTTAGCA-3’ (PstI); mutant B, inserting the 260-
268 loop, 5’-TTTGGAGAGTGGTATGGAGATGATCCCGGGACTGCAAA 
TCATCTAAATAACACATACTTTGC-3’ (SmaI). The introduced restriction 
sites are underlined. Mutant C (double mutant of mutants A and B) was 
constructed using plasmid DNA of mutant A as PCR template. All mutations 
were confirmed by DNA sequencing of the complete fragment obtained by 
PCR. 

Enzyme purification and assays – CGTase proteins were produced and 
purified as described using an α-cyclodextrin-sepharose-6FF column [58]. The 
G2-amylase (Novozymes, Denmark; product name Novamyl) was purified 
with the same column. All enzyme assays were performed in 10 mM sodium 
citrate buffer (pH 6.0) at 60º C. 

Cyclization activity was determined by incubating 0.1-5 µg enzyme/ml with 
a 2.5% (w/v) solution of partially hydrolyzed potato starch (AVEBE, Foxhol, 
The Netherlands). The amount of β-cyclodextrin formed was determined with 
phenolphthalein [118]. One unit of activity is defined as one µmol of β-
cyclodextrin formed per min.  

Disproportionation activity was determined as described [74;75;121], using 
0.1–5.0 µg enzyme/ml, 1 mM 4-nitrophenyl-α-D-maltoheptaoside-4-6-O-
ethylidene (EPS; Roche, Almere, The Netherlands) and 10 mM maltose as 
donor and acceptor substrates, respectively. One unit of activity is defined as 
one µmol of EPS cleaved per min.  

Hydrolysis activity was determined by following the increase in reducing 
power in time [68], using 1% (w/v) soluble starch (Lamers & Pleuger, 
Wijnegen, Belgium) as substrate and 1 µg/ml of enzyme. One unit of activity is 
defined as one µmol of reducing ends formed per min.  

Endo-activity was determined using a dyed and cross-linked amylose 
substrate (AZCL) from Megazyme (County Wicklow, Ireland). AZCL is an 
insoluble substrate that becomes soluble after cleavage of internal α-(1,4)-
glycosidic bonds by endo-acting enzymes, as small and soluble oligo-
saccharides are formed. The rate at which small, and colored, oligosaccharides 
appear is a measure for the endo-activity. Since the dye remains attached to 
these small oligosaccharides, the solution becomes colored after the action of 
endo-acting enzymes. AZCL is not a substrate for exo-acting enzymes such as 
amyloglucosidase. AZCL (5 mg/ml) was incubated with 0.1-1 µg/ml enzyme 
and 100 µl samples were taken at regular intervals and added to 0.9 ml 0.2 M 
NaOH to stop the reaction. After spinning down (12,000 g; 5 min) the 
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absorbance was measured at 590 nm. The endo-activity of wild-type Tabium 
CGTase is defined as 100%.  

Formation of circular and linear products was measured by incubating a 10% 
(w/v) partially hydrolyzed potato starch (AVEBE) solution for 48 h with 0.2 
U/ml of β-cyclodextrin forming activity (wild-type CGTase and mutant B) or 
with 0.2 U/ml of hydrolyzing activity (mutants A and C, and the G2-amylase). 
Products formed were analyzed by HPLC equipped with an Econosphere NH2 
5U column (250 by 4.6 mm; Alltech, Breda, The Netherlands) and eluted with 
acetonitrile/water (60/40 (v/v); 1 ml/min). 

Thermostability was determined by incubating the enzymes (50 µg protein 
per ml) at various temperatures (50-99° C) in 10 mM sodium acetate buffer pH 
5.5 for 5 min. The residual activity was determined using the hydrolysis assay 
as described above. Tm is defined as the temperature at which half of the initial 
activity is retained. 

Structure comparison – Three-dimensional structures were displayed and 
compared using the Swiss-PdbViewer version 3.7 (b2) [133]. Superposition of 
Cα backbone atoms was done using the standard superposition tools of the 
program. The following structures were used: Tabium CGTase (Protein Data 
Bank, code 1A47 and 1CIU), Bacillus circulans strain 251 CGTase (1CXK) 
and the G2-amylase (1QHO and 1QHP). Figures were constructed using the 
Swiss-PdbViewer version 3.7b2 and Pov-Ray for Windows version 3.1g. 
 
 
RESULTS AND DISCUSSION 

Structural comparison of the G2-amylase and CGTase – CGTases and the 
G2-amylase have very similar three-dimensional structures, however, CGTase 
is primarily a transglycosylase [120], whereas the G2-amylase is a hydrolase 
[160]. Of the few significant structural differences identified [56], two were 
located at the substrate binding cleft near the catalytic site. In the G2-amylase, 
substrate binding at the donor subsites –3/–4 is blocked by an extended loop 
compared with the equivalent loop in CGTases (Fig. 2) [56], which prevents 
the binding of substrates long enough to form a cyclodextrin. The extended 
loop of the G2-amylase is five residues longer than the corresponding loop of 
CGTases (Fig. 3). 

The second structural difference is found at the acceptor subsites. Whereas 
the architecture of acceptor subsites +1/+2 is very similar in CGTases and the 
G2-amylase, subsite +3 has a different architecture (Fig. 2) [56]. At this subsite 
Tabium CGTase binds the substrate via Thr263 and Glu265 (Fig. 1), which are 
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located in loop 260-268. The precise function of subsite +3 for CGTase 
reaction specificity is not known, but this subsite has a high affinity for sugar 
acceptors [131]. The equivalent loop in the G2-amylase is two residues longer 
(Fig. 3) and has a different conformation (Fig. 2). Since transglycosylation and 
hydrolysis specificity are determined by the acceptor substrate used, and thus 
by the properties of the acceptor subsites, the different subsite +3 architecture 
might be important for the different reaction specificities of these enzymes. 
Previous we have shown that acceptor subsite +2 is important for the 
hydrolysis/transglycosylation reaction specificity of CGTase [53;124]. 

 
Figure 2. Overlay of Tabium CGTase (black) and G2-amylase (gray). (A) Close-up view of 
the donor subsites with an oligosaccharide substrate, bound at subsites –7 to –1 (black), of 
Bacillus circulans strain 251 CGTase (Protein Data Bank code 1CXK; [11]). For clarity only 
the catalytic nucleophile (Asp230), the five-residue loop extension of the G2-amylase plus the 
four flanking residues at both sides, and the equivalent loop of Tabium CGTase are shown. 
The loop extension of the G2-amylase blocks the subsite –3/–4 of CGTase (subsite –3 is 
blocked by an aspartic acid side-chain extending from the insertion). (B) In both structures a 
maltohexaose inhibitor is bound at the subsites –3 to +3 [56;58]. For clarity, only the catalytic 
acid/base Glu258, acceptor subsite +2 residue Phe260, loop 260-268 of Tabium CGTase and 
the corresponding loop of the G2-amylase are displayed. The arrow indicates the cleavage 
site. 
 

The functional effects of the differences at the substrate binding cleft on the 
reaction and product specificity of CGTase were investigated by introducing 
them into Tabium CGTase (see Fig. 3 for details). Mutants A and C, containing 
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the five-residue insertion, had slightly lower denaturation temperatures 
compared with Tabium CGTase (Table 1), although all mutants were clearly 
stable at the assay temperature of 60° C. 
 

 
Figure 3. Structure based amino acid sequence alignments of the regions exchanged between 
the G2-amylase and CGTases. (A) The region around the five-residue loop extension of the 
G2-amylase. (B) The region around loop 260-268 of CGTase. The differences are shown in 
bold. Tabium, T. thermosulfurigenes CGTase; BC251, Bacillus circulans strain 251 CGTase; 
BC8, Bacillus circulans strain 8 CGTase; B. sp. 1011, Bacillus sp. 1011 CGTase; G2-
amylase, B. stearothermophilus maltogenic α-amylase.  

 
Increased ratio of hydrolysis/cyclization reaction specificity in mutant 

CGTase enzymes – The three mutations drastically reduced the cyclization and 
disproportionation activities, whereas the hydrolysis activity was much less 
decreased (Table 1). Hydrolysis is even the main activity of the mutants A and 
C. Thus, the mutants had strongly enhanced hydrolysis/cyclization ratios 
(Table 1), demonstrating the importance of the differences at the substrate 
binding cleft for the cyclization reaction specificity of CGTase.  

