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Voorwoord
Het is moeilijk om na al die jaren, en vooral de laatste periode van intensief werken

aan het gereedmaken van dit boekje, terug te kijken naar alles wat hieraan vooraf ging. Laat
ik dus maar bij het begin beginnen; hoe ik als enthousiaste vogelaar begon met mijn studie
biologie. Hier werd nog bijna een stokje voor gestoken, doordat ik naar aanleiding van de
keuring voor de militaire dienst werd uitgenodigd om maar eens te proberen of ik niet piloot
op een F16 zou kunnen worden. “Gelukkig” werd ik in de tweede keuringsronde te emotioneel
bevonden, zodat ik naar huis kon gaan en kon beginnen aan mijn studie. “Gelukkig”, omdat
ik in mijn tweede studiejaar tijdens een avondje stappen Anneke tegenkwam, wat
waarschijnlijk niet gebeurd zou zijn tijdens een opleiding tot vliegenier, omdat daarbij het
tweede jaar zich grootendeels in Texas afspeelt. Tevens kon ik nu op zaterdag bij heit blijven
werken in “ons familibedrijfje”.

Tijdens mijn studie kwam ik er al snel achter dat vogelen een leuke hobby is, maar
dat microbiologie en biochemie me als werk toch meer aantrokken. Zo kwam ik in contact met
professor Dijkhuizen en Dirk Penninga, die mij de gelegenheid boden als student te werken
aan het CGTase. Inmiddels waren Anna en ik gaan samenwonen in Drachten, hetgeen ons
mede mogelijk werd gemaakt door de Nederlandse regering die op het lumineuze idee kwam
om iedere student te voorzien van een OV-jaarkaart, daarvoor dank. Toen ik afgestudeerd was
kon ik solliciteren naar een baan als AIO bij het CGTase project, wat ik ook meteen deed,
omdat het werk en de mensen eromheen me prima waren bevallen. Nu was de regering echter
minder behulpzaam en het ministerie van defensie vond dat ik toch eerst mijn dienstplicht
moest vervullen. Gelukkig waren Anna en ik zo ver gevorderd in onze relatie, dat we wel graag
wilden trouwen en dankzij heit en mem konden we dat ook nog zo doen als we graag wilden.

Zo kon ik dus als kostwinner beginnen als AIO, waarbij de bijverdienste op het
tuincentrum, eerst bij heit en later bij broertje Gerard geen overbodige luxe was, zoals mede-
AIOs zeker zullen beamen. Overigens was dat werk op het tuincentrum ook een welkome
afwisseling, die me in contact hield met de reden waarom ik biologie was gaan studeren. De
laatste jaren van mijn AIO-schap werd die afwisseling vooral verzorgd door eerst Patrick en
later ook Thirsa. 
Als AIO had ik het geluk dat Lubbert en Bauke me de kans gaven de dingen te doen die me
zelf interessant leken, daarvoor dank. Ik hoop dat uit dit boekje blijkt dat die dingen ook
inderdaad interessante resultaten opgeleverd hebben. Verder wil ik alle mensen in en rond het
lab bedanken voor de samenwerking en de prettige sfeer op het werk.

Tot slot lieve Anna, bedankt voor je steun en vertrouwen. De avonden en weekends
zijn nu weer voor jou en de kids.

Bart

Voor Anna, Patrick en Thirsa
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I. Starch, a versatile raw material

I.1. Starch as carbon and energy storage

Many plants produce starch, a high molecular weight polymer of glucose, for storage
as a carbon and energy source. These starch molecules are mostly found in seeds (e.g. wheats)
or roots (e.g. potato) in the form of granules which consist of two types of these glucan
polymers: amylopectin and amylose.

The structure of starch
Amylopectin is an .(1-4)-glucan polymer highly branched with .(1-6)-linkages

(approximately one .(1-6)-linkage per 20 glucose residues) and can consist of over 200,000
glucose residues. It is arranged in organized structures, which form the basis of the starch
granule (Fig. 1). The amylopectin molecules are arranged radially, with their single reducing
end sugar pointed towards the center of the granule. They consist of semicrystalline regions
and amorphous regions, forming the so-called growth rings of the granules (Fig. 1a), which
result from fluctuations in biosynthesis depending on the growth conditions, for example, the
day-night regime. The semicrystalline regions consist of crystalline and amorphous lamellae
(Fig. 1b). The linear parts of the amylopectin molecules form regular packings of double
helices, creating a crystalline matrix (Fig. 1c). At regular intervals (12-16 glucose residues)
these crystalline lamellae alternate with clusters of branching points (Fig. 1d), resulting in
more open (amorphous) lamellae. In the amorphous regions of the starch granule the
organization of the amylopectin molecules is not understood (Smith et al. 1997).

Amylose molecules are linear chains of approximately 1000 glucose residues linked
with .(1-4) glycosidic bonds and have a helical conformation due to the formation of internal
hydrogen bonds. Amylose is found throughout the starch granule; in the amorphous regions
it is interspersed with amylopectin, in the semicrystalline regions its location in the ordered
amylopectin matrix is unclear.

The synthesis of starch
Starch synthesis starts with the formation of linear glucose chains from ADP-glucose

by the action of starch synthase, which catalyzes the formation of an .(1-4) glycosidic linkage
between the C1 of the ADP-glucose and the C4 of the non-reducing end glucose of a growing
chain. Starch synthases are generally divided in two classes; soluble starch synthases (SS) and
granule bound starch synthases (GBSS). SS is responsible for the elongation of amylopectin
chains on the edge of the growing starch granule. When these chains are of sufficient length
to assume the double helical conformation, they provide good substrates for starch branching
enzyme (SBE). This SBE cleaves an .(1-4) linkage in the backbone and links the C1 of the
new reducing end glucose to the C6 of another glucose in the backbone, resulting in an .(1-6)
linked branching point. The concerted action of SS and SBE results in the formation of an
unordered glucan at the surface of the granule. A third enzyme, the debranching enzyme
(DBE), is responsible for the formation of the clusters of branches. DBE removes the branches
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of the glucan, but has no access to the branch points close to the double helical regions, leaving
clusters of branches with short chains at the edge of the granule, which are again elongated by
SS. Thus the organized structure of amylopectin in the starch granule depends on three distinct
activities, of which the specific affinity of SBE for the double helical conformation of the
starch chains is responsible for the periodicity of the crystalline and amorphous lamellae in the
semicrystalline regions. The synthesis of amylose depends on the other class of starch
synthases, GBSS. GBSS is located and active inside the granule, producing amylose chains
within the amylopectin matrix. This amylose remains largely unbranched, because it is
inaccessible for SBE. The formation of amylose within the starch granule accounts for the
strong variation in the ratios of amylose and amylopectin (from 11 to 51 % amylose),
depending on the origin (plant species), variety within plants (plant organ, age of organ), and
growth conditions. These variations may be caused by, for example, the availability of ADP-
glucose inside the granule, or the available space within the amylopectin matrix (Smith et al.
1997).

Figure 1. Structure of the starch granule. a) Slice of a starch granule, showing the
growth rings, consisting of semi-crystalline regions and amorphous regions. b) Detail of
the semi-crystalline region, consisting of crystalline and amorphous lamellae. c) Part of
a crystalline lamella, consisting of the linear parts of the amylopectin molecules, which
form regular packings of double helices, creating a crystalline matrix. d) Part of an
amorphous lamella, which contains the .(1-6) linked branch point in the amylopectin
(reproduced from Smith et al. (1997) with modifications).
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I.2. Starch as carbon and energy source

Many (micro)organisms capable of using starch as carbon and energy source are
found in nature. Starch degradation, like starch synthesis, requires a whole range of enzymes.

Starch degrading enzymes
In order for organisms to use the glucose of the starch granule as a growth substrate,

the starch molecules need to be converted extracellularly into molecules suitable for uptake
and further conversion by the cells. A whole range of starch degrading enzymes with specific
activities has evolved in these organisms (Fig. 2). Most enzymes are hydrolytic, cleaving the
linkages in the starch molecule followed by the reaction of the cleavage product with water,
resulting in a new reducing end. They can be roughly divided into amylases, hydrolyzing .(1-
4) linkages, and debranching enzymes, hydrolyzing .(1-6) linkages.

Figure 2. Action of enzymes involved in the degradation of starch. (q) Glucose
molecule with a reducing end; (o) glucose molecule without a reducing end. Arrows
indicate prefered cleaving points in the starch molecule (reproduced from Wind (1997),
with modifications).
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Examples of debranching enzymes are isoamylase (EC 3.2.1.68) and pullulanase (EC
3.2.1.41). Isoamylase specifically cleaves .(1-6) linkages in amylopectin and branched
dextrins. Pullulanase hydrolyzes .(1-6) linkages in pullulan, which is a linear .-glucan
consisting of maltotriose units joined by .(1-6) glycosidic linkages, but is also capable of
cleaving the .(1-6) linkages in amylopectin. Amylopullulanase (pullulanase type II) hydrolyzes
both .(1-4) and .(1-6) linkages. These different activities can be catalyzed by one active site,
as has been shown for the amylopullulanase from Thermoanaerobacter ethanolicus 39E,
where individual replacements of two catalytic carboxylic amino acids by their amide forms
resulted in loss of both activities (Mathupala et al. 1993). The amylopullulanase from
alkalophilic Bacillus sp. KSM-1378, however, contains two independent active sites (Ara et
al. 1995; Hatada et al. 1996) and the specific hydrolytic activities can be separated by limited
proteolysis with papain, yielding two protein fragments of which one has the amylase and the
other the pullulanase characteristics (including pH and temperature profiles) of the parental
enzyme (Ara et al. 1996).

Amylases can be further subdivided into endo- and exo-acting enzymes. A typical
endo-acting enzyme is .-amylase (EC 3.2.1.1), cleaving .(1-4) bonds randomly in the starch
molecule, producing (branched) oligosaccharides of various lengths. Exo-acting amylases such
as �-amylase (EC 3.2.1.2) cleave .(1-4) bonds at the non-reducing end of the starch molecule
and hence produce only low molecular weight products from starch (mostly glucose or
maltose). Most of these enzymes are incapable of bypassing .(1-6) linkages; degradation of
branched substrates therefore remains incomplete, leaving high molecular weight compounds
(limit dextrins). Some, however, are also able to cleave .(1-6) linkages, for instance
glucoamylase (EC 3.2.1.3) and .-glucosidase (EC 3.2.1.20), but this reaction is slow compared
to the hydrolysis of .(1-4) bonds.

Cyclodextrin glycosyltransferase (CGTase) (EC 2.4.1.19) is a unique member of the
.-amylase family of glycosylases with a low hydrolytic activity. It is usually considered to be
an exo-acting enzyme and unable to bypass branching points. Its main products when acting
on starch are cyclic oligosaccharides consisting of 6, 7, or 8 glucose residues (named .-, �-,
and �-cyclodextrin, respectively) and highly branched high molecular weight dextrins (CGTase
limit dextrins). The cyclodextrins are produced via an intramolecular transglycosylation
reaction (cyclization) in which CGTase cleaves an .(1-4) bond in the starch molecule,
concomitantly linking the reducing and non-reducing ends. The enzyme also catalyzes two
intermolecular transglycosylation reactions: coupling, in which the ring of a cyclodextrin
(donor) is opened and transferred to a linear oligosaccharide (acceptor), and
disproportionation, in which part of a linear oligosaccharide chain (donor) is transferred to
another linear oligosaccharide (acceptor) (Nakamura et al. 1993; van der Veen et al. 2000c).

Metabolism of the products of starch degradation
Degradation of starch by micro-organisms usually proceeds by the concerted action

of a debranching enzyme and an amylase, resulting in the production of short linear
oligosaccharides, or, in the case of CGTase, cyclodextrins. The further metabolism of these
degradation products has been studied extensively in especially Gram-negative bacteria.
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The maltose regulon
No starch degrading enzymes have been reported in Escherichia coli, but the uptake

and degradation of linear oligosaccharides, such as resulting from degradation of starch by the
enzymes described above, have been studied in detail (Fig. 3a). The genes encoding the
proteins involved in these processes are organized in the maltose regulon, consisting of at least
three operons. In the mal A region the genes malP, malQ, and malT are located, encoding a
maltodextrin phosphorylase, an amylomaltase, and a transcriptional activator protein,
respectively. The mal B region contains the genes for the complete import system, consisting
of a maltoporin (lamB), located in the outer membrane; a maltose binding protein (malE),
located in the periplasm; and the components of an ATP dependent transporter (malFGK),
located in the cytoplasmic membrane. The third operon only contains a periplasmic .-amylase
(malS), which probably enables the organism to grow on long chain oligosaccharides that can
pass through the maltoporin, but are too big to be imported by the ATP dependent transporter.
The operons described above are strongly regulated by catabolite repression (glucose effect).
In the absence of an easily metabolizable compound they are transcribed constitutively and can
be further induced by maltose, which binds to the transcriptional activator, resulting in its
active conformation. Oligosaccharides can than enter the periplasm through the maltoporin and
bind to the maltose binding protein, which targets them to the transporter in the cytoplasmic
membrane. In the cytoplasm oligosaccharides consisting of 5 or more glucose residues (Gn)
are converted by maltodextrin phosphorylase to glucose-1-phosphate (G1P) and G(n-1).
Oligosaccharides smaller than 5 glucose units are converted to longer chains by the action of
amylomaltase, catalyzing a disproportionation reaction resulting in the formation of glucose
and a longer oligosaccharide, which can again be converted by maltodextrin phosphorylase
(Schwartz, 1987). 

The Cym operon
The components of the maltose regulon are also present in Klebsiella oxytoca (Fiedler

et al. 1996). This organism is able to utilize starch as a sole carbon and energy source, making
use of a cell surface associated pullulanase and an extracellular CGTase for the degradation
of this high molecular weight substrate (Bender, 1977). The metabolism of cyclodextrins,
resulting from the action of CGTase on starch, has been studied in detail and shows high
homology to the metabolism of maltodextrins in E. coli (Fig. 3.b) (Fiedler et al. 1996; Pajatsch
et al. 1998). The genes encoding the proteins involved in cyclodextrin import and degradation
are located in one region in the genome: the Cym operon. No distinct roles have been
determined so far for 4 genes in this operon (cymB,C,I, and J). One of the genes in this operon
encodes the extracellular CGTase enzyme (cgt). CymA encodes a “cycloporin”, enabling
cyclodextrins to penetrate the outer membrane. The gene product of cymE transports
cyclodextrins across the periplasm and is homologous to the periplasmic maltose-binding
protein (encoded by malE). The gene products of cymF,G and D are homologous to those of
malF,G and K, respectively, and therefore likely to be components of an ATP dependent
transporter for cyclodextrins. Finally, cymH is a gene encoding a cytoplasmic
cyclomaltodextrinase (CDase), which converts cyclodextrins into maltose and maltotriose
(Feederle et al. 1996). These oligosaccharides are further degraded to glucose and glucose-1-
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phosphate by the action of maltodextrin phosphorylase and amylomaltase as described above.
These two enzymes are the only gene products of the maltose regulon required for cyclodextrin
metabolism (Fig. 3).

Figure 3. Uptake and processing of starch degradation products. a) maltodextrin
metabolism by the gene products of the Mal operon; b) cyclodextrin metabolism by the
gene products of the Cym operon (reproduced from Fiedler et al. (1996)).

A possible explanation for the existence of this complicated system is that, by
producing cyclodextrins, the organism builds up an external storage form of glucose, not
accessible for most other organisms because they are not able to metabolize cyclodextrins.
Alternatively, cyclodextrins may protect bacterial cells against toxic compounds in the
environment by forming inclusion complexes as in biological waste water treatment, where the
addition of small amounts of �-cyclodextrin in activated sludges increases the tolerance level
to toxic chemicals (Allegre and Deratani, 1994). Also the availability of compounds needed
for growth may improve when present in an inclusion complex with cyclodextrins
(Aeckersberg et al. 1991). These alternatives, however, do not explain the presence of the
specific uptake and degradation routes for cyclodextrins.
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I.3. Starch as the versatile raw material

Starch can be used as a highly pure industrial raw material which is available in
sufficiently large amounts. In Western Europe alone approximately 6.5 million tonnes of starch
from maize, wheat, and potato are produced each year and used in the food (55 %) and non-
food (45 %) sectors. It can be used as native starch, as modified starch, or as starch
hydrolysates. Increasingly, the versatility of starch is shown by for instance the development
of starch-derived fat replacers, carbohydrate-based detergent components, and starch
copolymers as bioplastics. It has been suggested that the new millennium will carry us towards
a plant-based economy. Conceivably, there is a lot of interest in starch degrading and
modifying enzymes and the products resulting from their activities on starch. 