The strongly reduced cyclization activity of mutant A was expected, as 
deletion of the five-residue loop extension from the G2-amylase (together with 
F188L and T189Y mutations, which flank the insertion) resulted in an enzyme 
with cyclodextrin forming activity [78]. This indicates that the insertion 
hampers the binding of substrates long enough to form cyclodextrins at the 
donor subsites. Nevertheless, mutant A retained a very small cyclodextrin 
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forming activity, whereas the G2-amylase has no cyclization activity, 
suggesting that the conformation of the five-residue insertion is different in 
Tabium CGTase mutant A. However, other differences between the two 
(mutant) enzymes may also contribute to this different reaction specificity. A 
simulation of the cyclization reaction catalyzed by Bacillus circulans strain 251 
CGTase has revealed that nearly all substrate binding subsites of CGTase 
contribute to the cyclization reaction [137], which is in agreement with 
mutation studies [45;74;75;77;123;136]. Thus, the limited cyclization activity 
of mutant A might be explained by the functionality of the acceptor binding 
subsites of CGTase, which are still specialized to form cyclodextrins, even 
though the interaction at the remote donor subsites are not possible in mutant 
A. The very low, but detectable, endo-activity of mutant A with cross-linked 
amylose (Table 1), indeed indicates that mutant A may form reaction 
intermediates of sufficient length to produce cyclodextrins. Thus, although the 
five-residue insertion changed Tabium CGTase into a starch hydrolase, 
CGTase mutant A and G2-amylase are clearly different. 
 
Table 1. Enzyme activities of Tabium CGTase mutants and B. stearothermophilus α-amylase, 
at 60° C and pH 6.0. 

Enzyme Mutation Tm  
(°C)a 

Cycl.a 

(U/mg) 
Disp.a  
(U/mg) 

Hydr.a 
(U/mg) 

Endo-
activity 

(%) 

Hydr./ 
Cycl.a 

Hydr./  
endo-

activitya 

CGTase - 91 240 ± 6 511 ± 11 54 ± 4 100 0.23 0.54 

A TDPAG  83 0.8 ±0.1 1.0 ± 0.2 13.8 ± 0.5 0.1 17 138 
B 260-268 

loop 
91 3.0 ±0.3 9 ± 1 8.4 ± 0.4 17 2.8 0.49 

C TDPAG/ 
260-268 
loop  

84 <  0.1b 0.8 ± 0.2 4.7 ± 0.3 0.4 ∞ 12 

G2-
amylase 

- 84 0 -c 5700±300 62 ∞ 92 

a Tm, denaturation temperature; Cycl., cyclization; Disp., disproportionation; Hydr., 
hydrolysis. 
b Cyclodextrins are detectable after prolonged incubation (Fig. 4). 
c The G2-amylase hydrolyzes the substrate of the disproportionation reaction. The G2-
amylase has a very low disproportionation activity at high acceptor substrate concentrations 
[57].
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The increased hydrolysis/cyclization ratio of mutant B (Table 1) showed the 
importance of loop 260-268 for CGTase reaction specificity. The product 
specificity of mutant B was, however, similar to that of wild-type CGTase (Fig. 
4), revealing that loop 260-268 is not important for product specificity after 
prolonged incubation with starch. Combination of the five-residue insertion and 
the 260-268 loop, mutant C, virtually abolished cyclization activity, but not the 
hydrolysis activity of CGTase (Table 1 and Fig. 4). Thus, the two differences in 
the substrate binding clefts of CGTases and the G2-amylase are main 
determinants for the cyclodextrin forming specificity of CGTase. However, 
they do not explain the large difference in the hydrolytic activity between these 
two enzymes. 
 

 
Figure 4. Products formed after a 48 h incubation of 10% (w/v) starch with wild-type and 
mutant Tabium CGTases and the G2-amylase, at 60° C and pH 6.0. From bottom to top, α-
cyclodextrin (black), β-cyclodextrin (gray), γ-cyclodextrin (dark gray) and linear oligo-
saccharides (light gray). Linear oligosaccharides are composed of one to ten glucose residues. 
 

A five-residue insertion mutation gives CGTase linear product specificity – 
CGTase mainly forms cyclodextrins from starch, whereas the G2-amylase 
produces maltose from starch (Fig. 4). The five-residue insertion (mutant A) 
transformed CGTase into a linear oligosaccharide forming enzyme, although it 
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retained a limited cyclodextrin producing activity (Table 1 and Fig. 4). Mutant 
A, unexpectedly, produced linear oligosaccharides of different lengths, whereas 
the G2-amylase produces maltose. Interestingly, the linear products formed by 
mutant A showed a preference for sugars with an even number of glucose 
residues (Fig. 5), whereas wild-type CGTase had no significant preference for 
linear products with an even or uneven number of glucose residues (Fig. 5). 
The preference for maltose was expected, but the preference for oligo-
saccharides of four, six and eight glucose residues of mutant A is not 
understood. Nevertheless, the differences in linear product specificity showed 
that CGTase mutant A and the G2-amylase are not identical. Thus, the five-
residue insertion at the donor substrate binding subsites changed CGTase into 
an enzyme with linear product specificity that is clearly different from the G2-
amylase. 
 

 
 
Figure 5. Linear product dis-
tribution after 5 h of incubation 
of 10% (w/v) starch with mutant 
A and wild-type CGTase, at 60° 
C and pH 6.0. G1 to G10 
indicate linear saccharides of 
one to ten glucose residues. 
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A five-residue insertion mutation increases the exo-specificity of CGTase – 
Tabium CGTase, as well as the G2-amylase, used cross-linked amylose 
(AZCL) as substrate (Table 1), demonstrating that these enzymes possess endo-
activity. This is in agreement with a previous report, which showed that 
CGTase and the G2-amylase could cleave a maltopentaose compound blocked 
at both ends [57]. The endo-activity of CGTase is slightly higher than that of 
the G2-amylase (Table 1). All three mutations in Tabium CGTase reduced its 
endo-activity, but the effect was strong for mutant A, especially (Table 1). The 
hydrolysis/endo-activity ratio of mutant B remained virtually unchanged, 
whereas mutant A strongly increased this ratio (Table 1). Mutant A had even a 
higher ratio than the G2-amylase (Table 1). Since mutant A decreased the 
endo-activity much stronger than the hydrolysis activity, this shows that mutant 
A has a strongly increased exo-specificity.  

The enhanced exo-specificity demonstrated that mutant A had a higher 
preference for the binding of non-reducing ends than wild-type CGTase. 
However, the variable size of the linear products formed and the low endo-
activity retained, shows that mutant A has still a substrate binding cleft, as 
expected; the G2-amylase has also a substrate binding cleft and not a substrate 
binding pocket [56]. Thus, the five-residue insertion strongly enhanced the exo-
specificity of CGTase, giving Tabium CGTase mutant A a similar exo-
specificity as the G2-amylase. 

Conclusions – The results show that two structural differences between 
CGTase and the G2-amylase, located at the donor and acceptor substrate 
binding subsites, are very important for the cyclization/hydrolysis reaction 
specificity of CGTase. Moreover, the cyclodextrin product specificity of 
CGTase can be changed into linear product specificity, by introducing a five-
residue insertion mutation at the donor substrate binding subsites. This CGTase 
mutant, however, remains clearly different from the G2-amylase, as linear 
products of variable sizes were formed and the mutant retained a low 
cyclodextrin forming activity, whereas the G2-amylase produces primarily 
maltose. The five-residue insertion, concomitantly, strongly enhanced the exo-
specificity of CGTase. Currently, random mutagenesis studies are undertaken 
to increase the hydrolytic activity of CGTase and to explain the huge difference 
in hydrolytic activity between the G2-amylase and CGTase. 

Acknowledgements – H. L. thanks Danisco for financial support. 
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SUMMARY 
 Cyclodextrin glycosyltransferase (CGTase) catalyzes the formation of cyclo-
dextrins from starch. Among the CGTases with known three-dimensional 
structure Thermoanaerobacterium thermosulfurigenes CGTase has the highest 
thermostability. By replacing amino acid residues in Bacillus circulans CGTase 
with those from T. thermosulfurigenes CGTase, a B. circulans CGTase mutant 
(with N188D and K192R mutations) was identified with a strongly increased 
thermostability. Asp188 and Arg192 form a salt-bridge in T. thermo-
sulfurigenes CGTase. Structural analysis of the B. circulans CGTase mutant 
revealed that this salt-bridge is also formed in the mutant. Because the 
mutations are located in the B-domain, this result also demonstrates the 
importance of the B-domain for thermostability of the B. circulans CGTase. 
 
 
INTRODUCTION 

Cyclodextrin glycosyltransferase (CGTase) is a member of glycoside 
hydrolase family 13 [4;25], the α-amylase family [24;81]. All members of this 
family use an α-retaining mechanism [7;11] to catalyze a variety of reactions, 
including hydrolysis and transglycosylation of α-(1,4)- and α-(1,6)-glycosidic 
bonds [5;26]. CGTase produces cyclodextrins from starch, which are circular 
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molecules, composed of six, seven, or eight glucose residues linked via α-
(1,4)-glycosidic bonds (α-, β- and γ-cyclodextrin, respectively). The reaction 
proceeds via  a covalent glycosyl-enzyme intermediate [11;16] (Fig. 1). In the 
cyclization reaction, the non-reducing end of this intermediate moves into 
acceptor subsite +1, which is followed by intramolecular bond formation (Fig. 
1). CGTase may also transfer the covalently bound intermediate to water 
(hydrolysis reaction) or to the non-reducing end of a second sugar to yield a 
linear product (disproportionation reaction; Fig. 1). Interestingly, the hydrolytic 
activity of CGTase is much lower than its transglycosylation activities, making 
the enzyme an efficient transferase [68]. 
 
 
 

Figure 1. The reactions catalyzed by CGTase. The figure has been adapted from reference 
[131]. 
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Three-dimensional structures are known of five CGTases, from Bacillus 
circulans strains 8 [69] and 251 (BC251) [32], Thermoanaerobacterium 
thermosulfurigenes strain EM1 (Tabium) [70], Bacillus stearothermophilus 
[71], and alkalophilic Bacillus sp. 1011 [72]. The structures are organized in 
five domains (A-E). The N-terminal part consists of a catalytic (β/α)8-barrel 
fold (domain A) with a loop of approximately 60 residues protruding at the 
third β-strand (domain B). Domains A and B together form the substrate 
binding cleft [40]. Domain E is a starch binding domain [33;34], whereas the 
functions of domains C and D are not known. 

Despite this detailed structural knowledge, the structural basis for 
thermostability of CGTases is far from understood [162]. Among the CGTases 
with known three-dimensional structures, Thermoanaerobacterium thermo-
sulfurigenes CGTase has the highest thermostability [70;120;149]. Yet, other 
CGTases exist with similar thermostability (e.g. the Thermoanaerobacter [107] 
and Thermococcus kodakaraensis KOD1 [163] CGTases with  half-lives of 
several minutes at 100° C), or even higher thermostability (Thermococcus 
strain B1001 CGTase with a denaturation temperature of ~106 °C) [164;165].  

To study the thermostability of CGTases, the available CGTase structures 
were compared and selected differences were introduced into BC251 CGTase 
via site-directed mutagenesis. This yielded a mutant CGTase with strongly 
increased thermostability. Moreover, this result showed that the B-domain is a 
key determinant for the thermostability of CGTase. 
 
 
MATERIALS AND METHODS 

Structure determination – Crystals of mutant 9  (T185S, T186Y, N188D and 
K192R) were grown from 60% (v/v) 2-methyl-2,4-pentanediol, 100 mM 
HEPES, pH 7.5 and 5% (w/v) maltose [32]. Data were collected at 100 K on an 
in house MARCCD system (MarUSA Inc., Evanston, USA) with a diameter of 
165 mm, using CuKα radiation from a BrukerNonius FR591 rotating-anode 
generator equipped with Osmic mirrors. Processing of the diffraction data was 
done with DENZO and SCALEPACK [127]. The structure of BC251 CGTase 
with bound maltotetraose (PDB code 1CXF) with all water and sugar 
molecules removed was used as starting model for the refinement (CNS [128]). 
Ligands were placed in sigmaA-weighted 2Fo-Fc and Fo-Fc electron density 
maps with the program O [129]. Data and refinement statistics are given in 
Table I. The atomic coordinates and the structure factors of mutant 9 have been 
deposited in the Protein Data Bank (code XXXX; www.rcsb.org). 
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Table I. Data collection statistics and quality of the B. circulans CGTase mutant 9. 

 Mutant 9 

Data collection  

Space group P212121 
Cell axes a, b, c (Å) 117.2 109.6 65.7 
Resolution range (Å)  32.0 – 2.0 
Total no. of observations 363420 
No. of unique reflections 57077 
Completeness (%)a 98.8 (96.3) 
<I/σ(I)>a 34.7 (8.9) 
Rmerge (%)a 3.2 (11.5) 
Refinement statistics  
Average B-factor 18.3 
Final R-factor (%)a 15.2 (18.6) 
Final free R-factor (%)a 17.6 (22.4) 
Root mean square deviation (rmsd) from ideal geometry 
Bond lengths (Å) 0.005 
Angles (º)  1.2 
Dihedrals (º) 24.4 
Improper dihedrals (º)  0.69 

a Highest resolution shell in parentheses 

 
Bacterial strains, plasmids and growth conditions – Escherichia coli strain 

MC1061 [130] was used for recombinant DNA manipulations. CGTase 
proteins were produced with the α-amylase and protease negative Bacillus 
subtilis strain DB104A [116]. Plasmid pDP66k- [33], containing the cgt gene, 
was used for site directed mutagenesis and enzyme production. Plasmid 
carrying strains were grown on LB [132] medium at 37° C in the presence of 
kanamycin, 50 or 5 µg/ml for E. coli or B. subtilis, respectively. Trans-
formation of B. subtilis was done according to Bron [117]. 

DNA manipulations – Mutant CGTases were constructed with PCR as 
described [68]. The PCR products were cut with PvuII/SalI or SalI/HindIII and 
exchanged for the corresponding fragment of pDP66k-. The following oligo-
nucleotides were used: 5’-TACAGCATCATCCCTGATTCCACCTTCGGC 
GGATCCACGGCCTATCAC-3’ (mutant 1); 5’-GAGCGTTTCCACAACG 
GCGGATCCACCCGGAAGCTGGA-3’ (mutant 2); 5’-TGGCAGTACACCT 
CGAGCTCGAACTCGCCGACCATC-3’ (mutant 3); 5’-TACTTCGGTACG 
ACGGCGGGAACAATTGTGTCTTGGGAAGACACGCAGAT-3’ (mutant 
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4); 5’-TTGAAAAAACAAGGCAACACCATCACGTGGGAA-3’ (mutant 5); 
5’-TTATCGGTAGCCTCCGACGGATCCGTCACCCCGTTCACGCTTGC-3’ 
(mutant 6); 5’-GGAACTGGGACACGTCGAAAGCAATCGG-3’ (mutant 7); 
5’-TGCACGAACCTCAAACTGTATTGCGGC-3’ (mutant 8); 5’-GACTTTT 
CCTCGTACGAAGACGGCATCTACCGCAACCTGTACGA-3’ (mutant 9); 
5’-AGCTTTATGGATTCCATCAACAACT AT-3’ (mutant 10); 
5’-TCCGGCCGTCACGCCCGGGAAATACAACATTA-3’ (mutant 11);  
5’-ACGGACTTTTCCTCGACCGAAAACGG-3’ (T185S);  
5’-GACTTTTCCACGTACGAAAACGGCATC-3’ (T186Y);  
5’-TCCACGACCGAAGACGGCATCTACAA-3’ (N188D);  
5’-AACGGCATCTACCGCAACCTGTACGAT-3’ (K192R);  
5’-TCCACGACCGAAGACGGCATCTACCGCAACCTGTACG-3’ 
(N188D/K192R). Mutant 12 was constructed using plasmid DNA of mutant 1 
as PCR template and the oligonucleotide of mutant 8. All mutations were 
confirmed by DNA sequencing of the PvuII/SalI or SalI/HindIII fragment 
obtained with PCR. 

Enzyme assays and enzyme purification – CGTase proteins were produced 
and purified as described [68]. The Tabium CGTase used has been purified 
previously [53]. All enzyme assays were performed in 10 mM sodium citrate 
buffer (pH 6.0) at 50 and 60° C for BC251 and Tabium CGTase, respectively. 
The cyclization activity was determined by incubating 0.2–0.5 µg enzyme/ml 
with 2.5% (w/v) partially hydrolyzed potato starch (Paselli SA2; AVEBE, 
Foxhol, The Netherlands). The amount of β-cyclodextrin formed was 
quantified with phenolphthalein [118]. One unit of activity is defined as one 
µmol of β-cyclodextrin formed per min. The disproportionation activity was 
determined as described [121;124], using 0.1–0.5 µg enzyme/ml, 4-nitro-
phenyl-α-D-maltoheptaoside-4-6-O-ethylidene (EPS; Megazyme, County 
Wicklow, Ireland) as donor substrate and maltose as acceptor substrate. One 
unit of activity is defined as one µmol of EPS cleaved per min. The 
hydrolyzing activity was determined as described [68] using 5 µg enzyme/ml 
with 1% (w/v) soluble starch (Lamers & Pleuger, Wijnegen, Belgium). One 
unit of activity is defined as one µmol of reducing ends formed per min. 

CGTase stability – Resistance to thermal inactivation was determined by 
incubating 20 µg CGTase/ml in 10 mM sodium citrate buffer pH 6.0 
supplemented with 1 mM CaCl2 at 60° C. Samples were taken at several time 
intervals and the residual activity was determined with the disproportionation 
assay. The half-life (t1/2) is defined as the time at which half of the initial 
activity is retained. 
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Differential scanning calorimetry (DSC) – Thermal unfolding was measured 
using the MicroCal VP-DSC microcalorimeter (MicroCal Inc., Northampton, 
Massachusetts, USA). The cell volume was 0.5 ml and the experiments were 
performed with a scan rate of 1° C/min at a constant pressure of 2.75 bar. 
Samples were degassed prior to the scan. The enzyme concentration used was 
400 µg/ml in 50 mM sodium acetate buffer, pH 5.5. The CaCl2 concentrations 
used was 10 mM. 