The industrial importance of starch degrading enzymes
Increasingly, starch degrading enzymes are used for the production of starch

hydrolysates, replacing the chemical methods used historically. These starch hydrolysates can
be used for the production of a wide variety of glucose-based compounds or in fermentations
for the production of for instance ethanol or lactic acid. Furthermore, microorganisms able to
use starch as carbon and energy source can be used for the direct fermentation of starch, a
method used for instance in the production of acetone and butanol by Clostridium
acetobutylicum (Nigam and Singh, 1995).
Not only the versatility of starch, but also that of starch degrading enzymes and of the activities
and products of individual enzymes contribute to the wide range of applications for starch.
This will be further illustrated by the diversity of products from the action of CGTase on starch
or starch derived substrates.

The industrial importance of CGTase
CGTase enzymes are applied for the production of cyclodextrins. Recent

developments, however, also concentrate on the use of the CGTase catalyzed coupling and
disproportionation reactions for the synthesis of modified oligosaccharides by using alternative
acceptor substrates. Furthermore, applications of CGTase limit dextrins are being explored.

Applications of cyclodextrins
The glucose residues in the cyclodextrin rings (Fig. 4a) are arranged in such manner

that the secondary hydroxyl-groups (C2 and C3) are located on one edge of the ring and the
primary hydroxyl-groups (C6) on the other edge, resulting in torus shaped molecules (Fig. 4b).
The apolar C3 and C5 hydrogens and ether-like oxygens are at the inside and the hydroxyl-
groups at the outside of these molecules. This results in a molecule with a hydrophilic outside,
which can dissolve in water, and an apolar cavity, which provides a hydrophobic matrix,
enabling cyclodextrins to form inclusion complexes with a wide variety of hydrophobic guest
molecules (Fig. 4c). Their three-dimensional form and size provide an important parameter for
complex formation with hydrophobic compounds or functional groups (Table 1). Thus specific
(.-, �-, or �-)cyclodextrins are required for complexation of specific guest molecules. The
driving force of inclusion complex formation is the entropic effect of displacement of water
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molecules from the hydrophobic environment of the cavity, probably combined with the fact
that this water causes strain on the cyclodextrin ring, which is released after complexation,
producing a more stable, lower energy state (Saenger, 1980; Saenger, 1984). Because the
inclusion complexes are quite stable they can be separated from the medium by crystallization
(Starnes, 1990).

Figure 4. Structure and properties of cyclodextrins. a) .-, �-, and �-cyclodextrins; b) 3-dimensional
form and properties of cyclodextrins (for sizes of A (outer diameter) and B (inner diameter), see Table
1); c) formation of inclusion complex of a cyclodextrin with a hydrophobic molecule (reproduced from
Penninga ( 1996)).

The formation of inclusion complexes leads to changes in the chemical and physical
properties of the guest molecules (Table 2). These altered characteristics of encapsulated
compounds have led to various applications of cyclodextrins (or their derivatives) in analytical
chemistry (Armstrong, 1988; Luong et al. 1995), agriculture (Saenger, 1980; Oakes et al.
1991), biotechnology (Allegre and Deratani, 1994; Szejtli, 1994),  pharmacy (Albers and
Muller, 1995; Thompson, 1997), food (Allegre and Deratani, 1994; Bicchi et al. 1999), and
cosmetics (Allegre and Deratani, 1994).
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Table 1. Cyclodextrin properties.
.-cyclodextrin �-cyclodextrin �-cyclodextrin

number of glucopyranose units 6 7 8
molecular weight (g/mole) 972 1135 1297
solubility in water at 25oC (%w/v) 14.5 1.85 23.2
outer diameter (A) (') 14.6 15.4 17.5
inner diameter (B) (') 4.7-5.3 6.0-6.5 7.5-8.3
height of torus (') 7.9 7.9 7.9
approx. cavity volume ('3) 174 262 427
Values from Uekama and Irie (1987) and Szejtli (1982).Outer (A) and inner (B) diameter are indicated
in Figure 4.

Other CGTase applications
In addition to production of cyclodextrins through the cyclization reaction, CGTase

can be used for its coupling and disproportionation reactions for the transfer of donor
substrates such as cyclodextrins or starch to acceptor molecules. Increasingly, the use of
alternative acceptors is reported, resulting in novel glycosylated compounds (Kometani et al.
1994; Kometani et al. 1996a; Kometani et al. 1996b). A commercial application of this method
is found in glycosylation of the intense sweetener, stevioside. This bitter compound is isolated
from the leaves of the plant Stevia rebaudiana and has a low solubility. Glycosylation
decreases bitterness and increases solubility (Pedersen et al. 1995). 

Other applications are found for the CGTase limit dextrins. Due to the inability of
CGTase to bypass .(1-6) bonds in gelatinized starches, degradation of these substrates leads
to a reduction in viscosity without a corresponding decrease of the high-molecular character
of starch. This CGTase limit dextrin is applied in processes for surface sizing or coating of
paper, to improve the writing quality of the paper and to obtain a glossy and well printable
surface. The coating or sizing liquid contains converted starch which has been obtained by
treating gelatinized starch with a starch-converting enzyme selected from the group of the
CGTases and the branching enzymes (Bruinenberg et al. 1996).  CGTases can also be used in
the preparation of doughs for baked products which comprises incorporation of the CGTase
into the dough to increase the volume of the baked product (van Eijk and Mutsaers, 1995).

Table 2. Possible effects of the formation of inclusion
complexes on properties of the guest molecules.
Stabilization of light- or oxygen-sensitive compounds
Stabilization of volatile compounds
Alteration of chemical reactivity
Improvement of solubility
Improvement of smell and taste
Modification of liquid compounds to powders
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Shortcomings of industrial applications of CGTase
Like most starch degrading enzymes, the CGTase from B. macerans, which is used

for the commercial production of cyclodextrins (Riisgaard, 1990), is poorly active on native
starch due to the well organized structure of the granules held together by internal hydrogen
bonds. Heating in water (jet cooking) weakens these hydrogen bonds and causes swelling and
gelatinization (Nigam and Singh, 1995), resulting in a very viscous starch solution when
performed at starch concentrations of industrial interest. Therefore, in this initial processing
step, operating at temperatures up to 105-110 (C, an .-amylase is added in order to liquefy the
starch to make it suitable for incubation at the lower temperatures (55 (C) required for the
CGTase catalyzed production of cyclodextrins. Unfortunately, the .-amylase used for
liquefaction produces maltodextrins, which will act as acceptor molecules in the coupling
reaction catalyzed by CGTase, severely reducing cyclodextrin yields (Pedersen et al. 1995).
More recently, very thermostable CGTases have been characterized from thermophilic
anaerobic bacteria belonging to the genera Thermoanaerobacter (Starnes, 1990; Norman and
Jorgensen, 1992) and Thermoanaerobacterium (Wind et al. 1995). These CGTases are active
and stable at high temperatures and low pH values, and are able to solubilize starch, thereby
eliminating the need for .-amylase pretreatment, without any traces of low molecular weight
oligosaccharides produced in the initial stages of the reaction (Starnes et al. 1991). The use of
these thermostable CGTases has the added advantage that the total cyclodextrin production
time can be shortened (Pedersen et al. 1995). The Thermoanaerobacter CGTase (maximal
activities at 90 (C and pH 5.8) has found commercial application since 1996.

A major disadvantage of cyclodextrin production by CGTases is that all known wild
type CGTase enzymes produce a mixture of .-, �-, and �-cyclodextrin and are subject to
inhibition by these cyclic products. The Thermoanaerobacter CGTase for instance produces
an approximately equal mixture of  .- and �-cyclodextrins with a small amount of �-
cyclodextrin. Two different industrial approaches are used to purify the produced
cyclodextrins: selective crystallization of �-cyclodextrin (which is relatively poorly water-
soluble) and selective complexation with organic solvents. These processes not only serve to
purify the cyclodextrins, but also result in decreased product inhibition, enhancing the total
conversion of starch from 40% to 60% (Bergsma et al. 1988). Toluene and cyclohexane are
commercially used for the complexation and selective precipitation of �-cyclodextrin. For .-
cyclodextrin 1-decanol can be used, but this compound is difficult to remove from aqueous
solutions because of its high boiling point (229 (C). Cyclododecanone can be used for
complexation and selective precipitation of �-cyclodextrin, but this solvent is too expensive
for commercial use. Further disadvantages of the use of organic solvents are their toxicity,
their flammability, and the need for a solvent recovery process (Pedersen et al. 1995). The
availability of .- and �-cyclodextrins is thus rather limited at present; consequently, there is
a great demand for a process that could produce these cyclodextrins economically. Also the
processes used for �-cyclodextrin production are not ideal. 

The processes described above make the production of cyclodextrins too costly for
many applications, and the use of organic solvents limits applications involving human
consumption. While the potential market for cyclodextrins in the USA is 32,000 Metric tons
per year (Starnes, 1990), the actual world market for cyclodextrins for 1995 has been estimated
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as 5500 Metric tons only. This major gap will be overcome only when the prize of
cyclodextrins is significantly reduced from US$ 15-20 per kg (for the cheapest (�)
cyclodextrin) to US$ 5 per kg (Schmid, 1989). Clearly, the development of more economical
cyclodextrin production processes is needed to expand the range of commercially successful
technical applications of cyclodextrins.

The high energy costs for solubilization of starch, together with viscosity problems
can be overcome by enzymes active on raw starch granules (Wijbenga et al. 1991). Screening
thus far has yielded two different mesophilic micro-organisms capable of growth on native
potato starch granules, a Microbacterium species and a B. firmus/lentus strain, producing
native starch degrading amylases (Wijbenga et al. 1991).

Clearly, the availability of CGTase enzymes capable of producing an increased ratio
of one particular type of cyclodextrin and with reduced product inhibition would help to avoid
the above described expensive and environmentally harmful procedures involving organic
solvents. This situation has strongly stimulated studies of CGTase structure-function
relationships, with the mechanisms of the CGTase catalyzed reactions and inhibition by the
cyclodextrin products as important research topics. In recent years detailed knowledge has
become available, allowing rational design of mutant CGTase biocatalysts with improved
cyclodextrin product specificity and reduced product inhibition (see below) (Pedersen et al.
1995; Dijkhuizen et al. 1996; Dijkhuizen et al. 1999).
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II. The �-amylase family (family 13) of glycosyl hydrolases

CGTase is a member of the .-amylase family of glycosylases (family 13), an
important group of starch converting enzymes. Enzymes belonging to this group show a wide
diversity in reaction specificities, and many of them are active on starch. Whereas amylases
generally hydrolyze glycosidic bonds in the starch molecules, CGTases mainly catalyze
transglycosylation reactions, with hydrolysis being a minor activity (van der Veen et al.
2000c). Structure/function relationships in the .-amylase family have been studied extensively
and may help to clarify the mechanistic basis of the unique activities of CGTase.

II.1. Sequence similarities in the �-amylase family

Although the overall sequence similarity within the .-amylase family of glycosylases
(family 13) is relatively low (<30 %), four highly conserved regions have been identified in
.-amylases by Nakajima et al. (1986). These regions were found to be also present in other
members of the .-amylase family; .-glucosidases, pullulanases, isoamylases and CGTases
(Svensson, 1994). An amino acid sequence alignment showing these four conserved regions
for diverse members of the .-amylase family is presented in Figure 5.

              132   140 223         233     253    260  324       332
CGT VIIDFAPNH  IDGIRMDAVKH   FTFGEWFL   IDNHDMERF
TAA LMVDVVANH  IDGLRIDTVKH   YCIGEVLD   VENHDNPRF
CD VMLDAVFNH  IDGWRLDVANE   YILGEIWH   LESHDTSRL
PUL VIMDVVYNH  IDGFRFDLMGY   YFFGEGWD   VSKHDNQTL
ISO VYMDVVYNH  VDGFRFDLASV   DLFAEPWA   IDVHDGMTL

...* . **  .**.*.*..     ..* .   .. **   .

Figure 5. Amino acid sequence alignment of the four conserved regions for diverse
members of the .-amylase family. TAA: .-amylase from Aspergillus oryzae (Taka-
amylase A) (Matsuura et al. 1984); CGT: CGTase from Bacillus circulans strain 251
(Lawson et al. 1994); CD: cyclodextrinase from Klebsiella oxytoca (Fiedler et al. 1996);
PUL: pullulanase from Klebsiella aerogenes (Katsuragi et al. 1987); ISO: isoamylase
from Pseudomonas amyloderamosa (Amemura et al. 1988). The residues are numbered
according to the CGTase from Bacillus circulans strain 251. An asterisk indicates amino
acid identity, a dot indicates amino acid similarity.

All four regions contain completely invariant amino acid residues within the .-amylase family
and the functions of most of these have been elucidated by X-ray crystallography, site-directed
mutagenesis, and chemical modification of various members of this family. These residues are
directly involved in catalysis, either through substrate binding, bond cleavage, transition state
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stabilization, or as ligands of a calcium binding site present near the active site. Three
carboxylic acid groups, one glutamic acid and two aspartic acid residues, were found to be
essential for catalytic activity in .-amylases and CGTases. The amino acids are equivalent to
Asp206, Glu230, and Asp297 in .-amylase from Aspergillus oryzae (Matsuura et al. 1984) and
Asp229, Glu257 and Asp328 in CGTase from B. circulans (Klein et al. 1992; Strokopytov et
al. 1995). Two conserved histidine residues, His140 and His327 (CGTase numbering), are
involved in substrate binding and transition state stabilization (Nakamura et al. 1993;
Uitdehaag et al. 1999b). A third histidine, present only in some .-amylases and CGTase
(His233, CGTase numbering), is involved in substrate binding and acts as a calcium-ligand
with its carbonyl oxygen (Lawson et al. 1994; Strokopytov et al. 1996). Arg227 is important
for the orientation of the nucleophile (Asp229, see below) (Uitdehaag et al. 1999b). The role
of Asp135 is not clear, but it is in close proximity of the catalytic site. Asn139 again is a
calcium-ligand. The importance of the calcium binding site is illustrated by the identification
of a fifth conserved region in .-amylases (Janecek, 1992) and, more recently, in several other
members of the .-amylase family (Janecek, 1995). This region consists of the stretch 197-
LADLN in CGTase from B. circulans strain 251 (173-LPDLD in the .-amylase from A.
oryzae) and contains the calcium-ligand Asp199.

II.2. Catalytic mechanism of the �-amylase family

 The reactions catalyzed by the enzymes belonging to the .-amylase family proceed
with retention of the substrate’s anomeric (.-)configuration. Since each substitution at a chiral
center results in inversion of configuration, catalysis must proceed through a double
displacement reaction (Fig. 6) (Koshland, 1953). The first step involves a protonation of the
glycosidic oxygen by a general acid catalyst, creating an oxo-carbonium transition state which
subsequently collapses into an intermediate (McCarter and Withers, 1994; McCarter and
Withers, 1996). This intermediate is attacked by a water nucleophile (or the C4-OH at the non-
reducing end of another oligosaccharide in case of transglycosylases (e.g. CGTase)) in the
second step, assisted by the base form of the acid catalyst. The roles of the three carboxylic
amino acids in this mechanism have been clarified by X-ray crystallographic studies on .-
amylase (Qian et al. 1994) and CGTase (Strokopytov et al. 1995) with acarbose, a potent
pseudotetraose inhibitor, bound in the active site. Glu257 (CGTase numbering) is the general
acid catalyst, acting as proton donor; Asp229 serves as the nucleophile, stabilizing the
intermediate, and Asp328 has an important role in substrate binding. For retaining enzymes
the intermediate could either be an oxo-carbonium ion which is electrostatically stabilized by
a carboxylate, or involves formation of a covalent bond, in which one of the catalytic
aspartates is presumed to act as a nucleophile (see Fig. 6). Although initially the nature of the
intermediate was disputed, it is now generally accepted that the reaction proceeds via a
covalent intermediate.  Clear evidence for a covalent glycosyl-enzyme intermediate in family
13 has been obtained from rapid trapping studies with natural substrates. Low-temperature 13C
NMR experiments have provided evidence for the formation of a �-carboxylacetal ester
covalent adduct between maltotetraose and porcine pancreas .-amylase (Tao et al. 1989).
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Conclusive evidence recently came from experiments involving trapping of a covalent
intermediate with 4-deoxymaltotriosyl .-fluoride as a substrate in the virtually inactive
Glu257Gln mutant of B. circulans 251 CGTase (Mosi et al. 1997) and elucidation of the X-ray
crystallographic structure of the enzyme with the covalently linked intermediate (Uitdehaag
et al. 1999b).

Figure 6. Reaction mechanism of
family 13 glycosylases as revealed
by X-ray crystallographic studies
of CGTase. Retaining enzymes act
via a double displacement
mechanism. The first step involves a
protonation of the glycosidic oxygen
by a general acid catalyst (Glu257 in
CGTase), creating an oxo-carbonium
transition state which subsequently
collapses into an intermediate
covalently linked to the nucleophile
(Asp229 in CGTase). This
intermediate is attacked by the C4-
OH at the non-reducing end of
another oligosaccharide (or a water
nucleophile in case of hydrolysis) in
the second step, assisted by the base
form of the acid catalyst (reproduced
from Uitdehaag et al. (1999b)).