Structure comparison - Three-dimensional structures were displayed and 
compared using the Swiss-PdbViewer version 3.7 (b2) [133]. Superposition of 
Cα backbone atoms was done using the standard superposition tools of the 
program. The following structures were used: Tabium CGTase (Protein Data 
Bank [155], code 1CIU [70]), Bacillus circulans strain 8 (1CGT [69]) and 
strain 251 CGTase (1CDG [32]), B. stearothermophilus CGTase (1CYG [71]) 
and B. sp. 1011 CGTase (1PAM [72]). Figures were made using the Swiss-
PdbViewer version 3.7b2 and Pov-Ray for Windows version 3.1g. 

 
 
RESULTS AND DISCUSSION 

Structural comparison of CGTases – The overall folds of the five CGTases 
with known three-dimensional structure are very similar, with root mean square 
deviations below 1 Å [70]. Among these CGTases, Tabium CGTase has the 
highest thermostability. To study whether there are any structural differences 
that may cause the difference in thermostability, the structures were compared. 
Significant differences between BC251 and Tabium CGTase were identified in 
the loop regions 88-94, 334-339, 494-498, 536-542, and 658-660 (BC251 
CGTase numbering). Additional differences between Tabium and B. circulans 
strain 8 CGTase were found in the loops 472-479 and 618-619 [70]. To 
investigate the contributions of these loop regions to the thermostability, the 
Tabium loops were introduced into BC251 CGTase (mutants 1 to 7) [70]. All 
these loops are located at the surface of the enzyme. However, their importance 
for neither enzymatic activity nor thermostability is known.  

Furthermore, surface salt-bridges typical for Tabium CGTase may also 
contribute to the relatively high thermostability of this enzyme [70]. Tabium 
CGTase has four salt-bridges without counterparts in BC251, B. sp. 1011, or B. 
circulans strain 8 CGTase, whereas three of these interactions are found in B. 
stearothermophilus CGTase. The residues forming these salt-bridges in Tabium 
CGTase, and the corresponding BC251 and B. stearothermophilus CGTase 
residues, are summarized in Table II. The residues forming the salt-bridges in 
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Tabium CGTase were introduced into BC251 CGTase as well (mutants 9-12), 
to study the contributions of these interactions on thermostability. Mutant 12 is 
the combination of the mutants 1 and 8. 
 
Table II. The residues forming surface salt-bridges typical for Tabium CGTase and the 
corresponding residues in BC251 and B. stearothermophilus CGTase. The presence of an 
interaction between the residues is indicated by bold-italic letters. 

Tabium  BC251 B. stearothermophilus 

Lys 47/Asp89 Arg47/Asn88 Arg44/Asn85 

Asp189/Arg193 Asn188/Lys192 Asp189/Arg193 
Asp245/Lys510 Ala244/Lys510 Asp245/Lys510 
Glu276/Lys557 Glu275/Asn560 Glu276/Lys557 

 
Enzymatic properties of the mutant CGTases – All CGTase mutants were 

successfully constructed, produced and purified. Only mutant 10 had strongly 
decreased enzyme activities (Table III). The cause for this is unclear as the 
mutations are far from the active site cleft. The nearly unchanged hydrolytic 
activities of the mutants (Table III) were somewhat unexpected, since Tabium 
CGTase has a much higher hydrolytic activity than BC251 CGTase (Table III) 
[120], and the mutations increased the similarity to Tabium CGTase. The 
mutations are, however, remote from acceptor subsites +1 and +2 which is the 
location where mutations have been shown to have the largest effect on the 
hydrolytic activity of CGTase [chapters 5-7]. The relatively small effects on the 
cyclization and disproportionation activities were, on the other hand, expected, 
as the mutations introduced were far from the substrate binding subsites, except 
the mutations in the residues Arg47 and Tyr89 at subsite –3 (mutants 1, 8 and 
12) [40;41]. However, mutation studies have shown that Arg47 and Tyr89 are 
not essential for enzyme activity [75;76]. Thus, the mutants are useful to study 
the thermostability of CGTase.  

Thermostability of (mutant) CGTases – The thermostability of the (mutant) 
CGTases was determined by incubating the enzymes at 60° C in sodium citrate 
buffer,  pH 6.0, supplemented with 1 mM CaCl2. Subsequently, the residual 
activity was measured as a function of the incubation time. Under these 
conditions, BC251 CGTase had an activity half-life (t1/2) of 9.7 min, whereas 
Tabium CGTase retained full activity after 24 h of incubation (Table III). Most 
mutations had no large effect on the half-lives, although three mutants (1, 10, 
and 11) had clearly reduced half-lives (Table III). The reason for this is not 
known. None of the loop differences increased the thermostability of BC251  
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Table III. The enzyme activities and the half-lives (t1/2) of (mutant) CGTases at 60° C. In the 
mutants 1 to 12 the indicated sequence of BC251 CGTase was replaced by the sequence 
shown for Tabium CGTase. 

(mutant) 
CGTases 

BC251 Tabium Cycl.a 

(U/mg) 
Hydr.a 

(U/mg) 
Disp.a 

(U/mg) 
t1/2

 

(min) 

BC251 Wild-type  269 3.2 970 9.7 

1 88-NYSGVNN 89-PDSTFGGS 286 3.0 733 4.8 
2 334-ASNANR 335-NGGST 234 3.4 629 9.4 
3 494-AATAT 494-SSSNSP 253 2.9 924 9.6 
4 536-VSGADIT 536-GTIV 248 3.1 941 8.4 
5 658-STV 655-NTI 247 3.1 930 8.9 
6 472-GSGGAASN 471-ASDGSVTP 274 3.6 1149 8.4 
7 618-PA 615-TS 264 3.2 901 8.2 
8 47-R 47-K 202 2.3 820 12.2 
9 185-TTENGIYK 186-SYEDGIYR 310 3.7 1201 73 
10 244-AAV 245-DSI   42 0.4 52 3.9 
11 558-GGN 555-PGK 217 4.0 889 3.9 
12 Combination of 1&8  303 3.0 987 7.0 
       
T185S   284 3.0 946 14.8 
T186Y   261 2.8 981 8.0 
N188D   302 2.9 1043 35 
K192R   251 3.3 841 11.6 
N188D/ 
K192R 

  293 3.1 1012 56 

       
Tabium Wild-type  240  54 510 >>b 

a Cycl., cyclization; Hydr., hydrolysis; Disp., disproportionation. 
b No measurable loss of activity after 1 day of incubation. 
 

CGTase (mutants 1-7). Likewise, of the four salt-bridge mutants (mutants 9-
12), three did not improve the thermostability of the enzyme. Only mutant 9, 
designed to provide an extra salt-bridge on the surface of the enzyme, showed a 
significantly increased half-life (7.5-fold; Table III). Thus, most of the 
structural and salt-bridge differences between BC251 and Tabium CGTase are 
not of primary importance for the enzyme’s thermostability; however, they 
may become important after other stabilizing mutations have occurred 
elsewhere in the enzyme (e.g. mutation 9). 
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To determine whether the enhanced thermostability of mutant 9 was indeed 
caused by the N188D and K192R mutations, all four amino acid differences in 
mutant 9 (T185S, T186Y, N188D and K192R) were constructed as single 
mutants. The double mutant N188D/K192R was made as well. These five 
mutants had similar catalytic activities as wild-type CGTase (Table III). Except 
for the single N188D mutant and the double N188D/K192R mutant, all had 
thermostabilities similar to that of wild-type CGTase (Table III). Thus, residues 
185 and 186 do not significantly contribute to the thermostability of CGTase. 
In contrast, the strongly increased half-lives of the single N188D mutant and 
the double N188D/K192R mutant suggest that Asp188 can form a stabilizing 
interaction with either Lys192 or Arg192. The double N188D/K192R mutant 
showed a half-life increased to 56 minutes at 60° C, which is slightly shorter 
than that of mutant 9 (73 minutes, Table III). Thus, the thermostability of 
CGTase is strongly enhanced by N188D and N188D/K192R mutations in the 
B-domain of the enzyme.  

 The X-ray structure of mutant 9 – Mutant 9 was designed to introduce a 
salt-bridge interaction between Asp188 and Arg192, equivalent to the situation 
in Tabium CGTase (Fig. 2). To ascertain whether this salt-bridge had formed, 
we determined the three-dimensional structure of this mutant. Compared to 
wild-type CGTase, the protein backbone conformation was not affected by the 
mutations. The salt-bridge between Asp188 and Arg192 is indeed present (Fig. 
2), although the Asp188 side chain interacts with the Nε atom of the arginine 
side chain, and not with one of the Nη atoms, as observed in Tabium CGTase. 
The interaction with the Nε atom is identical to the arrangement seen in B. 
stearothermophilus CGTase (Fig. 2; [71]). The B-factors of Asp188 (13.4 to 
16.8) and Arg192 (12.9 to 15.1) are somewhat below average (18.3), indicating 
that these residues are well defined. Besides the Asp188/Arg192 salt-bridge, 
the Arg192 side chain (Nη atom) forms also an interaction with Asn178 (O 
atom), that is not present in wild-type BC251 CGTase, but is found in Tabium 
and B. stearothermophilus CGTase. This Asn178/Arg192 interaction may also 
contribute to the thermostability of the N188D/K192R mutants. Thus, the 
thermostability of BC251 CGTase is strongly increased by the N188D/K192R 
mutations, which introduce an extra salt-bridge interaction at the surface of the 
enzyme. 

The enhanced thermostability of mutant 9 reveals the importance of the B-
domain for the thermostability of BC251 CGTase The importance of the B 
domain for thermostability has been shown before for other α-amylase family 
enzymes. In Pyrococcus furiosus α-amylase a Zn2+ binding Cys, located in the 
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B-domain, is essential for the high thermostability [166], whereas the 
thermostabilities of Bacillus KSM-1378 [167] and Bacillus licheniformis 
[168;169] α-amylase were significantly increased by mutations in their B-
domains. Thus, also in CGTase, the B-domain is a critical determinant of 
thermostability. 

 

 
Figure 2. Close-up views of the loop region 185-192 in CGTase. For clarity only the 
backbone and the side chains of residues 188 and 192 are shown (Asn/Lys in BC251 CGTase; 
Asp/Arg in Tabium, B. stearothermophilus, and mutant 9 CGTases). (A) BC251 and Tabium 
CGTase, (B) BC251 and mutant 9 CGTase, (C) Tabium and mutant 9 CGTase, and (D) 
mutant 9 and B. stearothermophilus CGTase. Salt-bridges are indicated by dashed lines. The 
CGTases are shown in black (BC251 and B. stearothermophilus), grey (Tabium) and light 
grey (mutant 9). 
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Differential scanning calorimetry – To support our conclusions on the 

thermostability of CGTase based on the inactivation rate of the enzymes, we 
carried out differential scanning calorimetry (DSC) measurements on mutant 9 
and wild-type CGTase. Although the unfolding of the CGTases was scan-rate 
dependent and irreversible (data not shown), this experiment revealed that 
mutant 9 denatured at a significantly higher temperature than wild-type BC251 
CGTase, but still at a much lower temperature than Tabium CGTase (Fig. 3). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. DSC curves for the thermal denaturation of wild-type BC251 CGTase (1), BC251 
CGTase mutant 9 (2) and Tabium CGTase (3), in the absence (A) and presence (B) of 10 mM 
added Ca2+ ions. 

 
The DSC experiments also showed that Ca2+ ions increased the denaturation 

temperatures (Fig. 3). This was as expected from previous work, which showed 
that the addition of Ca2+ ions retarded the thermal inactivation of Tabium 
CGTase [120]. The much higher thermo-stability of Tabium CGTase compared 
to mutant 9, indicates that mutant 9 is just a first step in increasing the 
thermostability of BC251 CGTase, and that other differences, or even 
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mutations in other residues, are likely to further increase the enzyme’s 
thermostability. However, more investigations are needed to corroborate this. 
Thus, the DSC experiments confirmed that mutant 9 has a significantly higher 
thermostability than wild-type BC251 CGTase. 

Conclusions – Based on a comparison of the three-dimensional structures of 
CGTases, we were able to significantly increase the thermostability of BC251 
CGTase via rational mutagenesis. The structure of the mutant with the largest 
increase in thermostability (with N188D and K192R mutations) showed the 
presence of a salt-bridge interaction between Asp188 and Arg192, as expected 
from the situation in Tabium CGTase. Moreover, the results demonstrated that 
the B-domain of BC251 CGTase is critical for the thermostability of this 
enzyme. 
 Acknowledgements - H.L. acknowledges Danisco for financial support and 
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SUMMARY AND CONCLUDING REMARKS 
 
 
 
 
 
 

All living organisms need energy from their environment for maintenance 
and growth. The carbohydrate starch is such an energy source. It is an abundant 
carbohydrate composed of amylose and amylopectin polymers. Before 
organisms can utilize the starch, it has to be degraded to smaller sugars suitable 
for uptake into the cells. Therefore, these organisms secrete several starch 
degrading enzymes of which cyclodextrin glycosyltransferase (CGTase) is an 
example. 

In this thesis, the structure/function relationships of the CGTases from 
Bacillus circulans strain 251 (BC251) and Thermoanaerobacterium thermo-
sulfurigenes strain EM1 (Tabium) are studied. CGTase is a member of the α-
amylase family, which forms a large collection of enzymes that act on starch 
and related compounds. About twenty different reaction and product 
specificities have been identified in the α-amylase family, including the 
processing of α-(1,4) and α-(1,6)-glycosidic bonds, exo/endo specificity, and 
preference for hydrolysis and transglycosylation reactions. CGTase is a 
transferase that acts on α-(1,4)-glycosidic bonds and forms circular α-(1,4)-
linked glucans (cyclodextrins) from starch. This cyclization reaction is an 
intramolecular transglycosylation reaction that proceeds via a covalent 
glycosyl-enzyme intermediate. CGTase may also transfer the covalently bound 
oligosaccharide to water (hydrolysis) or to the non-reducing end of a second 
sugar molecule (disproportionation) to form a linear product. The fourth 
reaction catalyzed by CGTase is the coupling reaction, in which a cyclodextrin 
ring is opened and the resulting covalently bound oligosaccharide is transferred 
to a second sugar molecule to yield a linear product. 

Chapter 1 introduces the α-amylase family. Emphasis is on current (lack of) 
understanding of the structural basis of the hydrolysis/transglycosylation 
specificity within this enzyme family. Despite the availability of three-
dimensional structures of many α-amylase family enzymes, the factors that 
determine reaction specificity are far from understood. The variation in 
reaction specificity of α-amylase family enzymes is particularly intriguing, as 
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the catalytic site architecture is strictly conserved in this family. Thus, reaction 
specificity has to be determined by sugar binding subsites near the catalytic 
site, by the entrance to the active site or by specific activation mechanisms that 
favor the use of a particular substrate. 

Chapter 2 describes an investigation of the three transglycosylation 
reactions catalyzed by Tabium CGTase. The analysis revealed that the 
reactions proceed via different kinetic mechanisms. Cyclodextrin formation 
(cyclization reaction) is a one-substrate reaction, whereas the other two 
transglycosylation reactions are two-substrate reactions, which obey substituted 
enzyme mechanism kinetics (disproportionation reaction) and ternary complex 
mechanism kinetics (coupling reaction). Analysis of the effects of acarbose (a 
pseudo tetrasaccharide) and cyclodextrins on the disproportionation reaction 
revealed that cyclodextrins are competitive inhibitors, whereas acarbose is a 
mixed type of inhibitor. The mixed inhibition, exerted by acarbose, as well as 
the ternary complex mechanism kinetics of the coupling reaction, indicate the 
existence of a secondary sugar-binding site in the vicinity of the active site of 
Tabium CGTase. 

The α-amylase family is characterized by four short conserved sequence 
regions [24]. These regions cluster at the bottom of the catalytic domain, and 
they contain the seven fully conserved amino acid residues of this family: two 
catalytic residues and four residues that bind the substrate at the catalytic site. 
The seventh fully conserved residue, Asp135, has no direct interactions with 
the substrate, but it hydrogen binds with two residues that interact with the 
substrate in the catalytic site. Chapter 3 describes an investigation of the 
function of Asp135. Mutations in Asp135 virtually abolished the catalytic 
activities of CGTase and they strongly affected the conformation of catalytic 
site residues. This is the first demonstration that this fully conserved aspartic 
acid residue is critical for the catalytic site architecture and thus for catalysis of 
an α-amylase family enzyme. 

To elucidate the function of CGTase subsite –6 in catalysis, chapter 4 
presents a mutagenesis study of the residues participating in the enzyme-
substrate interactions at this subsite. The substrate binding cleft of CGTase 
comprises at least nine sugar binding subsites, labeled –7 to +2 [40]. The fact 
that the smallest cyclodextrin molecule formed is composed of six glucose 
residues, suggests that subsite –6 is important for the cyclodextrin forming 
activity of CGTase. Furthermore, this remote substrate-binding subsite is 
conserved, whereas the –4, –5 and –7 subsites are not conserved in CGTases. 
All mutations at subsite –6 significantly reduced the kcat values for the 
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transglycosylation reactions, but not for hydrolysis; the effects were especially 
strong for long substrates. Moreover, the kcat values increased with longer 
substrates. These results show that subsite –6 selects for substrates of sufficient 
length to be used in transglycosylation reactions (e.g. cyclodextrin formation). 
The results also indicate that the substrate interactions at subsite –6 activate the 
enzyme in catalysis (induced-fit), which is in agreement with structural work 
on CGTase. This structural work showed rearrangements of catalytic site 
residues (at subsite –1) upon binding of long substrate (subsites –7 to +2), but 
not with shorter substrates [41]. The combination of this structural and 
biochemical work provided, for the first time, definite biochemical evidence for 
such an induced-fit mechanism in the α-amylase family. 