II.3. Three-dimensional structure similarities in the �-amylase family

In contrast to a limited similarity in primary structure (< 30%), the three-dimensional
structures of .-amylases (Matsuura et al. 1984; Boel et al. 1990; Brady et al. 1991; Qian et al.
1993; Qian et al. 1994; Kadziola et al. 1998; Machius et al. 1995b; Machius et al. 1995a) and
CGTases (Kubota et al. 1991; Klein and Schulz, 1991; Lawson et al. 1994; Knegtel et al. 1996;
Harata et al. 1996) are quite similar. .-Amylases generally consist of three structural domains,
A, B, and C, while CGTases show a similar domain organization with two additional domains,
D and E (see Fig. 7). Domain A contains a highly symmetrical fold of eight parallel �-strands
arranged in a barrel encircled by eight .-helices. This so-called (�/.)8- or TIM-barrel catalytic
domain (Janecek, 1994) of 300-400 residues is present in all enzymes of the .-amylase family.
The (�/.)8- barrel was first found in the structure of chicken muscle triose-phosphate isomerase
(TIM) (Banner et al. 1975), but it has been shown to be very wide-spread in functionally
diverse enzymes (Svensson and Sogaard, 1991). Several prolines and glycines flanking loops
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connecting the �-strands and .-helices have been found to be highly conserved in these
enzymes (Janecek, 1996). The catalytic and substrate binding residues conserved in the .-
amylase family are located in loops at the C-termini of �-strands in domain A. The loop
between �-strand 3 and .-helix 3 of the catalytic domain is rather large and is regarded as a
separate structural domain. This B-domain consists of 44-133 amino acid residues and
contributes to substrate binding. The C-domain is approximately 100 amino acids long and has
an antiparallel �-sandwich fold. Domain C of the CGTase from B. circulans strain 251
contains one of the maltose binding sites observed in the structure derived from maltose
dependent crystals (Lawson et al. 1994). This maltose binding site was found to be involved
in raw starch binding (Penninga et al. 1996), suggesting a role of the C-domain in substrate
binding. Some authors suggest that this domain is involved in bond specificity, since in
enzymes hydrolyzing or forming .-1,6-bonds (e.g. pullulanase, isoamylase, branching enzyme)
the A-domain is followed by a different domain (see Fig. 7) (Jespersen et al. 1991). The D-
domain, consisting of approximately 90 amino acids with an immunoglobulin fold, is almost
exclusively found in CGTases and has an unknown function. The E-domain, following the D-
domain in CGTases is more widespread in starch degrading enzymes. Besides in the .-amylase
family, where it is found as the C-terminal domain when present, it is also found in
glucoamylases (family 15 of glycosylases), where it is attached to the C- or N-terminus of the
catalytic domain via a glycosylated linker (see Fig. 7). The E-domain consists of approximately
110 amino acids and was found to be responsible for the adsorption onto granular starch (see
below).

Figure 7. Domain level
organization of starch degrading
enzymes. TAA: .-amylase from
Aspergillus oryzae (Taka-amylase
A); CGT: CGTase from Bacillus
circulans; G2A: maltogenic .-
amylase from Bacillus stearo-
thermophilus; G4A: maltotetraose
f o m i n g  . - a m y l a s e  f r o m
Pseudomonas stutzeri;  CD:
cyclodextrinase from Klebsiella
oxytoca; ISO: isoamylase from
Pseudomonas amyloderamosa;
PUL: pullulanase from Klebsiella
aerogenes; GA; glucoamylase
(family 15 of glycosylases) from
Aspergillus niger (reproduced from
Jespersen et al. (1991) with
modifications).
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II.4. Substrate binding of (�-)amylases and CGTases

The first important step in enzyme catalysis is binding of the substrate. In several
starch degrading enzymes a separate domain responsible for absorption unto raw starch has
been found. For Aspergillus niger two forms of glucoamylase (GA) have been described. GAI
is 114 amino acids longer than GAII and was found to contain an additional C-terminal
domain required for binding raw starch (Svensson et al. 1986b). Fusion of the corresponding
domain of the Aspergillus awamori glucoamylase to the C-terminus of �-galactosidase resulted
in a protein with binding affinity for corn starch and cross-linked amylose (Dalmia et al. 1995)
Sequence comparisons between the E-domain of several amylases and CGTases and the raw
starch binding domain from glucoamylases revealed the presence of this domain in various
starch degrading enzymes (Svensson et al. 1989). Later, evidence for a starch binding site in
CGTases separate from the active site was presented (Villette et al. 1992) and fusion of the E-
domain of the Bacillus macerans CGTase to �-galactosidase demonstrated that it can indeed
function as a starch binding domain (Dalmia et al. 1995). Studies on the CGTase from B.
circulans strain 251 have revealed the function of the E-domain in more detail. High
concentrations of maltose are required for crystallization of this CGTase (Lawson et al. 1990).

Figure 8. Ribbon
drawing of the
structure of the
Bacillus circulans
strain 251 CGTase.
The different do-
mains (A-E) and
maltose binding sites
(1-3) are indicated.
The catalytic resi-
dues and bound
maltose molecules
are indicated as
black sticks.
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Three maltose binding sites (MBS) were observed at the protein surface (Fig. 8), two of which
(MBS1 and MBS3) contribute to intermolecular crystal contacts. MBS1 and MBS2 are both
located on the E-domain, suggesting a role in the raw starch binding function of this domain
(Lawson et al. 1994). Indeed, mutational studies revealed that maltose binding site 1 is
important for (raw) starch binding, while maltose binding site 2 assists in guiding the linear
starch chains into the active site via a groove at the surface of the CGTase protein (see below)
(Lawson et al. 1994; Penninga et al. 1996). The maltose binding sites on the CGTase E-domain
were found to interact strongly with cyclodextrins and oligosaccharides (Knegtel et al. 1995).
Also in the raw starch binding domain of glucoamylase from Aspergillus niger two sites
interacting with maltoheptaose and �-cyclodextrin, similar to the maltose binding sites in the
E-domain of CGTase, have been identified (Sorimachi et al. 1996; Williamson et al. 1997).
Further experiments showed that also the roles of these binding sites are similar to those of
CGTase (Sorimachi et al. 1996; Sigurskjold et al. 1998). Recent studies revealed that the raw
starch binding domain has an additional function in the disruption of the structure of granular
starch (Southall et al. 1999).

As mentioned above, the A-domain contains the catalytic residues of .-amylases and
CGTases, while domain B is involved in substrate binding. X-ray crystallographic studies have
revealed a groove on the surface of these enzymes formed on one side by loops of the A-
domain and on the other side by the B-domain. In crystal structures from pig pancreatic .-
amylase (PPA) (Larson et al. 1994) and CGTase from B. circulans strain 251 (Lawson et al.
1994), where maltose molecules serve as contact points between the enzyme molecules in the
crystals, the functionality of this groove in substrate binding has been nicely shown. In PPA
the maltose is bound at one end of the groove and the contact point in the crystal is formed by
interactions of this maltose with the other end of the groove of the neighboring enzyme
molecule (Larson et al. 1994). Soaking of these crystals with .-cyclodextrin revealed three
binding sites for this cyclic compound. The first .-cyclodextrin replaces the maltose serving
as the contact point between the amylase molecules. The second binding site was found in the
middle of the groove, in close proximity to the catalytic residues. The third .-cyclodextrin is
further removed from the substrate binding groove and bound in a slight depression formed
by an edge of the B-domain and the first turn of .-helix 3 of the A-domain. Interestingly, the
depression in which the third .-cyclodextrin binds in PPA (Larson et al. 1994) corresponds
to a region in CGTase which is involved in interactions between the catalytic domain (A) and
the starch binding domain (E) (Harata et al. 1996). From soaking experiments with the CGTase
from B. circulans strain 251 the structure of the enzyme with a maltononaose inhibitor was
obtained (Fig. 9), revealing in more detail the mode of substrate binding in the groove
(Strokopytov et al. 1996). The substrate binding sites are numbered +2 to -7 (numbering
according to Davies et al. (Davies et al. 1997)), with the catalytic site between subsites +1 and
-1. The non-reducing end of the oligosaccharide is bound at subsite -7, which agrees with the
formation of mainly �-cyclodextrin from starch by the enzyme. The glucose residue at subsite
-7 is located at the end of the substrate binding groove, interacting with amino acid residues
of the B-domain. These residues correspond to the region in PPA where the first .-
cyclodextrin, bound at the beginning of the groove in one enzyme molecule, interacts with the
end of the groove in the neighbouring molecule. The glucose residues bound at subsites +1 and
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-1 only interact with amino acid residues conserved in the whole .-amylase family. Thus
beside the catalytic mechanism and the global 3-D structure also the substrate binding groove
appears to be well conserved in .-amylases and CGTases.

II.5. Product specificity of �-amylases and CGTases

Individual glycosyl residues of an oligosaccharide bind at highly specific subsites in
the active site cleft of the protein. At each subsite, binding energy is generated by hydrogen-
bonds with the OH-groups of the carbohydrates, Van der Waals interactions with aromatic
residues, or by the hydrophobic effect from displacement of bound water molecules (Johnson
et al. 1988; Quiocho, 1986; Quiocho, 1989). To determine the contribution to the Gibbs free
energy (ûG) of the different subsites, and to determine which amino acid residues interact with
the glycosyl residues at these subsites, two methods are being applied; firstly, the hydroxyl
groups of the ligands can be exchanged with hydrogen atoms to measure the individual
contribution of these hydroxyl groups (Adelhorst and Bock, 1992), and secondly, site-directed
mutants can be compared with the wild-type protein (Nakamura et al. 1993). Furthermore, a
kinetic and product formation analysis involving substrates of different length can be used to
calculate the number and positions of the subsites. For CGTase this latter method indicated a
total of 9 subsites for both the CGTase of K. pneumoniae, forming mostly .-cyclodextrin (with
6 glucose residues in the ring), and the CGTase from B. circulans strain 8, forming mostly �-
cyclodextrin (with 7 glucose residues in the ring) (Bender, 1990). Analysis of the preference
of the products formed suggested that for the CGTase of B. circulans strain 8 these 9 subsites
range from +2 to -7, as confirmed by the structure of the maltononaose inhibitor bound in the
active site of the �-CGTase from B. circulans strain 251 (Fig. 9) (Strokopytov et al. 1996). For
the .-CGTase of K. pneumoniae the 9 subsites were predicted to range from +3 to -6. Binding
up to subsite +3 has also been observed in the structure of the .-CGTase from
Thermoanaerobacterium thermosulfurigenes complexed with a maltohexaose inhibitor (Wind
et al. 1998). A similar method, using 4-nitrophenyl-.-maltooligosaccharides of different
lengths as substrates, revealed 5 high affinity subsites in PPA, ranging from +2 to -3
(Ajandouz and Marchismouren, 1995). From these experiments it appears likely that the
number and positions of sugar binding subsites determine the differences in product specificity
between individual .-amylases and CGTases. For example PPA, with an active site consisting
of five subsites, produces mainly maltose and maltotriose, whereas .-amylase from barley
contains at least ten subsites and yields mainly maltose, maltohexaose and maltoheptaose. For
TAKA-amylase a substrate binding model was proposed involving six or seven glucose
residues (Nitta et al. 1971; Matsuura et al. 1984), which has recently been confirmed by the
structure of Aspergillus oryzae .-amylase complexed with an acarbose derived maltohexaose
inhibitor binding from subsites +3 to -3 (Brzozowski and Davies, 1997). Increasingly, X-ray
crystallographic studies of protein-carbohydrate complexes result in the identification of the
protein-ligand interactions, also providing information about factors determining the
carbohydrate substrate and product specificities of different enzymes. Amino acids on loops
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in the A-domain (including the B-domain), linking the C-terminal end of a �-strand to the N-
terminal end of the adjacent .-helix, form the subsites of the active site. The number of
subsites can be changed by changing the length and folding of the loops of the (�/.)8-barrel
(MacGregor, 1993), or by changing specific amino acids using site directed mutagenesis
(Matsui et al. 1992a; Matsui et al. 1992b; Matsui and Svensson, 1997; van der Veen et al.
2000b).

Figure 9. Schematic representation of the hydrogen bonds between the B. circulans strain 251
CGTase and a maltononaose inhibitor bound at the active site. The subsites are numbered according
to the general subsite labeling scheme recently proposed for all glycosyl hydrolases (Davies et al. 1997)
(reproduced from Strokopytov et al. (1996), with modifications).
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III. Cyclodextrin glycosyltransferases

III.1. CGTase catalyzed reactions

Whereas .-amylases generally hydrolyze .(1-4) glucosidic bonds (Fig. 10.a),
CGTases mainly catalyze transglycosylation reactions. Such reactions can be described as:
G(n) + G(m) � G(n-x) + G(m+x) in which G(n) is the donor and G(m) the acceptor
oligosaccharide consisting of n and m glucose residues, respectively. Disproportionation (Fig.
10.b) can be regarded as the default reaction, and is also catalyzed by several other members
of the .-amylase family (e.g. 4-.-glucanotransferase, EC 2.4.1.25 (amylomaltase,
disproportionating enzyme)). The specific CGTase reaction is the cyclization reaction (Fig.
10.c) in which the part of the donor that has been cleaved off also acts as the acceptor,
resulting in formation of a cyclodextrin, described as: G(n) � cyclicG(x) + G(n-x). The reverse
reaction is also catalyzed by the enzyme and is referred to as the coupling reaction (Fig. 10.d).

Figure 10. Schematic representation of the CGTase
catalyzed reactions. The circles represent glucose
residues; the white circles indicate the reducing end
sugars. (a): hydrolysis, (b): disproportionation, (c):
cyclization, (d): coupling.

CGTases and some .-amylases (e.g. maltotetraose forming .-amylase from
Pseudomonas stuzeri (EC 3.2.1.60, G4., (Robyt and Ackerman, 1971)) and maltogenic .-
amylase from B. stearothermophilus (EC 3.2.1.133, G2., novamyl, (Outtrup and Norman,
1984)) have been described as exo-acting enzymes degrading starch molecules from their non-
reducing ends, whereas most .-amylases are endo-acting enzymes cleaving .(1-4) glucosidic
bonds more randomly in the starch molecules. True exo-acting enzymes like �-amylase and
glucoamylase (family 14 and 15 of glycosylases, respectively) have substrate binding clefts
which are closed to one side by specific loops, forcing binding of the non-reducing end of the
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substrate in the active site. In the crystal structure of G4. a similar feature has been observed
(Morishita et al. 1997). However, the open groove found in CGTases and other .-amylases
should allow binding of extended substrates in the active site, consequently resulting in an
endo-type activity. Analysis of the action on amylose by CGTase, forming large cyclic .(1-4)
glucans (Terada et al. 1997), and G2. (Christopherson et al. 1998) indeed showed that these
enzymes attack this high molecular weight substrate in an endo-like manner. The seemingly
exo-type action reported for these enzymes must therefore result from the preferred use of low
molecular weight and/or highly branched substrates in laboratory activity assays, which are
easier to work with than high molecular weight amylose. Interestingly, CGTases and also G4.
and G2. all possess the E-domain, which is absent in most .-amylases (see Fig. 7). The strong
interaction of this domain with starch and various oligosaccharides (Knegtel et al. 1995;
Strokopytov et al. 1996; Penninga et al. 1996) may cause some physical constraints in the
degradation of these compounds, which also could lead to the seemingly exo-type of attack.
Furthermore, binding of amylopectin to the E-domain, or the mere presence of this domain,
may limit the accessibility of the regions between branching points leading to incomplete
degradation of starch, which can also be interpreted as an exo-type of attack. No experiments
supporting or rejecting this hypothesis have been described so far.

The formation of large cyclic .(1-4) glucans from amylose by CGTase was also
interpreted  as opposing generally held views on cyclodextrin product specificity of CGTases
(see below). The same study, however, also revealed significantly higher peaks for .- and �-
cyclodextrin in the reaction with .- and �-CGTase, respectively, present even in the early
stages of the reaction (Terada et al. 1997). Furthermore, the action of potato disproportionating
enzyme (DE) (Takaha et al. 1996) and B. stearothermophilus branching enzyme (BE) (Takata
et al. 1996) on amylose indicate that the CGTase specific cyclization reaction is not required
for the formation of the large cyclic products. DE catalyzes intermolecular transglycosylation
reactions similar to the disproportionation reaction of CGTase, while BE cleaves an .(1-4)
bond in one oligosaccharide molecule or starch chain and links the cleaved off part via an .(1-
6) linkage to another molecule or chain. Although for neither enzyme intramolecular
transglycosylation reactions had been reported before, both enzymes were found to produce
large cyclic .(1-4) glucans similar to those formed by CGTase (with one .(1-6) bond in the
ring for BE) (Takaha et al. 1996; Takata et al. 1996). In these experiments low concentrations
of high molecular weight amylose (0.4, 0.2, and 0.3 % for CGTase, DE, and BE, respectively)
were used, amounting to concentrations in the µM range. Therefore the “cyclization of
amylose molecules” is not necessarily a novel reaction catalyzed by the enzymes, but is a direct
effect of the limited availability of acceptor molecules. For DE and BE the smallest cyclic
glucans formed consisted of 17 and 18 glucose residues, respectively, indicating that the
specific CGTase cyclization reaction is only required for production of smaller cyclic
oligosaccharides (cyclodextrins: 6-8 glucose residues mainly). Although the preferred use of
low molecular weight and/or highly branched substrates for the determination of cyclodextrin
formation and the rather simple HPLC methods generally used for the detection of the
produced cyclodextrins have probably limited observations of large cyclodextrins, production
of /-, 0-, �-, and �-cyclodextrins (consisting of 9, 10, 11, and 12 glucose residues, respectively)
from starch has been reported (Pulley and French, 1961; Penninga et al. 1995). 
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III.2. CGTase versus �-amylase action

Since the first description of a B. macerans strain capable of producing cyclodextrins
from starch (Schardinger, 1911), numerous CGTase enzymes, mostly from gram positive
bacteria, have been purified and characterized. The question what precisely determines the
difference in reaction specificity between .-amylases and CGTases (see Fig. 10) has received
much attention. When retrieving CGTase amino acid sequences from the SWISS-
PROT/EMBL protein data base the following description of CGTases is kindly provided:

“CGTase may consist of two protein domains: the one in the amino-terminal side
cleaves the alpha-1,4-glucosidic bond in starch, and the other in the C-terminal side catalyzes
other activities, including the reconstitution of an alpha-1,4-glucosidic linkage for cyclizing
the maltooligosaccharide produced.”