To elucidate why CGTase is first of all a transglycosylase, the chapters 5 
and 6 provide a comparison of the acceptor subsites of CGTases and the starch 
hydrolysing  α-amylases. The focus was on the acceptor subsites, as preference 
for hydrolysis and transglycosylation is determined by the nature of the 
acceptor substrate used, and thus (most likely) by the properties of the acceptor 
subsites. However, acceptor subsite +1 is rather similar in many α-amylases 
and CGTases. Acceptor subsite +2, in contrast, is clearly different in α-
amylases and CGTases, indicating that subsite +2 determines the preference of 
CGTase for transglycosylation reactions. At this subsite, Phe183 and Phe259 
have hydrophobic stacking interactions with the sugar ring in subsite +2. 
Mutations in these residues, in BC251 as well as in Tabium CGTase, strongly 
decreased the transglycosylation activities, whereas most mutations 
significanty enhanced the hydrolytic activity. Especially mutations in Phe259 
strongly enhanced the hydrolysis activity. Thus, the two phenylalanine residues 
at acceptor subsite +2 are essential for the transferase specificity of CGTase, as 
they limit the competing hydrolysis reaction. 

Chapter 7 investigates whether CGTase contains residues (besides Phe183 
and Phe259) that are critical for the reaction specificity of CGTase. To identify 
such residues, mutations were randomly introduced into BC251 CGTase and 
the resulting clones were assayed for increased hydrolytic activity, as a higher 
hydrolytic activity indicates that the transferase specificity has dropped, or that 
the overall activity is increased. Several amino acid residues important for the 
transglycosylation specificity of CGTase were identified, of which some had 
not been studied before. After three rounds of mutagenesis, the hydrolytic 
activity had increased 90-fold, reaching a hydrolytic activity that is similar to 
the cyclization activity of wild-type CGTase. The mutation that increased the 
hydrolytic activity most, A230V, hinders substrate binding at acceptor subsite 
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+1, as revealed by the three-dimensional structure of this mutant, although not 
to the extent that catalysis is impossible. Mutation A230V, in addition, 
drastically lowered the transglycosylation activities, indicating that sugar 
acceptor binding in the second step of a transglycosylation reaction is 
hampered, or that the mode of acceptor sugar binding is not optimal for 
glycosidic bond formation. Thus, Ala230 is absolutely critical for the trans-
ferase specificity of CGTase. 

The three-dimensional structures of CGTases and the Bacillus stearo-
thermophilus maltogenic α-amylase (Novamyl) are very similar, but the first is 
a transglycosylase and the latter a hydrolase. Structure comparison revealed 
two large differences between the substrate binding clefts of these enzymes: the 
loop forming acceptor subsite +3 had a different conformation, and Novamyl 
contained a five amino acid insertion that would block substrate binding at the 
donor subsites –3/–4 in CGTase [56]. Chapter 8 describes an attempt to 
change CGTase into an enzyme with the reaction and product specificity of 
Novamyl. The difference at subsite +3 had no large effect on product 
specificity. In contrast, introduction of the five amino acid insertion changed 
Tabium CGTase into an enzyme preferring hydrolysis to transglycosylation. 
Moreover, this insertion drastically increased the exo-acting reaction 
specificity, reaching the same exo-specificity as that of Novamyl. Thus, 
CGTase can be changed into a starch hydrolase with a high exo-specificity by 
blocking the donor substrate binding subsites –3/–4. 

The overall fold of the five CGTases with known three-dimensional 
structure is very similar. However, these CGTases have clearly different 
thermostabilities. Among these CGTases, Tabium CGTase has the highest 
thermostability. A detailed comparison of the structures revealed significant 
differences between Tabium CGTase and the other CGTases in seven loop 
regions. Moreover, Tabium CGTase contains four surface salt-bridges that are 
not present in (most) other CGTases [70]. To investigate whether these surface 
salt-bridges and the loop differences are important for the thermostability of 
CGTases, the differences were introduced into BC251 CGTase, as described in 
chapter 9. One of the mutant CGTases (with N188D and K192R mutations) 
had a strongly increased thermostability. Asp188 and Arg192 form a salt-
bridge in Tabium CGTase. Structural analysis of this mutant revealed that the 
salt-bridge was formed in the BC251 protein as well. This result demonstrates 
that the B-domain is a key determinant for thermostability of CGTase, as the 
mutations were introduced in the B-domain of the enzyme. 
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 In conclusion, the results presented in this thesis have extended the 
understanding of the transferase specificity of CGTase. They showed that 
donor subsite –6 selects for long substrates to be used in cyclization and 
disproportionation reactions and that the acceptor subsites +1 and +2 limit the 
competing hydrolysis reaction. Nevertheless, the low hydrolytic activity of 
CGTase remains far from understood. As hydrolysis and transglycosylation 
reactions both start with bond cleavage and covalent glycosyl-enzyme 
formation, the much higher transglycosylation activities indicate that the 
transfer of the reaction intermediate to water is much slower than the transfer to 
a sugar acceptor. To prove this, the individual rate constants should be known. 
However, only the steady-state parameters of the reactions have been 
determined for α-amylase family enzymes. 
 These individual rate constants can be determined by measuring reaction 
rates in a system that is not in a steady-state condition (pre-steady-state) [170]. 
To determine whether the transfer of the covalently bound oligosaccharide to 
water in a hydrolysis reaction is rate-limiting, rapid-quench experiments may 
be used. In such an experiment the enzyme (high concentration) and substrate 
are mixed within about one msec, the reaction proceeds for a certain period of 
time and is then stopped by rapid mixing with a quencher. Analysis of the 
remaining substrate, leaving group appearance and products formed after 
various reaction times, yields insights into the individual reaction constants. 
The donor substrate to be used should not contain a 4-hydroxyl group at the 
non-reducing end to prevent that the donor substrate will also be used as 
acceptor substrate. The substrate, in addition, should contain an easily 
detectable group at its reducing end to facilitate measurement of leaving group 
release in the assay. 
 If a burst of leaving group is detected (leaving group appears fast, while the 
product appears later) this indicates that the glycosyl-enzyme intermediate 
accumulates and that the transfer of the covalently bound oligosaccharide to 
water is rate-limiting. In addition, such an experiment may reveal whether 
glycosyl-enzyme formation or the transfer of the reaction intermediate to a 
sugar acceptor is the rate-determining step in a disproportionation reaction. 
Transfer of the reaction intermediate to a sugar acceptor (disproportionation) 
may well be the rate-limiting step, as α-amylases have higher kcat values than 
CGTases, and these enzymes cleave the same bonds in starch with nearly an 
identical catalytic site. Moreover, a comparison of a hydrolase (e.g. α-amylase) 
and a transferase (e.g. CGTase) would be especially interesting, to elucidate 
whether the glycosyl-enzyme intermediate is more stable in transferases than in 
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hydrolases. Thus, knowledge about the individual rate constants would greatly 
contribute to the further understanding of the catalytic machinery within the α-
amylase family. 
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Koolhydraten vormen één van de belangrijke klassen van biomoleculen, 
naast eiwitten, lipiden en nucleïnezuren (DNA/RNA). De eenvoudigste kool-
hydraten zijn monosaccharides met een aldehyde of keton functionaliteit en 
twee of meer hydroxylgroepen. De algemene formule is (CH2O)n. Kool-
hydraten zijn de meest voorkomende organische materialen op aarde. Ze 
vervullen verscheidene essentiële rollen, onder andere als energie reserve, 
brandstof, structurele componenten en metabole intermediairen. Zetmeel is één 
van de koolhydraten die in grote hoeveelheden voorkomen; en producten zoals 
graan, aardappelen, maïs en rijst bestaan voor een groot deel uit zetmeel. 
Zetmeel is samengesteld uit amylose en amylopectine. Amylose is een lange 
lineaire keten van glucose monomeren verbonden via α-(1,4)-glycosidische 
bindingen, terwijl amylopectine uit kortere lineaire ketens van glucose is 
opgebouwd die onderling verbonden zijn via α-(1,6)-glycosidische bindingen. 

De verscheidenheid aan monosaccharides (glucose, fructose, ribose, xylose, 
etc.) en de variatie in het type glycosidische binding mogelijk tussen twee 
monosaccharides hebben geleid tot een breed scala aan koolhydraatstructuren. 
Dit gaat gepaard met een grote verzameling van enzymen die deze producten 
kunnen modificeren of afbreken. Dergelijke enzymen katalyseren het proces 
waarin glycosidische bindingen verbroken worden en worden glycoside 
hydrolases genoemd. Glycoside hydrolases zijn voor vele organismen zeer 
belangrijk omdat ze koolhydraten transformeren tot opneembare en ver-
werkbare suikers. 