Indeed, the major difference between CGTases and .-amylases is the presence of
additional C-terminal domains in the former enzyme. It has been hypothesized that these
additional domains are involved in catalyzing the formation of cyclodextrins (Kimura et al.
1987). Experiments with CGTase from alkalophilic Bacillus sp. 1011 of which 10 or 13 amino
acid residues were deleted from the C-terminus were considered to support this hypothesis
(Kimura et al. 1989). Later experiments, however, failed to confirm these findings (Hellman
et al. 1990; Bender, 1990) and indicated that the observed effects may have been caused by
interference of the deletions with the structural integrity of the enzyme (Hellman et al. 1990).
As explained above, the C-terminal domain (E-domain) is responsible for binding to (raw)
starch. The differences in reaction specificity between CGTases and .-amylases, therefore,
appear to be based on specific differences in the active centers. 

III.3. Sequence similarities in CGTases

In general, CGTases show a clear similarity in amino acid sequence, ranging from 47
to 99 %, which should be sufficient to allow identification of residues responsible for the
differences in .-amylase and CGTase action. Fig. 11 shows the amino acid sequence of the
Bacillus circulans strain 251 CGTase and the conserved residues deduced from a sequence
alignment of the 21 CGTases listed in Table 3. The structural features (.-helices and �-sheets)
of the enzyme are indicated to allow a thorough comparison with .-amylases, which are the
members of the family 13 of glycosylases most closely related to CGTases. For this
comparison an alignment including 30 amylases from various sources (fungi, plants, bacteria)
performed by Finn Drablos (personal communication) was used. The first specific CGTase
residues (unique and completely conserved) are found between �-strand 1 and .-helix 1 and
consist of the stretches 27DG and 32NNPXG and the single residues 46L and 53D. Of these
residues only Pro34 is not completely conserved; it is absent in the CGTase of K. pneumoniae,
the most dissimilar of the CGTases included in the alignment. Asp27, Asn32, Asn33, and
Asp53 are ligands of a calcium binding site observed in CGTases (Lawson et al. 1994; Klein
and Schulz, 1991), but not  in  .-amylases. Gly28,  Pro34  and  Gly36  probably  serve  as
structural  support  for  this calcium binding site. Leu46 is not involved in calcium binding, but
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Table 3. CGTases used in the amino acid sequence alignments. Indicated are the sources, the main
product formed by the enzyme and the reference were the enzyme characteristics are described.
Sequences are obtained from the SWISS-PROT/EMBL protein data base.
Abbreviation Bacterial source Main product Reference
KLEPN K. pneumoniae strain M5a1 . (Binder et al. 1986)
BMAC2 B. macerans . (Sakai et al. 1987)
BMACE B. macerans strain NRRL B388 . (Fujiwara et al. 1992b)
TBNOVO Thermoanaerobacter sp. ATCC53.627 ./� (Dijkhuizen et al. 1996)
TABIUM T. thermosulfurigenes EM1 �/. (Wind et al. 1994)
BSTEA B. stearothermophylus strain NO2 ./� (Fujiwara et al. 1992b)
BLICH B. licheniformis ./� (Hill et al. 1990)
BCIR8 B. circulans strain 8 � (Nitschke et al. 1990)
BC192 B. circulans strain E192 � (Bovetto et al. 1992)#
B663 Bacillus sp. strain 6.6.3 � *
BF2 B. circulans strain F2 � (Kim et al. 1992)
BC251 B. circulans strain 251 � (Lawson et al. 1994)
B1018 Bacillus sp. strain B1018 � (Itkor et al. 1990)
B1011 alkalophilic B. sp. strain 1011 � (Kimura et al. 1987)
B382 alkalophilic B. sp. strain 38.2 � (Hamamoto et al. 1987;

Kaneko et al. 1988)
B171 alkalophilic B. sp. strain 17.1 � (Kaneko et al. 1989)
BKC201 Bacillus sp. strain KC201 � (Kitamoto et al. 1992)
BSP11 alkalophilic B. sp. strain 1.1 � (no .) (Schmid et al. 1988)
BOHB B. ohbensis (strain C-1400) � (no .) (Sin et al. 1991)
BREV Brevibacillus brevis strain CD162 �/� (Kim et al. 1998)
BF290 B. firmus/lentus strain 290-3 �/� (Englbrecht et al. 1988)#
# Sequence obtained from Roquette comp.
* Akhmetzjanov, A.A., ENTREZ-NCBI seq ID: 39839 (1992)

the neighbouring residue  47 is involved in binding (semi)cyclic oligosaccharides (see below)
and is typically an Arg, Lys, or His in CGTases. More unique CGTase residues are found in
the B-domain: Phe136 (Tyr in K. pneumoniae), Phe/Tyr151, Glu153, Gly165 (Thr in K.
pneumoniae, but typically an aromatic amino acid in .-amylases), Tyr167, Phe175 (Tyr in K.
pneumoniae), His177, Gly180, and the stretch 192-K/R,N,L,F/Y,D-196, of which only Leu194
is observed also in .-amylases. In K. pneumoniae this stretch starts with His and ends with
Asn, but these are conservative modifications, which are quite different from the
corresponding residues in .-amylases. Also residues Ile190 and Tyr191 are conserved in all
CGTases, except in the enzyme from K. pneumoniae. Noticably, Tyr191 forms a contact
between domains B and D (Harata et al. 1996) and domain D is partially deleted in the CGTase
from K. pneumoniae. Apart from amino acid residue 195, usually a smaller amino acid (Gly,
Ser or Val) in .-amylases, the functions of none of the conserved residues in the B-domain has
been studied thus far. The phenyl group of residue 195 is located at the center of the CGTase
active site and thus might be involved, by hydrophobic interaction with the carbohydrate
residues, in bending the non-reducing end towards the reducing end of the bound
oligosaccharide, resulting in cyclodextrin formation. Mutations at this position (Fujiwara et
al. 1992a; Nakamura et al. 1994a; Penninga et al. 1995; Wind et al. 1998) indeed showed that
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it is important for the cyclization process. However, even Tyr195Gly mutations retained 10-25
% of cyclization activity, indicating that the aromatic character of this residue is not crucial for
this reaction. An alternative role for Tyr195 might be keeping water from the active site, thus
preventing hydrolysis (Penninga et al. 1995). Mutating Tyr(Phe)195 into residues found at the
corresponding position in .-amylases, however, did not result in drastically increased
hydrolyzing activity (Penninga et al. 1995; Wind et al. 1998). Relatively few unique residues
are found in the second part of the A-domain: Tyr210, Trp218, Ile226, and Trp258. The last
residue is positioned directly next to the catalytic Glu257 and is usually a small hydrophobic
residue (A, V, I, or L) in .-amylases. Mutation of this residue in the CGTase from B.
stearothermophilus (W254V) resulted in a fourfold decrease in cyclization activity, while the
hydrolyzing activity was hardly affected (Fujiwara et al. 1992a). 

BC251   1 APDTSVSNKQ NFSTDVIYQI FTDRFSDGNP ANNPTGAAFD GTCTNLRLYC GGDWQGIINK
          DVIYQ.  TDRF DG.  .NNP.G .LL       L. Y  GGDWQG...K

       �1   Ca2+ binding site                

BC251  61 INDGYLTGMG VTAIWISQPV ENIYSIINYS GVNNTAYHGY WARDFKKTNP AYGTIADFQN
          IND Y .  G .TA.WISQPV EN.             .YHGY WARDLLK.TN   LLG   DF  

            .1         �2                                       

BC251 121 LIAAAHAKNI KVIIDFAPNH TSPASSDQPS FAENGRLYDN GTLLGGYTND TQNLFHHNGG
          L  .AH   I K...DF.PNH .SPA   . . L.ENG .Y.N G L.G Y.ND     FHH GG

     .2                            �3     

BC251 181 TDFSTTENGI YKNLYDLADL NHNNSTVDVY LKDAIKMWLD LGIDGIRMDA VKHMPFGWQK
          .DFS. E  I Y.NLLDLAD. . .N  .D Y  K .I  WL   G.DGIR DA VKHM  GWQ

                                  .3                         �4                                   

BC251 241 SFMAAVNNYK PVFTFGEWFL GVNEVSPENH KFANESGMSL LDFRFAQKVR QVFRDNTDNM
               .   . PVFTFGEWLLL G           FAN SGMSL LDF LL   .R .V...

     .4                       �5                                           .5              �6       

BC251 301 YGLKAMLEGS AADYAQVDDQ VTFIDNHDME RFHASNANRR KLEQALAFTL TSRGVPAIYY
          Y .   .  .    Y  ...Q VTFIDNHDM  RF      R    . ALA  L TSRGVP IYY

                .6                       �7                        .7                         �8   

BC251 361 GTEQYMSGGT DPDNRARIPS FSTSTTAYQV IQKLAPLRKS NPAIAYGSTQ ERWINNDVLI
     GTEQY .G   DP NR      F   T .LL.. I  LA LR.  N A..YG T  .RW.N D. .

                               .8                   C-domain   MBS 3 

Figure 11. Amino acid sequence of the catalytic domain of B. circulans strain 251
CGTase.  Residues indicated below the sequence are conserved in CGTases as
determined by an alignment of the CGTases listed in Table 3; L = Tyr or Phe; . =
conserved replacements in other CGTases; .1-.8 indicate the position of the .-helices;
�1-�8 indicate the position of the �-sheets. Bold residues are completely conserved,
underlined residues are unique for CGTases, italic residues are (completely) conserved
in CGTases and at least one group of .-amylases, italic underlined residues are
(completely) conserved in all CGTases and .-amylases.
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III.4. CGTase three-dimensional structures

The increasing availability of X-ray crystallographic structures of CGTase proteins,
especially with inhibitors, substrates, or products bound at the active site, can provide more
insights into the factors determining the unique cyclodextrin producing activity of these
enzymes. The first requirement for the formation of cyclodextrins is binding of a substrate of
sufficient length in the active site. As described above, this requirement is well met in
CGTases and the structure of the maltononaose inhibitor bound in the active site has allowed
determination of the subsite architecture in the substrate binding groove (see Fig. 9)
(Strokopytov et al. 1996). Especially subsites +1, -1 and -2, where the bond-cleavage process
takes place, have an architecture identical to A. oryzae .-amylase (Matsuura et al. 1984;
MacGregor, 1993), except for the presence of Tyr195, located at the center of the active site.
Of the amino acid residues forming subsites -3 to -7 Asp196, hydrogen bonding to the glucose
residue at subsite -3, and Asn193, hydrogen bonding to the glucose residue at subsite -6, have
been identified as specific CGTase residues. These amino acids thus may specifically
contribute to the cyclization reaction, but no mutants clarifying their roles have been reported,
and their involvement therefore is unclear. The amino acid residues interacting with the sugar
residue at subsite -7 (Ser145, Ser146, Asp147) are not specifically conserved in CGTases. The
loop of the B-domain in which they are located, however, contains proline 143, which is
present in most CGTases, but not in .-amylases (see Figs. 11 and 12). At subsite +2 a special
binding mode of the glucose residue is observed. Besides hydrogen bonding to Lys232 (almost
completely conserved in CGTase, but also at least functionally conserved in .-amylases)
hydrophobic interactions with both Phe183 and Phe259 are observed. Although these residues
have been reported to be typical for CGTases (Nakamura et al. 1994a), in most .-amylases at
least one and many times both of the corresponding residues is highly hydrophobic (Phe, Tyr,
or Trp). For instance in PPA the residue corresponding to Phe183 is Tyr151, and this residue
interacts with the .-cyclodextrin bound near the catalytic residues (Larson et al. 1994). In A.
oryzae .-amylase, complexed with an acarbose-derived maltohexaose inhibitor bound in the
active site, the hydrophobic moiety of Leu232 (equivalent to Phe259 in CGTases) has stacking
interactions with the glucose residue at subsite +2 (Brzozowski and Davies, 1997). This
indicates that also at subsite +2 substrate binding of CGTase is similar to that of .-amylase.
Mutation Phe183Leu in the CGTase from alkalophilic Bacillus sp. 1011 resulted in fourfold
and sixfold decreases in cyclization and starch degrading activities, respectively (Nakamura
et al. 1994a). Mutation Phe259Leu resulted in a similar decrease in cyclization activity and a
threefold decrease in starch degrading activity, while a similar mutation in the CGTase from
Bacillus stearothermophilus (Phe255Ile) resulted in complete removal of the cyclization
activity, with a fourfold reduction in the starch degrading activity and a doubling of the
saccharifying activity (hydrolysis) (Fujiwara et al. 1992a). A double mutant
Phe183Leu/Phe259Leu in the CGTase from alkalophilic Bacillus sp. 1011 displayed a
cyclization activity which was 0.5 % of that of the wild type, which is a much larger decrease
in activity than would be predicted from the combination of the two single mutations
(Nakamura et al. 1994a). Probably these residues play a cooperative role in binding the non-
reducing end of the linear chain when it assumes the circular conformation required for
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cyclodextrin production.
More recently two structures of CGTases with cyclodextrin products bound in the

active site have been elucidated (Schmidt et al. 1998; Uitdehaag et al. 1999a). A �-cyclodextrin
bound in the active site of the CGTase from B. circulans strain 251 revealed a binding mode
similar to that of a linear maltooligosaccharide at subsites +1 to -2, resulting in distortion of
the cyclodextrin ring. At subsite +2 the hydrophobic interactions of the glucose residue with
Phe183 and Phe259 are modified; whereas the linear substrate has better stacking interactions
with Phe183, the cyclodextrin product stacks better with Phe259. Furthermore, the hydrogen
bonding interaction with Lys232 is absent in the cyclodextrin structure. These findings support
a specific role of the residues at subsite +2. At subsite -3 the glucose residue of the �-
cyclodextrin hydrogen bonds with Arg47, an interaction not observed with linear
oligosaccharides (Uitdehaag et al. 1999a). As mentioned above, residue 47 is functionally
conserved in CGTases (Arg, Lys, or His) and may therefore play a role in the specific CGTase
catalyzed reactions. A similar interaction between Lys47 and a glucose at subsite -3 was found
in the structures of mutant Glu257Ala of the CGTase from B. circulans strain 8 with a �-
cyclodextrin bound in the active site (Schmidt et al. 1998) and of the Thermoanaerobacterium
thermosulfurigenes strain EM1 CGTase with a maltohexaose inhibitor bound in a semicyclic
conformation in the active site (Wind et al. 1998). Site-directed mutagenesis experiments have
revealed the involvement of Arg47 in the conformational change of the oligosaccharide chain
during the cyclization and coupling reactions catalyzed by CGTase (van der Veen et al. 2000a).

III.5. Cyclodextrin product specificity of CGTases

It has been suggested that the size of the aromatic amino acid (Phe or Tyr), present
in a dominant position in the center of the active site cleft of CGTases (see above), influences
the preferred cyclodextrin size. Sin et al. (Sin et al. 1993) proposed a mechanism in which the
starch chain folds around this residue. Substitution of this central amino acid by a tryptophan,
Tyr188Trp in the B. ohbensis CGTase (Sin et al. 1994) and Tyr195Trp in the B. circulans
strain 8 CGTase (Parsiegla et al. 1998) indeed doubled the relative production of �-
cyclodextrin. However, several other Tyr188 mutations (Sin et al. 1994), as well as the
substitution of Tyr195 of the B. circulans 251 CGTase by other amino acids (Penninga et al.
1995), and the mutation F191Y at the similar position in the CGTase of B. stearothermophilus
NO2 (Fujiwara et al. 1992a) do not support this proposed mechanism. Furthermore, natural
.-, �-, and �-CGTases all have Tyr or Phe at this position, indicating that this residue is not
involved in the differences in product specificity observed for these naturally occurring
enzymes.

As explained above product specificity of .-amylases and CGTase may depend
largely on the number of subsites available for binding glucose units in the active site. The
structure of the CGTase from B. circulans 251 complexed with a maltononaose inhibitor
(Strokopytov et al. 1996) (Fig. 9) has revealed several amino acid residues involved in binding
of the maltononaose. Most of these amino acids have been shown to be conserved in all
CGTases (Phe183, Phe259, Asn193, Asp196), all CGTases and several .-amylases (Lys232,
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His233, Asp371, Arg375), or in the whole .-amylase family of glycosylases (Asp229, Glu257,
His327, Asp328) (see above). These residues are therefore not considered to be involved in
product specificity of natural CGTases, although mutations can result in altered product
specificity as has been shown for the histidins (Nakamura et al. 1993) and the phenylalanines
(Nakamura et al. 1994a). Less conserved are the residues involved in the strong hydrogen
bonding network between the enzyme and the glucose bound at subsite -7 (Fig. 12). Mutation
Ser146Pro, aimed at disturbing this hydrogen bonding network, resulted in a decreased
preference for �-cyclization (van der Veen et al. 2000b), confirming that the inhibitor binding
mode resembles the mode of substrate binding required for the formation of �-cyclodextrin.
The residues involved in this hydrogen bonding network are located in a loop at the start of
the B-domain, between the completely conserved residues His140 (conserved in the whole .-
amylase family) and Glu153 (unique for CGTases) (Fig. 11). 

             140            153
KLEPN          HSN-ANDEN----E
BMAC2          HTNPASSTDPSFAE
BMACE          HTSPADRDNPGFAE

TBNOVO         HTSPASETDPTYGE
TABIUM         HTSPASETDPTYAE
BSTEA          HTSPASETNPSYME

BLICH          HTSPAMETDTSFAE
BCIR8          HTSPAMETDTSFAE
BC192          HTSPAMETDTSFAE
B663           HTSPAMETDTSFAE
BF2            HTSPAMETNASFGE
BC251          HTSPASSDQPSFAE
B1018          HTSPASSDQPSFAE
B1011          HTSPASSDDPSFAE
B382           HTSPASSDDPSFAE
B171           HTSPASLDQPSFAE

BKC201         HSSPALETNPNYVE
BSP11          HSSPALETNPNYVE
BOHB           HSSPALETDPSYAE
BREV           HSSLALETNPNYVE
BF290          HTSPVD------IE

Figure 12. Amino acid sequence alignment of
the region 140-153 in CGTases. Included are
the CGTases listed in Table 3. The CGTases
are ordered according to their cyclodextrin
product specificity; .-CGTases at the top, �-
CGTase at the bottom (Table 3).

Pro143 is highly conserved in this loop and only present in CGTases, indicating that it may
have an important role in preserving a suitable loop conformation. The absence of this proline
and the much shorter loop in the CGTase of K. pneumoniae again indicate structural
differences of this enzyme and do not allow a functional comparison with the other CGTases.
The differences in product specificity of the CGTases are reflected in subtle differences in the
amino acids following Pro143. In CGTases producing predominantly �-cyclodextrin these are
either ASSD or AMET, while in CGTases producing more equal amounts of .- and �-
cyclodextrin the stretch ASET is found, and in CGTases producing little or no .-cyclodextrin
ALET. The primarily �-cyclodextrin forming CGTase from B. firmus/lentus strain 290-3
completely lacks the residues in this region involved in substrate binding. This situation has
recently been copied into the �-CGTase from B. circulans strain 8 by replacing residues 145-
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151 by a single aspartate (û(145-151)D mutant) (Parsiegla et al. 1998), resulting in the stretch
HTSPADAE (HTSPVDIE in the B. firmus/lentus strain 290-3 CGTase, see Fig. 12), which
indeed resulted in increased �-cyclodextrin production. The higher �-cyclization activity of this
mutant has been explained by inducing a further opening of the active site cleft to produce
more space for the bound glucosyl chain (Parsiegla et al. 1998). However, from the structure
of the maltonaose inhibitor and the comparison with .-amylases (see above), it is evident that
the loop region 145-151 flanks the end of the substrate binding cleft, which opens upto the
medium, indicating that there is no space needed to accomodate additional sugar residues. An
alternative explanation for the increased production of �-cyclodextrin by this mutant can be
deduced from the action of CGTases on amylose (see above). Although large cyclic .(1-
4)glucans were formed, the preference for formation of .- or �- cyclodextrin was clearly
visible, even in the early stages of the reaction (Terada et al. 1997). For the B. firmus/lentus
strain 290-3 wild type and the B. circulans strain 8 û(145-151)D mutant CGTases, missing the
residues involved in product specificity in loop region 145-151, cyclodextrin production will
therefore automatically shift to formation of the larger cyclodextrins; not by the creation of
more space for the bound glucosyl chain, but due to the lack of specific interactions. These
findings support the involvement of this loop region in cyclodextrin product specificity.
However, the small differences in this loop between enzymes with different specificities and
the fact that the Ser146Pro mutation in the B. circulans strain 251 CGTase did not result in a
shift in product specificity comparable to the naturally occurring variation, although the
hydrogen bonding network at subsite -7 was effectively disturbed (van der Veen et al. 2000b),
suggest that there is more to cyclodextrin product specificity than modified subsite
specificities.

A second region which may be involved in product specificity is found at subsite -3.
Tyr89 in the maltononaose structure (Fig. 9) has hydrophobic interactions with the glucose
bound at this subsite, an interaction also observed between Tyr75 and the glucose bound at
subsite -3 in the structure of A. oryzae .-amylase complexed with an acarbose derived
maltohexaose inhibitor (Brzozowski and Davies, 1997). In the more thermostable CGTases
this residue is typically an aspartate, which has been shown to create a novel salt bridge with
Lys47 in the structure of the T. thermosulfurigenes EM1 CGTase (Knegtel et al. 1996).
Actually the whole loop containing residue 89 is remarkably different in these enzymes (Fig.
13) and has been proposed to contribute with novel hydrogen bonds and apolar contacts to the
stabilization of the T. thermosulfurigenes EM1 CGTase (Knegtel et al. 1996). That these
differences may also inflict changes in product specificity has been shown in the CGTase from
B. circulans strain 251, where mutation Tyr89Asp resulted in a slight shift towards .-
cyclodextrin production (van der Veen et al. 2000b). A Tyr89Ser mutation in the CGTase from
alkalophilic Bacillus strain I-5, however, did not affect production profiles. Mutant Tyr89Phe
of the same enzyme showed enhanced �-cyclodextrin specificity, but also resulted in a
decreased conversion of starch into cyclodextrins, while an Asn94Ser mutation in the same
loop (resembling the situation in the thermophilic enzymes) enhanced .-cyclodextrin
specificity, and resulted in an increased conversion of starch into cyclodextrins (Kim et al.
1997). The .-CGTases from the B. macerans strains, however, are very similar to the �-
CGTases in this loop region. The only remarkable difference is the substitution of the aromatic
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residue 84, which is also replaced in the .-CGTase of K. pneumoniae and the �-CGTase from
B. firmus/lentus strain 290-3 (see Fig. 13), but otherwise a residue unique for CGTases. This
residue may therefore be specifically involved in �-cyclization. Another characteristic of this
loop is the stretch 78-QPV-80 immediately following �-strand 2, of which Gln78 is a residue
unique for CGTases. Again the K. pneumoniae .-CGTase and the B. firmus/lentus strain 290-3
�-CGTase are exceptions, specifically containing the sequence PPI for this stretch in both
enzymes. Another similarity between these two enzymes is the fact that the loop is shorter than
in most other CGTases. The .-CGTase of K. pneumoniae, however, shows clear homology to
the ./�-CGTase of B. stearothermophilus, whereas the �-CGTase from B. firmus/lentus strain
290-3 is homologous to the CGTases producing virtually no .-cyclodextrin, which are the only
other CGTase enzymes showing the same reduction in loop size (Fig. 13).

           78          89        97
KLEPN       PPIENVNNT--DAAG---NTGY
BMAC2       QPVENITAVINY-SGVN-NTAY
BMACE       QPVENITSVIKY-SGVN-NTSY

TBNOVO      QPVENIYAVLPD-STFGGSTSY
TABIUM      QPVENIYAVLPD-STFGGSTSY
BSTEA       QPVENVFSVMNDASG---SASY

BLICH       QPVENIFATINY-SGVT-NTAY
BCIR8       QPVENIFATINY-SGVT-NTAY
BC192       QPVENIFATINY-GGVI-NTAY
B663        QPVENIFATINY-SGVT-NTAY
BF2         QPVENIYSVINY-SGVN-NTAY
BC251       QPVENIYSIINY-SGVN-NTAY
B1018       QPVENIYSIINY-SGVN-NTAY
B1011       QPVENIYSVINY-SGVN-NTAY
B382        QPVENIYSVINY-SGVH-NTAY
B171        QPVENIYSVINY-SGVN-NTAY

BKC201      QPVENVYALHP--SGY---TSY
BSP11       QPVENVYALHP--SGY---TSY
BOHB        QPVENVYALHP--SGY---TSY
BREV        QPVENVYALHP--SGY---TSY
BF290       PPIENVMELHP--GGF---ASY

Figure 13. Amino acid sequence alignment of
the region around residue 89 in CGTases.
Included are the CGTases listed in Table 3. The
CGTases are ordered according to their
cyclodextrin product specificity; .-CGTases at
the top, �-CGTase at the bottom (Table 3).

New insights in factors determining CGTase cyclodextrin product specificity came
from crystal soaking experiments with the .-CGTase from T. thermosulfurigenes EM1 which
resulted in the structure of the enzyme complexed with a maltohexaose inhibitor bound in the
active site. The conformation of this maltohexaose was more bent compared to the
maltononaose conformation and it was suggested to represent a specific intermediate in
cyclization for the formation of .-cyclodextrin (Wind et al. 1998). Also in the B. circulans
strain 251 CGTase double mutant Y89D/S146P a maltohexaose bound in a similar
conformation in the active site cleft was observed. Although this double mutant produced
significantly more .-cyclodextrin compared to the wild-type enzyme, with the cyclodextrin
product ratio changing from 14:66:20 (.:�:�) for the wild-type enzyme to 30:51:19 for the
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mutant enzyme, this mutant still favours �-cyclodextrin production (van der Veen et al. 2000b).
The bent conformation of the ligands in these enzymes thus probably represent an intermediate
in (.-, �-, and �-) cyclization. The correlation of (increased) .-cyclodextrin specificity and the
preference of binding a linear oligosaccharide in a bent conformation can be related to the rate
limiting step in the cyclization reaction, which is probably the conformational change from
linear substrate to circular product, especially for the smallest (.-)cyclodextrin (van der Veen
et al. 2000c). Stabilization of an intermediate conformation may therefore result in a generally
increased cyclization activity, which is most significant for .-cyclization (van der Veen et al.
2000b). Mutations Asp371Arg and Asp197His of T. thermosulfurigenes EM1, aiming to
hinder and to stabilize, respectively, the maltohexaose bent conformation (Wind et al. 1998),
support this hypothesis. Mutation Asp371Arg resulted in enhanced levels of �- and �-
cyclodextrins produced: from 25:58:14 (.:�:�) for the wild type to 6:68:26 for the mutant
enzyme, however, with drastically decreased specific activities, supporting the role of the bent
intermediate in formation of all cyclodextrins. Mutant Asp197His produced enhanced levels
of .-cyclodextrin: from 28:58:14 (.:�:�) for the wild type to 35:49:16 for the mutant. This also
explains the effects of mutating Tyr195, which leads to increased production of larger
cyclodextrins when changed into Trp (Sin et al. 1994; Parsiegla et al. 1998; Penninga et al.
1995), but even more so when changed to Leu (Penninga et al. 1995). All these mutants
resulted in decreased production of cyclodextrins, indicating that the efficiency of the
cyclization reaction was negatively affected. Combination with the studies described above
indicates that the increased ratio of larger cyclodextrins directly results from interference with
the role of Ty195 in cyclization. This role can be partially taken over by Trp, resulting in a
rather slight shift towards larger cyclodextrins. In the Tyr195Leu mutant, however, the
function of residue 195 is lost, resulting in complete absence of .-cyclodextrin production.

Another interesting amino acid found near subsite -3 is residue 47, which interacts
with (semi)cyclic compounds, but not with linear oligosaccharides. It is found next to the
unique CGTase residue Leu46 in the loop between �-strand 1 and .-helix 1 which has ligands
of the CGTase specific Ca2+ binding site on both ends (see above, Fig. 11). Except in the .-
CGTases and the thermostable CGTases from Thermoanaerobacter sp. and T.
thermosulfurigenes EM1, its position is even more defined by the sulfide bridge formed by
Cys43 and Cys50. The nature of residue 47 shows a clear discrimination between the different
groups of CGTases as defined in Fig. 14. In .- and ./�-CGTases it is a lysine. In �-CGTases
it is either a lysine or an arginine. In the CGTases producing virtually no .-cyclodextrin it is
a histidine. Finally, in the �-CGTase from B. firmus/lentus strain 290-3 a threonine is found
at this position. Interestingly, in the maltohexaose structure of the ./�-CGTase from T.
thermosulfurigenes EM1 Lys47 hydrogen bonds to the glucose residue at subsite -3, an
interaction which is not observed for Arg47 in the maltohexaose structure of the double mutant
Y89D/S146P of the �-CGTase from B. circulans strain 251. These differences may be induced
by the specific residues (Lys or Arg, respectively) or by the absence or presence of the sulfide
bridge, respectively. In either case the observations again support the hypothesis that
stabilization of (the) intermediate conformation(s) of the oligosaccharide chain during the
cyclization reactions have the most stimilating effect on .-cyclization. This is also shown by
mutations Arg47Leu and Arg47Gln in the CGTase from B. circulans strain 251, supporting
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the involvement of this residue in the change of the oligosaccharide conformation. Both
mutants showed a generally decreased cyclization activity, but also a shift towards the
production of larger cyclodextrins (van der Veen et al. 2000a).

             43       50
KLEPN         DPNNLKKYT
BMAC2         HS-NLKLYF
BMACE         RS-NLKLYF

TBNOVO        HT-SLKKYF
TABIUM        HT-SLKKYF
BSTEA         CT-NLRKYC

BLICH         CS-NLKLYC
BCIR8         CS-NLKLYC
BC192         CS-NLKLYC
B663          CS-NLKLYC
BF2           CSTNLKLYC
BC251         CT-NLRLYC
B1018         CT-NLRLYC
B1011         CT-NLRLYC
B382          CT-NLRLYC
B171          CT-NLRLYC

BKC201        CI-DLHKYC
BSP11         CI-DLHKYC
BOHB          CS-DLHKYC
BREV          CS-DLHKYC
BF290         CL-DLTKYC

Figure 14. Amino acid sequence alignment of
the region around residue 47 in CGTases.
Included are the CGTases listed in Table 3. The
CGTases are ordered according to their
cyclodextrin product specificity; .-CGTases at
the top, �-CGTase at the bottom (Table 3).

III.6. Cyclodextrin product inhibition

During incubation of starch with CGTase a maximum of only 40% of the starch is
converted into cyclodextrins. The cyclization activity of CGTase was found to be inhibited by
its cyclodextrin products, removal of which from the reaction mixture via ultrafiltration
enhanced the conversion of starch into cyclodextrins (up to 60%) (Bergsma et al. 1988).
Although this product inhibition has been recognized, its mechanism has not been clarified
until recently. Different studies have revealed a mixed type of inhibition (Lee and Kim, 1992;
Penninga et al. 1996) or uncompetitive inhibition (Lee and Tao, 1995). In the latter study,
however, a poor substrate was used, resulting in substrate inhibition at concentrations higher
than 0.055 %. Therefore these product inhibition studies may have been severely affected by
the limited amount of substrate used. New insights in the product inhibition of CGTase have
been obtained by analysis of the inhibitory effect of cyclodextrin on glucoamylase activity.
Degradation of raw starch by glucoamylase was found to be severely inhibited by
cyclodextrins (Fukuda et al. 1992; Fagerstrom, 1994). This inhibitory effect was less
significant in the action on soluble starch and completely absent when short oligosaccharides
were used as a substrate (Fukuda et al. 1992). Apparently inhibition of glucoamylase starch
degradation by cyclodextrins is linked to the raw starch binding domain of glucoamylase,
which is supported by the fact that this domain has a high affinity for �-cyclodextrin (Svensson
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and Sierks, 1992; Kusnadi et al. 1994). �-Cyclodextrin can bind to the raw starch binding
domain at two sites similar to the MBS’s on the E-domain of CGTase (Sorimachi et al. 1996).
These MBS’s of CGTase from B. circulans strain 251 were found to interact with maltose,
longer oligosaccharides and cyclodextrins (Knegtel et al. 1995). Mutational analysis of these
MBS’s revealed that the non-competitive component of the mixed inhibition by cyclodextrins
function of MBS 2 (with Tyr633) in the E-domain, interfering with amylose binding and
blocking the groove leading to the active site (Penninga et al. 1996). The remaining
competitive product inhibition, interfering with catalysis in the active site can be affected by
changing residues which specifically interact with cyclodextrins (van der Veen et al. 2000a).
However, no mutants have been desribed thus far that show enhanced starch conversion due
to decreased product inhibition.
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IV. Aims and outline of this thesis

Cyclodextrin glycosyltransferase (CGTase) is a unique enzyme, catalyzing the
formation of cyclodextrins from starch. Aim of our work is to gain insight in the factors
determining the specific CGTase properties. As stated in the introduction, cyclodextrin product
specificity and cyclodextrin product inhibition are major drawbacks for the use of CGTase in
the industrial production of cyclodextrins. Here the features of the enzyme determining
reaction specificity, product specificity, and product inhibition are investigated

In Chapter 2 the role of the E-domain in CGTase is analyzed. For glucoamylase an
identical domain is responsible for binding to raw starch and inhibition of glucoamylase
activity by �-cyclodextrin. CGTase contains three maltose binding sites, two of which are
situated in the E-domain. Trp616 and Trp662 of maltose binding site 1 and Tyr633 of maltose
binding site 2 were replaced by alanines. The results show that maltose binding site 1 is most
important for raw starch binding whereas maltose binding site 2 is involved in guiding linear
starch chains into the active site. �-Cyclodextrin causes product inhibition by interfering with
catalysis in the active site and with the function of maltose binding site 2 in the E-domain.