Dit proefschrift beschrijft een studie naar de structuur/functie relatie van de 
cyclodextrine glycosyltransferases (CGTases) van Bacillus circulans strain 251 
(BC251) en Thermoanaerobacterium thermosulfurigenes strain EM1 (Tabium). 
CGTase is een lid van de α-amylase familie, een grote groep van enzymen die 
zetmeel en gerelateerde moleculen als substraat gebruiken. De α-amylase 
familie zelf omvat ongeveer twintig verschillende soorten enzymen met elk hun 
eigen reactie- en productspecificiteit.  
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CGTase is een enzym dat zetmeel omzet in circulaire moleculen van zes of 
meer glucose residuen verbonden via α-(1,4)-glycosidische bindingen (cyclo-
dextrines). Deze reactie wordt de cyclizatiereactie genoemd, een intra-
moleculaire transglycosyleringsreactie die via een covalent gebonden reactie-
intermediair verloopt. Daarnaast is CGTase in staat om het gevormde reactie-
intermediair te koppelen aan water en aan het niet-reducerende uiteinde van 
een tweede suiker molecuul. Deze reacties worden respectievelijk hydrolyse en 
disproportionering genoemd. Een vierde reactie die CGTase katalyseert, de 
koppelingsreactie, is de opening van een cyclodextrine ring waarna een lineair 
product gevormd wordt met een tweede suiker molecuul. 
 Driedimensionale structuren zijn bepaald voor ongeveer dertig enzymen van 
de α-amylase familie, en deze omvatten de meeste reactiespecificiteiten 
gevonden binnen deze familie. Daarnaast zijn enkele structuren bepaald met 
een remmer, een substraat, een product en een covalent gebonden reactie-
intermediair in het katalytisch centrum van deze enzymen (voornamelijk 
CGTase en α-amylase). In combinatie met de biochemische analyse van vele 
mutante enzymen (> 100) heeft dit geleid tot een gedetailleerd inzicht in het 
mechanisme van het verbreken van glycosidische bindingen. Ondanks dat is 
het tot op heden nog steeds niet volledig duidelijk hoe enzymen van de α-
amylase familie in staat zijn om specifiek verschillende reacties te katalyseren. 
Dit is vooral opmerkelijk, omdat structuuranalyse heeft laten zien dat de 
architectuur van het katalytische centrum vrijwel identiek is in de verschillende 
enzymen van deze familie. Dus, reactiespecificiteit wordt niet bepaald door het 
katalytische centrum zelf, maar door nabijgelegen substraatbindingsplaatsen, 
door de toegang tot het katalytische centrum of door activeringsmechanismen 
die selectief zijn voor een specifiek acceptorsubstraat. In dit proefschrift ligt de 
nadruk op de identificatie en het begrijpen van de factoren die de voorkeur van 
CGTase voor transferase reacties bepalen om daarmee het inzicht in de 
reactiespecificiteit van de enzymen van de α-amylase familie te verbreden. 

Hoofdstuk 1 geeft een overzicht van de α-amylase familie. De nadruk ligt 
hierbij op de structuur/functie relatie en de hydrolyse en transferase voorkeuren 
van de afzonderlijke enzymen van deze familie.  

Hoofdstuk 2 beschrijft een analyse van de drie transglycosyleringsreacties 
gekatalyseerd door Tabium CGTase. Deze reacties verlopen via verschillende 
kinetische mechanismen. De cyclizatiereactie is een één-substraat reactie, 
terwijl de koppelings- en disproportioneringsreacties twee-substraat reacties 
zijn met verschillende kinetische mechanismen. Cyclodextrines bleken 
competitieve remmers te zijn, terwijl incubatie met het tetrasaccharide analoog 
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acarbose resulteerde in een combinatie van competitieve en niet-competitieve 
inhibitie. De inhibitie door acarbose wordt veroorzaakt door één acarbose 
molecuul dat bindt in het katalytisch centrum van het vrije enzym of aan een 
tweede bindingsplaats op het enzym-substraat complex. Zowel het type 
inhibitie door acarbose als het kinetisch mechanisme van de koppelingsreactie 
duidt op de aanwezigheid van een additionele suikerbindingsplaats in de buurt 
van het katalytisch centrum van Tabium CGTase. 

Leden van de α-amylase familie beschikken allen over vier korte 
geconserveerde sequentie motieven. Deze motieven zijn gelokaliseerd onder in 
het katalytisch domein en bevatten de zeven volledig geconserveerde residuen 
van de α-amylase familie. Dit zijn de twee katalytische residuen en vier 
residuen die het substraat binden in het katalytisch centrum. Het zevende 
volledig geconserveerde residu, Asp135, heeft geen directe interacties met het 
substraat, maar vormt interacties met twee van de andere geconserveerde 
residuen die het substraat binden in het katalytisch centrum. Om de functie van 
Asp135 in katalyse en in de architectuur van het katalytisch centrum te bepalen 
werd dit residu gemuteerd. In hoofdstuk 3 is beschreven, dat deze mutanten 
vrijwel katalytisch dood zijn en dat Asp135 essentieel bleek te zijn voor de 
conformatie van de katalytische residuen. Dit was de eerste studie die de 
functie van Asp135 in een enzym van de α-amylase familie overtuigend 
aantoont. 

Om de functie van subsite –6 in katalyse te bepalen werden de residuen die 
subsite –6 vormen gemuteerd. Aangezien cyclodextrines minimaal zes glucose 
residuen groot zijn en subsite –6 geconserveerd is, terwijl de subsites –4, –5 en 
–7 niet geconserveerd zijn, speelt subsite –6 waarschijnlijk een belangrijke rol 
in de vorming van cyclodextrines door CGTase. In hoofdstuk 4 is beschreven 
dat deze mutaties de kcat waarden voor de transglycosyleringsreacties verlagen, 
vooral in reacties met lange substraten. Dus, subsite –6 is belangrijk in 
transferase reacties en in de selectie van substraten die lang genoeg zijn om een 
cyclodextrine te vormen. Deze resultaten zijn in overeenstemming met een 
induced-fit effect gezien in het katalytisch centrum na substraat binding in de 
subsites –7 tot +2. Dit induced-fit effect wordt niet gezien wanneer kortere 
substraten binden in de substraatbindende groeve van CGTase. Dit effect van 
de mutaties in subsite –6 residuen was het eerste biochemisch bewijs, dat 
substraat binding ver van het katalytisch centrum een induced-fit effect geeft in 
het katalytisch centrum van een enzym van de α-amylase familie. 

Om te bepalen waarom CGTase een sterke voorkeur voor transferase 
reacties heeft, werden de acceptorsubsites van CGTase vergeleken met die van 
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α-amylase, zoals beschreven in de hoofdstukken 5 en 6, aangezien 
hydrolyse/transferase specificiteit waarschijnlijk bepaald wordt door de 
eigenschappen van de acceptorsubsites. Hieruit bleek dat de architectuur van 
acceptorsubsite +1 vergelijkbaar is in CGTases en vele α-amylases, terwijl 
acceptorsubsite +2 typisch is voor CGTase. Dit suggereert dat subsite +2 een 
functie heeft in reactiespecificiteit. In CGTase is het glucose residu in subsite 
+2 gebonden door de geconserveerde residuen Phe183 en Phe259, via 
hydrofobe interacties. Mutaties in deze residuen, in zowel BC251 als Tabium 
CGTase, resulteerden in sterk verlaagde transglycosylerings activiteiten en 
verhoogde hydrolyse activiteiten. Vooral de mutaties in Phe259 konden de 
hydrolyse activiteit sterk verhogen. Dus, de twee phenylalanine residuen in 
acceptorsubsite +2 zijn essentieel voor de transferase specificiteit van CGTase, 
aangezien deze residuen de hydrolytische activiteit limiteren. 

In de hoofdstukken 5 en 6 is reeds beschreven dat twee Phe residuen zeer 
belangrijk zijn voor de transferase specificiteit van CGTase. Om te bepalen of 
er meer residuen kritisch zijn voor de transferase specificiteit van CGTase 
werden er willekeurig mutaties aangebracht in BC251 CGTase (met behulp van 
error-prone PCR) en werd er gescreend voor CGTase varianten met verhoogde 
hydrolyse activiteit (hoofdstuk 7). Dit resulteerde in een aantal CGTase 
mutanten met een sterk verhoogde hydrolytische activiteit en leidde tot de 
identificatie van enkele, niet eerder geïdentificeerde, residuen belangrijk voor 
de transferase specificiteit. Na drie ronden van mutagenese werd een CGTase 
mutant verkregen met een hydrolyse activiteit die net zo hoog was als de 
cyclizatie activiteit van het wildtype enzym. De hydrolyse activiteit van deze 
mutant was 90 maal hoger dan die van wildtype CGTase. 