In Chapter 3 the three transglycosylation reactions catalyzed by CGTase are
kinetically analyzed. Cyclization (cleavage of an .-glycosidic bond in amylose or starch and
subsequent formation of a cyclodextrin) is a single-substrate reaction with an affinity for the
high molecular weight substrate used which was too high to allow elucidation of the kinetic
mechanism. Previous studies, however, have revealed Michaelis-Menten kinetics when using
shorter amylose chains. Coupling (cleavage of an .-glycosidic bond in a cyclodextrin ring and
transfer of the resulting linear maltooligosaccharide to an acceptor substrate) is a two-substrate
reaction yielding one product and proceeds according to a random ternary complex
mechanism. Disproportionation (cleavage of an .-glycosidic bond of a linear
maltooligosaccharide and transfer of one part to an acceptor substrate) is a two-substrate
reaction yielding two products and proceeds according to a ping-pong mechanism. The
different kinetic mechanisms observed for the various reactions suggest that it is possible to
manipulate CGTase in such a manner that a single reaction is affected most strongly.

In Chapter 4 cyclodextrin product specificity was investigated based on the X-ray
crystal structure of CGTase complexed with a maltononaose. The maltononaose revealed
specific glucose binding subsites (+2 to -7) in the CGTase active site. To probe the importance
of these substrate binding sites for the .-, �-, and �-cyclodextrin product ratios, three single
and one double mutant were constructed. Residues constituting subsites involved in initial
substrate binding or in the subsequent circularization resulting in formation of the
cyclodextrins contribute strongly to the size of cyclodextrin products formed and thus to
CGTase product specificity.
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In Chapter 5 the role of Arg47, a residue involved in binding cyclic compounds only,
is investigated. Characterization of two site-directed mutants of Arg47 show that this residue
is involved in the cyclization and coupling reactions catalyzed by CGTase. By interacting with
cyclodextrins it is involved in the competitive product inhibition exerted by these
cyclodextrins. The mutants allowed identification of several enzyme features which are
important factors in the production of cyclodextrins.

In Chapter 6 the acceptor binding site of CGTase, which plays an important role in
all CGTase catalyzed reactions is investigated. Several mutants were constructed, again based
on the X-ray crystal structure of CGTase complexed with a maltononaose. The results allowed
identification of important features of CGTase determining reaction specificity.
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The raw starch binding domain of cyclodextrin
glycosyltransferase from Bacillus circulans strain 251

Dirk Penninga, Bart A. van der Veen, Ronald M.A. Knegtel, Sacha A.F.T. van
Hijum, Henriëtte J. Rozeboom, Kor H. Kalk,  Bauke W. Dijkstra and Lubbert
Dijkhuizen

The E-domain of cyclodextrin glycosyltransferase (CGTase) (EC 2.4.1.19) from
Bacillus circulans strain 251 is a putative raw starch binding domain. Analysis of the maltose-
dependent CGTase crystal structure revealed that each enzyme molecule contained three
maltose molecules, situated at contact points between protein molecules. Two of these
maltoses were bound to specific sites in the E-domain, the third maltose was bound at the C-
domain.

To delineate the roles in raw starch binding and cyclization reaction kinetics of the
two maltose binding sites in the E-domain, we replaced Trp616 and Trp662 of maltose binding
site 1 and Tyr633 of maltose binding site 2 by alanines using site-directed mutagenesis.
Purified mutant CGTases were characterized with respect to raw starch binding and cyclization
reaction kinetics on both soluble and raw starch. The results show that maltose binding site 1
is most important for raw starch binding whereas maltose binding site 2 is involved in guiding
linear starch chains into the active site. �-Cyclodextrin causes product inhibition by interfering
with catalysis in the active site and the function of maltose binding site 2 in the E-domain.

CGTase mutants in the E-domain maltose binding site 1 no longer could be
crystallized as maltose-dependent monomers. Instead, the W616A mutant CGTase protein was
successfully crystallized as a carbohydrate-independent dimer; its structure has been refined
to 2.2 ' resolution. The 3D-structure shows that, within the error limits, the absence of
carbohydrates nor the W616A mutation caused significant further conformational changes.
The modified starch binding and cyclization kinetic properties observed with the mutant
CGTase proteins thus can be directly related to the amino acid replacements.

 J. Biol. Chem. 271, 32777-32784 (1996)
The first two authors contributed equally to this work
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Introduction

Cyclodextrin glycosyltransferase (CGTase; EC 2.4.1.19) converts raw starch into
cyclodextrins, which are cyclic oligomers of .(1Ú4) linked glucose residues (Lawson et al.
1990; French, 1957). Cyclodextrins can form inclusion complexes with small hydrophobic
molecules (Saenger, 1980) and are increasingly used in industrial and research applications
(Schmid, 1989). The cgt gene of Bacillus circulans strain 251 has been cloned and sequenced
and the crystal structure of the CGTase protein has been determined at 2.0 Å resolution
(Lawson et al. 1990; Lawson et al. 1994). The protein consists of a single polypeptide chain
of 686 amino acid residues; as in other known CGTase structures (Hofmann et al. 1989; Klein
and Schulz, 1991; Kubota et al. 1991) five domains (A - E) can be recognized. The three N-
terminal domains (A - C) have structural similarity with the three .-amylase domains. Domain
E contains a raw starch binding motif (Lawson et al. 1994; Svensson et al. 1989; Jespersen et
al. 1991) (Figure 1).

In glucoamylases, several Trp residues (W590, W615) in the domain containing this
motif were shown to be essential for degradation of raw starch (Dalmia and Nikolov, 1991;
Svensson et al. 1986a; Belshaw and Williamson, 1993). This domain also has a high affinity
for ß-cyclodextrin (Svensson and Sierks, 1992; Kusnadi et al. 1994), binding of which inhibits
starch hydrolysis (Fagerstrom, 1994). Also in CGTases a starch binding site separate from the
active site is present (Villette et al. 1992) and fusion of the E-domain of the Bacillus macerans

Figure 1. Alignment of the raw starch binding domains in Bacillus circulans strain 251 CGTase and
Aspergillus niger Glucoamylase (GAase), and the consensus raw starch binding motif (Lawson et al.
1994; Svensson et al. 1989; Jespersen et al. 1991). Residues making hydrophobic interactions with a
maltose molecule bound in MBS1 (W616, W662) or MBS2 (Y633) of B. circulans CGTase are shown
in a box (v); those making hydrogen bonds with a maltose molecule bound in MBS1 or MBS2 are
indicated by number 1 and 2, respectively (Lawson et al. 1994). : , identical residues;   . , similar residues.
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CGTase to �-galactosidase demonstrated that it can function as a starch binding domain
(Dalmia et al. 1995). CGTase is sensitive to product inhibition by cyclodextrin, which severely
limits yields in industrial production processes (Bergsma et al. 1988). Recently we showed that
cyclodextrins bind at the CGTase E-domain (Knegtel et al. 1995). This suggested that
cyclodextrins may interfere with starch binding.

Here we report a detailed analysis of raw starch binding and cyclization reaction
kinetics of wild type and mutant CGTase enzymes with a modified E-domain. Evidence is
presented that the E-domain functions in binding of raw starch and guiding of linear starch
chains into the active site.

Figure 2. Construction of plasmid pDP66K. Subcloning steps are indicated adjacent to the arrows.
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Experimental procedures

Bacterial strains and plasmids
Escherichia coli MC1061 [hsdR mcrB araD139 û(araABC-leu)7679 ûlacX74 galU

galK rpsL thi] (Meissner et al. 1987) was used for recombinant DNA manipulations and site-
directed mutagenesis. E. coli DH5. [F'/endA1 hsdR17 supE44 thi1 recA1 gyrA (Nalr) relA1
(lacZYA-argF) U196 (o80dlacû(lacZ)M15](Hanahan, 1983) was used for the production of
monomeric supercoiled plasmid DNA for sequencing. CGTase (mutant) proteins were
produced with the .-amylase and protease negative Bacillus subtilis strain DB104A [amy
nprR2 nprE18 aprA3](Smith et al. 1988). Plasmid pKM1 [Apr Kmr ColE1] (Kiel et al. 1987)
was digested with HincII. The fragment containing the kanamycin -resistance marker was
ligated with the largest fragment from plasmid pDP66S (Penninga et al. 1995) containing the
B. circulans strain 251 cgt gene, digested with HindIII and XbaI (made blunt with Klenow
polymerase). The resulting CGTase protein expression shuttle vector pDP66K, with the cgt
gene under control of the erythromycin-inducible p32 promoter (van de Vossen et al. 1992),
was transformed to E. coli MC1061 under selection for erythromycin and kanamycin
resistance (Figure 2). This plasmid was considerably more stable than plasmid pDP66S, both
in E. coli and in B. subtilis. DNA manipulations and calcium chloride transformation of E. coli
strains were as described (Sambrook et al. 1989). Transformation of B. subtilis was performed
according to Bron (Bron, 1990).

Site-directed mutagenesis
Mutations were introduced with a PCR method using VENT-DNA polymerase (New-

England Biolabs, Beverly, MA, USA). A first PCR reaction was carried out with a
mutagenesis primer for the coding strand plus a primer 910-1050 bp downstream on the
template strand. The 910-1050 bp reaction product was subsequently used as primer in a
second PCR reaction together with a primer 760 - 900 bp upstream on the coding strand. The
product of the last reaction (1800 bp) was cut with BglI and HindIII and exchanged with the
corresponding fragment (600 bp) from the vector pDP66K. The resulting (mutant) plasmid was
transformed to E. coli MC1061 cells. The following oligonucleotides were used to produce the
mutations: 
Y633A: 5'-G GTC GTT TAC CAG GCG CCG AAC TGG-3'
W616A: 5'-GC GAG CTC GGG AAC GCG GAC CCG-3' 
W662A: 5'-CC GTC ACC GCG GAA GGC GGC-3' 
Successful mutagenesis resulted in appearance of the underlined restriction sites, allowing
rapid screening of potential mutants. For Y633A this restriction site was NarI, for W616A
SacI and for W662A SacII.  A mutation frequency close to 70% was observed; all mutations
were confirmed by restriction analysis and DNA sequencing.

DNA sequencing
Plasmid pDP66K carrying the correct restriction site was transformed to E. coli DH5.

cells. DNA sequence determination was performed on supercoiled plasmid DNA using the
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dideoxy-chain termination method (Sanger and Coulson, 1975) and the T7-sequencing kit from
Pharmacia-LKB Biotechnology, Sweden.

Growth conditions and purification of CGTase proteins
Plasmid carrying bacterial strains were grown on LB agar in the presence of the

antibiotics erythromycin and kanamycin, at concentrations of 100 and 5 µg/ml for E. coli and
B. subtilis, respectively (Sambrook et al. 1989). B. subtilis strain DB104A with plasmid
pDP66K, carrying wild type or mutant cgt genes, was grown in a 5 l flask, containing 1 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 4.5 (for approx. 36 h). Under these conditions high extracellular CGTase levels were
obtained reproducibly, allowing purification to homogeneity of upto 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 .-cyclodextrin-Sepharose-6FF column (Pharmacia, Sweden) (Sundberg and
Porath, 1974) 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 .-cyclodextrin.

Enzyme assays
�-Cyclodextrin forming activity was determined by incubating appropriately diluted

enzyme (0.1-0.2 units of activity) for 2-4 min at 50oC. A 5% solution of partially hydrolysed
potato starch with an average degree of polymerization of 50 (Paselli SA2; AVEBE, Foxhol,
The Netherlands), was used as a substrate. At regular time intervals samples were taken and
the amount of �-cyclodextrin formed was determined based on its ability to form a stable
colourless inclusion complex with phenolphthalein (Vikmon, 1982). One unit of activity is
defined as the amount of enzyme able to produce 1 µmol of �-cyclodextrin per min. 

Raw starch binding properties were studied by incubating pure (mutant) CGTase
(final concentration 6 µg/ml) with increasing amounts (0-10%) of granular potato starch
(AVEBE, Foxhol, The Netherlands) at 4oC for 1 h, in the presence and absence of 0.1 mM of
�-cyclodextrin (equilibrium was reached within 10 min). CGTase protein bound to the starch
granules was spun down at 4oC for 1 min at 10,000 g and the remaining cyclization activity in
the supernatant was measured as described above.

Kinetic studies were performed by measuring �-cyclodextrin forming activity of
(mutant) CGTase enzymes (final concentration 0.6 µg/ml, equivalent to 0.15-0.18 units) at
Paselli SA2 concentrations ranging from 0-5%, in the presence or absence of 1 or 2 mM of �-
cyclodextrin. Alternatively, kinetic studies were performed by incubating CGTase enzymes
(final concentration 6 µg/ml) for 10 min with raw starch concentrations ranging from 0-50%;
�-cyclodextrin formation was determined as above. All experiments were carried out at least
in triplicate. Plots of the data obtained (Figures 4 - 6) were better described with the Hill
equation than the Michaelis-Menten equation, indicating that some form of cooperativity is
involved both in the cyclization reaction and raw starch binding kinetics. To determine the
degree of cooperativity, the data from these kinetic and binding studies were fitted with an
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equation equivalent to the Hill equation (eqn.(1)) (Creighton, 1993), using the Sigma Plot
program (Jandel Scientific). Plotting x versus [S] yields a sigmoidal curve (primary plot).

 Xmax#[S]h

x = ����������

 K50h+[S]h

(1)

In this equation is
[S]: the substrate concentration
K50: equivalent to the dissociation constant
h: the Hill constant, indicating the degree of cooperativity involved
x: for the binding studies: b, the fraction of protein bound to the raw starch,

for the kinetic studies: v, the velocity of the reaction
Xmax: for the binding studies: Bmax, the maximal fraction of protein bound to the

raw starch, for the kinetic studies: Vmax, the maximal velocity of the
reaction

Equation (1) can be rewritten as:

   x
log  ���������� =   h#log[S] - h#logK50
     k   Xmax-x   r 

(2)

      x
By plotting log    �����������   versus log[S] (Hill plot) a straight line is obtained

           k    Xmax-x   r

In this plot the slope of the line gives the Hill constant h, the y intercept is -h#logK50 and the
x intercept is logK50. Ki values for the inhibitory effect of �-cyclodextrin on kinetics of the
cyclization reaction on Paselli SA2 were calculated using the following equations (Creighton,
1993):

    [I]      
�������

For competitive inhibition Ki1 = K50i 
����� -1
K50

(3)

     [I]     
��������

For non-competitive inhibition Ki2 = Vmax 
������ -1
Vmaxi (4)

In  equation  (3),   K50i  is  the  apparent  K50  when  �-cyclodextrin  is  added  and  Ki1  is  the
concentration �-cyclodextrin at which the apparent K50 is 2#K50. In equation (4), Vmaxi is the
apparent Vmax when �-cyclodextrin is added and Ki2 is the concentration �-cyclodextrin at
which the apparent Vmax is ½#Vmax.
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Crystallization and data collection
Attempts to crystallize the W616A mutant CGTase under similar conditions as the

wild type (Lawson et al. 1994) resulted in phase separation in the hanging drops. Therefore
a Sparse Matrix (Jancarick and Kim, 1991) (48 experiments) was set up using hanging drops
with a protein concentration of 8 mg/ml in 10 mM Na-acetate buffer, pH 5.5, at room
temperature. Five conditions, all containing PEG8000 at pH 5.5-7.3, resulted in crystalline
material. Refinement of these conditions showed that the biggest crystals could be grown from
9-12% (w/v) PEG8000 at pH 6.8 to 7.2. Many crystals were intergrown plates or twinned
needles but a small number of them were rod-shaped single crystals belonging to the
monoclinic spacegroup P21 with cell dimensions a=73.7 Å, b=84.8 Å, c=118.3 Å and
�=107.0(. X-ray diffraction data were collected on a MacScience Dip2000K image plate
system and processed with XDS (Kabsch, 1993) yielding a data set of 50563 unique
reflections with an Rsym of 8.3% and 71.3% completeness to 2.2 Å resolution.

Table 1. Data collection statistics and quality of the final model for the W616A mutant of CGTase.
Rmerge is defined as:  Rmerge = (��  Ij(hkl)-<I(hkl)>)/(��<I(hkl)>) and the crystallographic R-factor is
defined as: R = � Fobs-Fcalc /� Fobs. Free R-factors were calculated using 5 % of the unique
reflections.

Cell dimensions (P21):
a  (Å) 73.7
b  (Å) 84.8
c  (Å) 118.3
� (degrees) 107.0
Resolution range (Å) 45.1-2.2
Total number of observations 133691
Nr. of discarded observations 717
Nr. of unique reflections 50563
Rmerge 0.083
Completeness of data (%) 71.3
Completeness (%) of last 51.5
resolution shell (Å) (2.24-2.20)
Nr. of protein atoms 2 x 5255
Nr. of calcium atoms 2 x 2
Nr. of solvent sites† 119 / 144
Average B factor (Å2)† 20.0/ 18.1
Final R factor/R-free (%) 19.3/ 25.0
Rms deviations from ideality fo bond lengths (Å) 0.005
bond angles (deg) 0.72
torsion angles (deg) 20.1
trigonal planes (Å) 0.007
planar groups (Å) 0.010
van der Waals contacts (Å) 0.016
rms difference in B for neighbouring atoms (Å2) 1.98

† For molecule A and B, respectively.
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Molecular replacement
Molecular replacement was carried out with the native CGTase structure (without

maltoses or solvent and with residue Trp616 replaced by Ala) as the search model. The
rotation and translation functions (Crowther, 1972; Crowther and Blow, 1967) were solved
with diffraction data in the 8.0-4.0 Å resolution range. Two unique solutions were obtained
at 91, indicating the presence of a dimer in the asymmetric unit. The relative y-coordinates of
the two solutions were determined with the program BRUTE (Fujinaga and Read, 1987). The
two solutions correspond to a rotation of the search model over .=77.5(, �=140.0( and
�=150.0( and a translation in fractional coordinates of 0.13, 0.00 and 0.24 for the first solution
and a rotation of .=105.0(, �= 100.0(, �=355.0( and a translation of 0.44, 0.44 and 0.03 for
the second solution.

Structure refinement
Both molecules were subjected to rigid body refinement with TNT (Tronrud et al.

1987), followed by alternating manual adjustments with O (Jones et al. 1991) and refinement
with TNT. Free R-factors (Brünger, 1993) were calculated using 5% of the data. The final
model has crystallographic and free R-factors of 19.3% and 25.0%, respectively, and good
stereochemistry (Table 1). The final model has been deposited at the protein databank
(Bernstein et al. 1977) (entry code 1TCM).

Results and Discussion

Structures of maltose binding sites in the E-domain
In previous studies we identified two maltose binding sites (MBS) in the E-domain

of B. circulans strain 251 CGTase (Lawson et al. 1994). MBS1 includes Trp616 and Trp662,
which bind a maltose unit through van der Waals contacts of their indole groups with the
glucose rings. Direct hydrogen bonds with the side groups of Lys651 and Asn667 and water
mediated hydrogen bonds with the main chain carbonyl oxygen atoms of Trp616 and Glu663
further enhance maltose binding (Figure 1)(Lawson et al. 1994). In MBS2, Tyr633 forms van
der Waals contacts with a glucose residue. Direct hydrogen bonds with the side chains of
Thr598, Asn627 and Gln628 and the main chain carbonyl oxygen atoms of Ala599 and
Gly601, and one water mediated hydrogen bond with Asn603, complete maltose binding
(Figure 1) (Lawson et al. 1994). MBS2 is located near a groove leading to the active site
(Figure 3), indicating that its function may be a combination of starch binding and guiding the
substrate into the groove leading to the active site. A third MBS, located at the C-domain, has
also been identified (Lawson et al. 1994). The distances between the different MBS-sites
measured over the surface of the protein are from MBS1 to MBS2: 30Å, from MBS1 to
MBS3: 60Å and from MBS2 to MBS3: 52Å (± 5Å). Recently we showed that cyclodextrins
bind at MBS1 and MBS2, but not (or less) at MBS3 (Figure 3);(Knegtel et al. 1995).  The
functions of MBS1 and MBS2 in the E-domain were studied further by replacing the residues
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responsible for hydrophobic interactions with sugar residues (W616, Y633, W662) by alanine
residues. The biochemical and structural properties of these mutant CGTase proteins are
reported below.

Figure 3. Stereo representation of .-cyclodextrin stacked over the hydrophobic
residues of the maltose binding sites in the E-domain of B. circulans strain 251
CGTase. Visible are also maltose stacked on maltose binding site three (MBS3) in the
C-domain, and maltotetraose (G4) in the active site (Knegtel et al. 1995).

MBS1 is most important for the raw starch binding capacity
The wild type protein has a high affinity towards raw starch and at high substrate

concentration virtually all of the enzyme is bound to the raw starch (Figure 4(A1), Table 2).
Especially the W616A/W662A mutations in MBS1 clearly affected raw starch binding,
resulting in highly decreased affinities as shown by the strongly enhanced K50 (dissociation
constant) values (Figure 4(B), Table 2). TheY633A mutation in MBS2 also resulted in a strong
increase of the K50 value (Figure 4(C), Table 2). The W616A and W616A/W662A mutations
also resulted in a decreased binding capacity indicated by the strongly reduced Bmax (maximal
fraction of bound protein) values (Figure 4(B1), Table 2). The Y633A mutation had much less
effect on Bmax values (Figure 4(C1), Table 2). From this we conclude that MBS1 (Trp616,
Trp662) is of crucial importance for raw starch binding, while MBS2 (Y633) especially
improves the binding affinity for raw starch and only makes a relatively small contribution to
the binding capacity.
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Table 2. Binding properties of Bacillus circulans strain 251 wild type and mutant
CGTase proteins with raw starch (RS); effects of �-cyclodextrin (�-CD).

(mutant) protein   Bmax K50  (%RS) h
- �-CD + �-CD - �-CD + �-CD - �-CD + �-CD

wild type 1.00±0.02 0.99±0.03 0.79±0.03 1.06±0.07 1.78±0.11 1.56±0.14
W616A 0.63±0.03 0.42±0.02 1.56±0.21 1.30±0.15 1.05±0.09 1.41±0.18
W616A/W662A 0.49±0.01 0.33±0.02 2.36±0.13 2.27±0.30 1.19±0.06 1.07±0.07
Y633A 0.88±0.02 0.81±0.02 1.52±0.07 1.97±0.09 1.30±0.06 1.17±0.04

The Hill factor h (the degree of cooperativity) for raw starch binding is 1.7 for the
wild type CGTase, indicating that at least two sites are involved in binding (Table 2). The Hill
factors have severely decreased in mutants W616A and W616A/W662A, demonstrating that
in wild type CGTase MBS1 is one of the sites contributing to cooperative binding. Mutant
Y633A has an intermediate Hill factor; cooperativity in raw starch binding thus was less
affected in this mutant. This suggests that one or more sites other than MBS2 cooperate with
MBS1 in raw starch binding in wild type CGTase. This is in agreement with the residual starch
binding occurring in the W616A/W662A mutant. Conceivably, these alternative sites are the
active site cleft and/or MBS3 in the C-domain. Preliminary results with a MBS3 mutant
indicate that this site is indeed involved in raw starch binding (not shown).

Figure 4. Primary plots (..1) and Hill plots
(..2) for binding to raw starch of Bacillus
circulans strain 251 wild type (A),
W616A/W662A (B) and Y633A (C) mutant
CGTase enzymes, in the presence of 0.1 mM
(O), and 0 mM (q) �-cyclodextrin.
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�-Cyclodextrin competitively inhibits raw starch binding at MBS1
Under cyclodextrin production conditions B. circulans strain 251 CGTase suffers

from product inhibition (Bergsma et al. 1988). A crystallographic analysis of cyclodextrin
binding to CGTase revealed that cyclodextrin is bound at MBS1 and MBS2 (Knegtel et al.
1995) in the E-domain (Figure 3), but not at MBS3 in the C-domain, or in the active site. We
now observed that the presence of  �-cyclodextrin indeed affected the raw starch binding
properties of the wild-type CGTase (Figure 4(A), Table 2). Addition of �-cyclodextrin resulted
in an unchanged raw-starch binding capacity (indicated by Bmax), but in an increased K50

(dissociation constant) value for the wild-type CGTase, reflecting a decreased affinity for raw
starch. �-Cyclodextrin thus competitively inhibits raw starch binding by the wild-type enzyme.
Almost the same competitive effect was observed for mutant Y633A (Figure 4(C), Table 2),
indicating that with an impaired MBS2 the effect of �-cyclodextrin on raw starch binding had
not changed. This again illustrates that MBS2 does not contribute substantially to raw starch
binding. The effect of �-cyclodextrin on the binding of raw starch by mutants W616A and
W616A/W662A, however, was completely different. Here the K50 values did not change upon
addition of �-cyclodextrin (Figure 4(B2), Table 2), while the raw starch binding capacity
(indicated by Bmax) severely decreased (Figure 4(B1), Table 2). �-Cyclodextrin thus non-
competitively inhibits raw starch binding by CGTase mutants with an impaired MBS1. It
follows that in the wild type CGTase, binding competition between raw starch and �-
cyclodextrin takes place at MBS1.

MBS2 is most important for guiding linear starch chains into the active site
The raw starch binding studies show that MBS1 is important for the binding capacity

while MBS2 enhances the affinity, suggesting that these sites have distinct functions. Kinetic
studies of the cyclization activity of (mutant) CGTase proteins with soluble starch (Paselli
SA2) as substrate were performed to further elucidate these functions (Figure 5, Table 3).
Mutations in MBS1 and MBS2 had relatively minor effects on the Vmax (maximal velocity
of the reaction) values. The mutations W616A/W662A in MBS1 resulted in a doubling of the
K50 (dissociation constant) value (Table 3), indicating that binding of the substrate at MBS1
on the E-domain enhances the affinity of the enzyme for the substrate. Although MBS2 does
not strongly contribute to raw starch binding capacity, mutation Y633A resulted in an even
more increased K50 value (Table 3), indicating a strongly reduced affinity for the substrate.
This, together with the fact that MBS2 is situated at the beginning of the groove leading to the
active site (Figure 3), suggests a role for MBS2 in guiding the substrate to the active site.

Table 3. Kinetic properties of the cyclization reaction of Bacillus circulans strain 251 wild type and
mutant CGTase proteins with Paselli SA2; effects of �-cyclodextrin (�-CD).
(mutant) protein Vmax(U/mg) K50(% Paselli) h Ki1(mM �-CD) Ki2(mM �-CD)
wild type 271.2±1.7 0.028±0.003 2.3±0.6 1.35±0.59   8.1±1.0
W616A 251.0±3.2 0.037±0.005 1 0.84±0.31 11.5±1.8
W616A/W662A 248.8±3.7 0.062±0.006 1 1.95±0.51 10.4±1.6
Y633A 319.0±5.7 0.092±0.010 1 0.58±0.07 27.8±9.7
Ki1 represents competitive inhibition, Ki2 represents non-competitive inhibition. 
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 The cooperativity factor h decreased to 1 for all mutants, indicating complete loss of
cooperativity (Table 3). This implies that both MBS1 and MBS2 are crucial for the
cooperativity observed in cyclization reaction kinetics on Paselli SA2. In the absence of MBS1
the affinity of MBS2 for the substrate is very low (Table 2), causing a reduced efficiency of
this MBS2; furthermore, MBS2 and the active site cleft can be regarded as one binding site
for a high molecular substrate. In the absence of MBS2 the substrate will still bind to MBS1,
but it is not efficiently guided to the active site.

Figure 5. Primary plots (..1) and Hill
plots (..2) for the reaction kinetics on
Paselli SA2 (soluble starch) of Bacillus
circulans strain 251 wild type (A),
W616A/W662A (B) and Y633A (C)
mutant CGTase enzymes, in the
presence of 2 mM (x), 1 mM (s), and
0 mM (q) �-cyclodextrin. The
seemingly random distribution of points
at high Paselli SA2 concentrations (A2)
are caused by the low K50 and high h
values for the wild type enzyme.

�-Cyclodextrin inhibits the cyclization reaction at the active site and by
interfering with MBS2

�-Cyclodextrin reduces the capacity of CGTase to bind raw starch (Table 2); also the
cyclization reaction with soluble starch is inhibited by �-cyclodextrin (Table 3). This inhibitory
effect on the cyclization reaction was investigated further to see whether it involves the
maltose binding sites. For the wild type enzyme the presence of �-cyclodextrin resulted in
clearly decreased Vmax and increased K50 values (Figure 5(A), Table 3); inhibition of
cyclization activity by �-cyclodextrin therefore appears to be of a mixed type (Creighton,
1993). This type of inhibition can be divided into an effect on the K50, normally observed for
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competitive inhibition, yielding Ki1, and an effect on the Vmax, normally observed for non-
competitive inhibition, yielding Ki2  (Table 3). So in the wild type �-cyclodextrin interferes
competitively with the cyclization reaction at the active site and non-competitively elsewhere
on the enzyme. The W616A and W616A/W662A mutants showed the same type of inhibition
as the wild type, with Ki values for �-cyclodextrin which did not differ significantly from the
wild type values (Table 3). Upon addition of �-cyclodextrin the Y633A Vmax, however, was
less affected, resulting in a higher Ki2,  while its K50 value  increased more,  resulting in a
lower Ki1  (Figure 5(C),  Table 3). This indicates that in wild type CGTase non-competitive
inhibition is mainly caused by interference of �-cyclodextrin with the function of MBS2. A
�-cyclodextrin bound to this site may not only prevent starch binding, but also block the
groove leading to the active site (Figure 3)(Lawson et al. 1994; Knegtel et al. 1995). The more
pronounced competitive type of inhibition of the cyclization reaction in the Y633A mutant is
probably a direct effect of the decreased non-competitive inhibition; the relatively higher
Vmax upon addition of �-cyclodextrin compared to the wild type and other mutant enzymes
automatically results in a higher K50.

The raw starch binding studies showed that MBS1 (Trp616, Trp662) is crucial for
raw starch binding, while the kinetic studies of cyclization activity on Paselli SA2 clarified that
MBS2 (Tyr633) has a function in guiding linear starch chains into the active site. 

The functions of MBS1 and MBS2 are equally important for cyclization activity
with raw starch

The cyclization reaction kinetics was also studied with raw starch as substrate (Figure
6, Table 4). Mutations W616A (MBS1) and Y633A (MBS2) resulted in increased K50

(dissociation constant) values, while Vmax (maximal velocity of the reaction) values remained
unaffected (Table 4). The kinetic parameters of the W616A/W662A mutant could not be
measured accurately because of a shift in the curve (Figure 6); most likely its Vmax
approaches those of wild type and the W616A and Y633A CGTases and its K50 value those
of mutants W616A and Y633A. The results nevertheless clearly indicate that the affinity
towards raw starch in the cyclization reaction is much higher when both MBS1 and MBS2 are
present (Figure 6). The Y633A mutation resulted in a similarly reduced affinity for raw starch
(Table 4) and Paselli SA2 (Table 3) when studying the cyclization reaction kinetics. As
discussed above, loss of MBS2 converts CGTase into a protein that is less efficient in guiding
the starch chain to the active site, while loss of MBS1 results in a reduced ability to bind to
raw starch granules. For the conversion of raw starch into cyclodextrins both these features
of the two maltose binding sites are equally important. 

Table 4. Kinetic properties of the cyclization reaction of Bacillus circulans strain 251 wild type and
mutant CGTase proteins with raw starch.

(mutant) protein Vmax(U/mg) K50(%RS)
wild type 15.3±0.5 18.4±1.3
W616A 14.4±2.1 43.3±11.4
W616A/W662A (15.3) (42.5)
Y633A 16.0±0.5 42.5±2.7
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At the surface of starch granules, chains of varying lengths may protrude into the medium.
Binding of CGTase protein to a starch granule will result in an increased local concentration
of substrate for the enzyme. Loss of binding therefore results in a decrease in the effective
substrate concentration, and thus in an increased K50 value. Figure 6 shows that, up to a
concentration of 35% raw starch, mutations in both MBS1 and MBS2 appear to have similar
effects. At higher raw starch concentrations, however, the cyclization activity of the
W616A/W662A mutant (MBS1) shifts towards the level displayed by wild type. This shift in
the curve suggests that MBS1 is functionally replaced by another binding site. Conceivably,
this site is MBS3 in the C-domain, also involved in raw starch binding. This effect may only
be visible at high raw starch concentrations because of the relatively long distance between
MBS3 and MBS2, which might cause a high Hill factor value (Figure 6(B), (hypothetical)
dotted line). Starch chains of sufficient length may be scarce on the surface of the starch
granule, resulting in a high K50 value (Figure 6(A), (hypothetical) dotted curve).