Eén van de geïdentificeerde mutaties (A230V) verlaagde de trans-
glycosylerings activiteiten zeer sterk, terwijl de hydrolyse activiteit juist enorm 
verhoogd was. Structuur bepaling van deze mutant toonde aan, dat de grotere 
valine zijketen substraatbinding op acceptorsubsite +1 belemmert, hoewel dit 
katalyse niet onmogelijk maakt. Het feit dat transferase activiteiten van deze 
mutant veel lager zijn dan de hydrolyse activiteit, suggereert dat de binding van 
een acceptorsuiker in de tweede stap van een transglycosyleringsreactie 
belemmerd wordt, of dat de acceptorsuiker bindt op een manier die niet 
optimaal is voor vorming van een glycosydische binding. Dus, Ala230 is 
essentieel voor de transferase specificiteit van CGTase. 

De driedimensionale structuren van CGTases en de Bacillus stearo-
thermophilus maltogenic α-amylase (Novamyl) vertonen grote gelijkenis, maar 
de eerste is een transglycosylase en de tweede een hydrolase die zetmeel 
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verwerkt tot maltose. Om het verschil in reactiespecificiteit te verklaren werden 
de structuren vergeleken. Twee grote verschillen werden geïdentificeerd in de 
substraatbindende groeve: de architectuur van acceptorsubsite +3 is duidelijk 
verschillend in beide enzymen, en de maltogenic α-amylase heeft een vijf 
aminozuur insertie die substraatbinding in de donorsubsites –3/–4 van CGTase 
zou blokkeren. Hoofdstuk 8 beschrijft de introductie van deze verschillen in 
Tabium CGTase. De verschillen op acceptorsubsite +3 hadden nauwelijks 
effect op de productspecificiteit, terwijl de vijf aminozuur insertie CGTase 
veranderde in een enzym met voorkeur voor hydrolyse. Daarnaast verhoogde 
de vijf aminozuur insertie de exo-reactiespecificiteit van CGTase sterk, tot een 
waarde vergelijkbaar met die van de Novamyl. Dus, door substraatbinding in 
de donorsubsites –3/–4 te blokkeren, wordt CGTase een zetmeel hydrolyserend 
enzym met een hoge exo-reactiespecificiteit. 

 Hoewel de driedimensionale structuren van de vijf CGTases met een 
bekende structuur zeer vergelijkbaar zijn, geldt dit niet voor hun thermo-
stabiliteit. Van deze CGTases, heeft Tabium CGTase duidelijk de hoogste 
thermostabiliteit. Structuur vergelijking tussen Tabium CGTase en de andere 
CGTases liet verschillen zien in zeven regio’s aan het oppervlak van de 
enzymen. Daarnaast heeft Tabium CGTase vier zoutbruggen aan het oppervlak 
die ten hoogste in één van de andere CGTases aanwezig zijn. Om te bepalen of 
deze verschillen belangrijk zijn voor de variatie in thermostabiliteit van 
CGTases, werden de verschillen geïntroduceerd in BC251 CGTase (hoofdstuk 
9). Eén BC251 CGTase mutant (met N188D en K192R mutaties) had een sterk 
verhoogde thermostabiliteit. Asp188 en Arg192 vormen een zoutbrug in 
Tabium CGTase. De driedimensionale structuur van deze BC251 mutant 
toonde inderdaad aan dat de zoutbrug gevormd was. Verder toont dit resultaat 
aan dat het B-domein cruciaal is voor de thermostabiliteit van CGTase, 
aangezien de mutaties in het B-domein van het enzym zijn aangebracht. 

Het werk dat beschreven wordt in dit proefschrift heeft het inzicht in de 
structuur/functie relatie van CGTase vergroot. De resultaten tonen aan dat de 
transferase specificiteit van CGTase bewerkstelligd wordt door verschillende 
substraatbindingsplaatsen die uniek zijn voor CGTase. 
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OVERVIEW OF MUTANT CGTASES 

 
 
 
 
 
 
The function of residues in CGTase, using B. circulans strain 251 numbering. Part of the table 
has been adapted from reference [41]. 

Positiona Residue Mutations Function/effect 
Subsite +3   Acceptor subsite 

264 Glu, Ala, Gln Ala Cyclization, disproportionation [124] 
Subsite +2   Acceptor subsite 
183 Phe Asn, Ser, Leu Cyclization, limitation of hydrolysis  

[53 ;123 ;124] 
232 Lys Leu General activity [124] 
259 Phe, Tyr L, N, I, E, H, R Cyclization, limitation of hydrolysis 

[53;123;124;149] 
Subsite +1   Acceptor subsite 
194 Leu Thr Cyclization [77] 
195 Tyr, Phe All possibilties Cyclization [53;68;77;123; 149;150] 
230 Ala Val Transglycosylation specificity [chapter 7] 
233 His Asp, Asn, Arg General activity [45;157] 
Subsite –1   Catalytic subsite 
100 Tyr Phe, Ser General activity [136] 
140 His Asp, Asn, Arg General activity [45;157] 
227 Arg Ala, Lys General activity [chapter 3] 
229 Asp Ala, Asn Catalytic nucleophile [11;16;135;148] 
257 Glu Ala, Gln Acid-base catalyst [11;135 ;148] 
327 His Asp, Asn, Arg General activity [45;157] 
328 Asp Asn, Ala General activity [135;148] 
Subsite –2   Donor subsite 
98 His Asp General activity [157] 
101 Trp - 
375 Arg - 

- 
- 

Subsite –3   Donor subsite 
47 Arg, Lys, His Trp, Leu, Gln Cyclization [76;chapter 7] 



 

180  

89 Tyr, Asp, Ser F, S, D, G General activity, product specificity [75 ;136] 
94 Asn, Ser, Tyr Ser, Gln Slightly decreased activities [136;chaper 7] 
196 Asp His Reduced activity, more α-cyclodextrin [58] 
371 Asp Gly, Asn, Arg General activity, less α-cyclodextrina [58] 
Subsites –4/–5  No side chain interactions 
Subsite –6   Donor subsite 
167 Tyr Phe Selection of long substrates [74;chapter 4] 
179 Gly Leu Selection of long substrates [74;chapter 4] 
180 Gly Leu Selection of long substrates [74;chapter 4] 
193 Asn Leu, Gly Selection of long substrates [74;chapter 4] 
195 Tyr/Phe All possibilities Cyclization [53;68;77;123; 149;150] 
Subsite –7   Donor subsite 
145 S, M, L, D Ala, Glu Cyclodextrin specificitya 

146 E, S, R, L Pro Cyclodextrin specificity [75] 
147 T, D Trp Cyclodextrin specificitya 
Replacement of loop 145-151 by an Asp residue Reduced activity and cyclodextrin specificity 

[77] 
Insertion of Ile residue between 145 and 146 Increased γ-cyclodextrin specificitya 
    
MBS 1   Maltose binding site [32] 
616 Trp Ala Reduced binding to raw starch [33] 
651 Lys Ala Reduced binding to raw starch [33] 
662 Trp Ala Reduced binding to raw starch [33] 
667 Asn -  
MBS 2   Maltose binding site [32] 
598 Thr - 
599 A, N, V, T, S - 
601 Gly - 
627 Asn - 
628 Gln - 

 

633 Trp Ala Reduced binding to raw starch [33] 
MBS 3   Maltose binding site [32] 
411 Glu, Gln -  
413 Trp Ala Reduced binding to raw starcha 
414 Ile, Val - 
446 Gly, Asn - 
540 D, E, N, T, G - 
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Other important residues 
21 Phe, Val Leu Limitation of hydrolysis [Chapter 7] 
135 Asp Asn, Ala Essential for the conformation of Glu257 and 

Arg227 in the catalytic site [Chapter 3] 
139 Asn Asp, Ala General avtivityb 

284 Phe Lys Cyclization [58] 
326 Asn Asp, Gln, Leu Cyclization and general activitya [58] 

a Dijkhuizen et al., unpublished. 
b Leemhuis et al, unpublished.
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ABBREVIATIONS 
 
 
 
 
 
 
BC251   Bacillus circulans strain 251 
CD    cyclodextrin 
CGTase   cyclodextrin glycosyltransferase 
DSC    differential scanning calorimetry 
EPS    4-nitrophenyl-α-D-maltoheptaoside-4-6-O-ethylidene  
G2-amylase maltogenic α-amylase from Bacillus stearothermophilus 
G5-pNP   4-nitrophenyl-α-D-maltopentaoside 
GH    glycoside hydrolase 
HPLC   high performance liquid chromatograpy  
MαDG    methyl-α-D-glucopyranoside   
PCR    polymerase chain reaction 
Tabium  Thermoanaerobacterium thermosulfurigenes strain EM1
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