Figure 6. Primary plots (A) and Hill plots (B) for the
reaction kinetics on raw starch of  Bacillus circulans
strain 251 wild type (q), W616A/W662A (a) and
Y633A (s) mutant CGTase enzymes. The dotted line
indicates the modelled curve resulting from the supposed
interaction between MBS2 (E-domain) and MBS3 (C-
domain).
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Crystal structure of the W616A mutant CGTase
In wild type CGTase the maltose that is bound to MBS1 is involved in crystal packing

contacts (Lawson et al. 1994). Replacement of Trp616 by Ala reduced the affinity for binding
of carbohydrate chains at this site. This has resulted in a novel maltose-independent crystal
form. The W616A mutant CGTase crystallizes as a dimer with the mutated MBS1 of each
monomer face to face (Figure 7). Dynamic light scattering measurements of the protein
dissolved in 10 mg/ml .-CD and 10 mM Na-acetate (pH 5.5) showed, however, that the
protein is monomeric in solution (results not shown) and that therefore the dimeric form is a
crystallographic artefact. The two protein molecules in the dimer, called A and B, respectively,
are related to each other by a rotation of 170( resulting in different local environments of the
two molecules. The largest changes in  the protein backbone conformation occur at residues
A336-A338, A665-A659, B40-B43, B89-B91, B598-B603 and B655-B659, all of which are
located at the surface of the protein, near the dimer interface or crystal packing contacts.

Figure 7. Stereo view of the C
.
-trace of the crystallographic dimer of the W616A mutant of CGTase

from B. circulans strain 251. The W616A mutant is drawn with thick lines while the superimposed
wild-type enzyme structure is drawn in thin lines. The maltose binding sites and the corresponding
aromatic residues have been indicated. The W616A structure deviates only from the wild-type at regions
near crystal contacts and the dimer interface.
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The dimer interface is mainly polar, with the exception of a stacking interaction between the
indole groups of Trp A662 and Trp B662. A summary of direct hydrogen bonds and
hydrophobic interactions at crystal contacts and within the dimer interface is presented in
Table 5. Electron density in 1a-weighted 2|Fo-Fc| maps (Read, 1986) at position 616 in both
monomers (Figure 8) confirms that the Trp616Ala mutation has been successful. In
conclusion, the crystal structure of the W616A mutant CGTase shows that the mutation at
MBS1 does not induce large structural changes in the overall fold of the protein but merely
influences crystal packing due to the altered sugar binding capacity of the enzyme. The
modified starch binding and cyclization kinetic properties observed with the mutant CGTase
proteins thus are not due to conformational changes but can be directly related to the amino
acid replacements.

Table 5. Inter-molecular hydrogen bonds and van der Waals interactions of the W616A CGTase
mutant. For van der Waals interactions only the shortest distance between two residues is listed.
Symmetry operation 1 denotes contacts within the dimer.
van der Waals interactions: Hydrogen bonds:

distance distance
atom 1 atom 2 (Å)     symop† atom 1 atom 2 (Å)      symop†

TrpA662-C�2 TrpB662-C/1 3.0 1 AlaA616-O TrpB662-N01 3.0   1
PheA39-C02 TyrA301-C02 3.6 2 AspA617-O/1 AspB617-O/1 3.0   1
GlyA41-C. TyrA301-C02  3.5 2 TrpA662-N GlyB665-O 2.7   1
AspB147-C� ValB265-C�2 3.5 3 TrpA662-O GlyB665-N 3.3   1

AspA147-O TyrA492-OH 3.0   4
SerA205-O� GlnB453-O 3.4   4
ThrA206-O�1 GlnB453-N02 2.8   4
AsnA336-O/1 SerA658-O� 2.9   2
AlaA557-N SerB90-O� 3.3   5
AsnA681-O CysB400-S� 2.8   4
ProA686-O LysB128-N� 3.3   4
TyrB301-OH GlnB632-O01 3.1   5
AsnB416-O/1 GlnB632-N02 3.3   5
AsnB416-N/2 GlnB632-O01 2.8   5

†Symmetry operations:
1= X, Y, Z
2= 1-X, Y+0.5, 1-Z
3= 1-X, Y-0.5, -Z
4= X-1, Y, Z
5= 1-X, Y+0.5, -Z
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Figure 8. Electron density in 2Fo-Fc maps contoured at 11 for residues A614-A618 and B614-
B618, labeled A and B, respectively. Residues adjacent to the mutated tryptophan have been indicated.
The replacement of Trp616 by Ala is confirmed by the electron density in this region.
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Conclusions

Our data suggest the following functions for the maltose binding sites in the B. circulans
strain 251 CGTase E-domain: MBS1 (with Trp616, Trp662) is required for efficient binding
to raw starch granules with a minor contribution from MBS2 (with Tyr633) and a major
contribution from an additional binding site, probably MBS3 (with Trp413, in the C-domain).
A �-cyclodextrin bound at MBS1 competitively inhibits binding of CGTase to raw starch
granules. The cyclization reaction kinetics with soluble starch indicated that MBS2 has an
important role in guiding linear starch chains to the active site. For wild type CGTase a mixed
type of inhibition by �-cyclodextrin was observed. Competitive inhibition takes place at the
active site, while non-competitive inhibition results from interference of �-cyclodextrin with
substrate binding at MBS2; �-cyclodextrin bound at MBS2 may block the groove leading to
the active site. The cyclization reaction kinetics with raw starch revealed that these different
roles of MBS1 and MBS2 are equally important for degradation of raw starch. 

Structural analysis of the W616A mutant CGTase revealed only minor changes compared
to the wild type enzyme. The modified starch binding and cyclization kinetic properties
observed with the mutant CGTase proteins thus can be directly related to the amino acid
replacements.

The data obtained on the functions of the CGTase E-domain in raw starch binding have
important implications for our understanding of this process in glucoamylase and other
members of the .-amylase family (Svensson et al. 1989; Jespersen et al. 1991; Dalmia and
Nikolov, 1991; Svensson et al. 1986a; Fagerstrom, 1994; Sigurskjold et al. 1994; Svensson et
al. 1986b; Chen et al. 1991).
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The three transglycosylation reaction catalyzed by
cyclodextrin glycosyltransferase from Bacillus circulans

strain 251 proceed via different kinetic mechanisms

Bart A. van der Veen, Gert-Jan W.M. van Alebeek, Joost C.M. Uitdehaag,
Bauke W. Dijkstra, and Lubbert Dijkhuizen

Cyclodextrin glycosyltransferase (CGTase) catalyzes three transglycosylation
reactions via a double displacement mechanism involving a covalent enzyme intermediate
complex (substituted-enzyme intermediate). Characterization of the three transglycosylation
reactions, however, revealed that they differ in their kinetic mechanisms. Disproportionation
(cleavage of an .-glycosidic bond of a linear maltooligosaccharide and transfer of one part to
an acceptor substrate) proceeds according to a ping-pong mechanism. Cyclization (cleavage
of an .-glycosidic bond in amylose or starch and subsequent formation of a cyclodextrin) is
a single-substrate reaction with an affinity for the high molecular weight substrate used which
was too high to allow elucidation of  the kinetic mechanism. Michaelis-Menten kinetics,
however, has been observed when using shorter amylose chains. Coupling (cleavage of an .-
glycosidic bond in a cyclodextrin ring and transfer of the resulting linear maltooligosaccharide
to an acceptor substrate) proceeds according to a random ternary complex mechanism.

In view of the different kinetic mechanisms observed for the various reactions, which
can be related to differences in substrate binding, it appears possible to mutagenize CGTase
in such a manner that a single reaction is affected most strongly. Construction of CGTase
mutants that synthesize linear oligosaccharides instead of cyclodextrins thus appears feasible.
Furthermore, the rate of interconversion of linear and circular conformations of
oligosaccharides in the cyclization and coupling reactions was found to determine the reaction
rate. In the cyclization reaction this conversion rate, together with initial binding of the high
molecular weight substrate, may determine the product specificity of the enzyme. These new
insights will allow rational design of CGTase mutant enzymes synthesizing cyclodextrins of
specific sizes.

Eur. J. Biochem. 267, 658-665 (2000)
The first two authors contributed equally to this work
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Introduction

Cyclodextrin glycosyltransferase (CGTase, EC 2.4.1.19) is a starch degrading enzyme
belonging to the important .-amylase family (family 13) of glycosyl hydrolases (Henrissat,
1991). All bacterial CGTases studied convert starch into a mixture of cyclodextrins mostly
consisting of 6, 7 or 8 .(1,4)-linked glucose residues (.-, �- or �-cyclodextrins, respectively)
(Lawson et al. 1994; French, 1957). These cyclodextrins are cyclic molecules with a
hydrophilic outside and a hydrophobic cavity which enables them to form specific inclusion
complexes with small hydrophobic molecules (Saenger, 1980). Cyclodextrins find increasing
use in industrial and research applications (Schmid, 1989). At present organic solvents are
used for selective crystallization of .-, �- and �-cyclodextrins. To avoid these expensive
procedures, and to produce cyclodextrins for applications involving human consumption, the
development of mutant CGTase enzymes that produce only one particular form of cyclodextrin
is desirable.

The formation of cyclodextrins by CGTase proceeds through an intramolecular
transglycosylation reaction. However, two other transglycosylation reactions are catalyzed as
well: coupling is the reverse reaction, in which a cyclodextrin ring is cleaved and transferred
to a linear acceptor substrate, and disproportionation is the major transferase reaction, in which
a linear maltooligosaccharide is cleaved and transferred to a linear acceptor substrate. In
addition, the enzyme has a weak hydrolyzing activity (Fig. 1) (Penninga et al. 1995). In the
industrial production process for cyclodextrins all CGTase catalyzed reactions participate in
starch degradation and thus affect the overall efficiency and outcome of the process. Rational
engineering of specific CGTases thus requires detailed knowledge of the kinetic mechanisms
which drive the different reactions.

Fig. 1. Schematic representation of the CGTase catalyzed
transglycosylation reactions. a: cyclization; b: coupling; c:
disproportionation; d: hydrolysis. The circles represent
glucose residues; the white circles indicate the reducing end
glucoses.
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Extensive crystallographic and mutagenesis studies on members of the .-amylase
family have shown that three invariant carboxylic amino acids (Asp229, Glu257 and Asp328
(CGTase numbering)) constitute the catalytic residues (Klein et al. 1992; Nakamura et al.
1992; Knegtel et al. 1995). Catalysis in this family proceeds with retention of the substrate’s
anomeric (.-)configuration via a double displacement reaction involving a covalent enzyme-
intermediate complex (Uitdehaag et al. 1999b). The kinetic mechanism is therefore expected
to be a substituted-enzyme mechanism (Cornish-Bowden, 1995), which is usually a ping-pong
mechanism in case of a two substrate reaction (see Fig. 2.I). For CGTase this mechanism can
easily be imagined with the aid of a maltononaose substrate bound in the active site (Fig. 3),
as derived from the X-ray structure of the enzyme complexed with a maltononaose inhibitor
(Strokopytov et al. 1996). From this complex either a cyclization or a disproportionation
reaction can occur. In both cases the oligosaccharide chain is cleaved between subsites -1 and
+1, and the glucose residue at subsite -1 is covalently linked to Asp229 (Mosi et al. 1997;
Uitdehaag et al. 1999b). Subsequently the residues bound at subsites +1 and +2 have to make
space for the non-reducing end of the covalently linked maltoheptaose (cyclization), or an
incoming acceptor substrate (disproportionation).

Fig. 2. Reaction mechanisms of two-substrate reactions. I: ping-pong (substituted-enzyme) mechanism,
reaction rates at given concentrations A and B can be fitted according to Eq. 1; II: compulsory order
ternary complex mechanism, reaction rates at given concentrations A and B can be fitted according to
Eq. 2; III: random order ternary complex mechanism, reaction rates at given concentrations A and B can
be fitted according to Eq. 3. A and B represent donor and acceptor substrates, respectively; E is the
enzyme, and E’ is the substituted-enzyme intermediate (ping-pong mechanism).
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Here we present a detailed characterization of all three CGTase catalysed
transglycosylation reactions and show that they proceed via different kinetic mechanisms. The
differences in kinetic mechanisms reflect differences in binding modes of the various
substrates and products of the reactions. As a consequence it may be possible to manipulate
each of the reactions separately by subtly changing the active site architecture by site-directed
mutagenesis.

Fig. 3. Schematic representation of interactions between the B. circulans strain 251 CGTase and a
maltononaose substrate bound at the active site. The maltononaose substrate was derived from the X-
ray crystallographic structure of an acarbose derived maltononaose inhibitor bound in the CGTase active
site (Strokopytov et al. 1996). Hydrogen bonding interactions are indicated by dashed lines.



Kinetic mechanisms of CGTase

67

Experimental procedures

Enzyme assays
The previously purified B. circulans strain 251 wild type CGTase enzyme described

by Penninga et al. (Penninga et al. 1996) was used. The various CGTase activities were
measured by incubating appropriately diluted enzyme (0.1-0.2 units of specific activity for the
specific reactions) at 50oC with substrate solutions in 10 mM sodium citrate (pH 6.0).

Cyclization activity was determined using up to 5% Paselli SA2, partially hydrolyzed
potato starch with an average degree of polymerization of 50 (Avebe, Foxhol, the
Netherlands), as a substrate. Paselli SA2 was incubated in 10 mM citrate (pH 6.0) for 10 min
at 50oC before the reaction was started with appropriately diluted CGTase. At regular time
intervals (0.25-0.5 min) 100 µl samples were taken and added to 900 µl detection reagent:
phenolphthalein (Vikmon, 1982) or bromocresol green (Kato and Horikoshi, 1984)for the
detection of  �- or �-cyclodextrin, respectively. .-Cyclodextrin formation was analyzed by high
performance liquid chromatography using a 25 cm Econosphere-NH2 5 micron column
(Alltech Associates Inc. USA) eluted with acetonitrile/water (60/40, v/v) at a flow rate of 1 ml
per min. One unit of activity is defined as the amount of enzyme able to produce 1 µmol of
cyclodextrin per min.

Coupling activity was determined as described before (Nakamura et al. 1993) with
the following modifications: .-cyclodextrin (Sigma C-4642), �-cyclodextrin (Fluka 28707) and
�-cyclodextrin (Fluka 28708) concentrations of up to 20 mM, 5 mM and 1 mM, respectively,
were used as donor in the reaction and up to 100 mM methyl .-D glucopyranoside (M.DG,
Fluka 66940) as acceptor substrate. Cyclodextrin and M.DG were incubated in 10 mM citrate
(pH 6.0) for 10 min at 50oC before the reaction was started with appropriately diluted CGTase.
At regular time intervals (0.5 min) 100 µl samples were added to 20 µl 1.2 N HCl (4oC)
followed by incubation at 60oC for 10 min to inactivate the CGTase. Subsequently, the
samples were neutralized with 20 µl 1.2 N NaOH and subjected to a 30 min incubation on ice
with 60 µl (0.25 U) amyloglucosidase (E.C. 3.2.1.3., Sigma A-3514) in 167 mM NaAc (pH4.5)
to convert the products (linear oligosaccharides) to single glucose residues. The glucose
concentration was determined with the glucose/GOD-Perid method (Boehringer Mannheim
124036). One unit of activity is defined as the amount of enzyme coupling 1 µmol of
cyclodextrin to M.DG per min.

Disproportionation activity was measured using a modification of the method of
Nakamura et al. (Nakamura et al. 1994b). The reaction mixture contained as a donor substrate
up to 6 mM 4-nitrophenyl-.-D-maltoheptaoside-4-6-O-ethylidene (EPS), a maltohepta-
saccharide blocked at the non-reducing end and with a paranitrophenyl group at its reducing
end (Boehringer Mannheim Biochemica 1492977) and as acceptor substrate up to 10 mM
maltose (Fluka 63418) in 10 mM citrate (pH 6.0). The mixtures were incubated for 10 min at
50oC before the reaction was started with appropriately diluted CGTase. At regular time
intervals (0.5 min) 100 µl samples were added to 20 µl 1.2 N HCl (4oC) followed by
incubation at 60oC for 10 min to inactivate the CGTase. Subsequently, the samples were
neutralized with 20 µl 1.2 N NaOH and incubated for 60 min at 37oC with 60 µl (1U) .-
glucosidase (E.C.3.2.1.20., Boehringer Mannheim Biochemica 1630385) in 833 mM
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potassium phosphate (pH 7.0) to liberate para-nitrophenol from the product of the
disproportionation reaction, non-blocked linear oligosaccharide. The pH of the samples was
raised above 8  by adding 1 ml 1M sodium carbonate and the absorbance at 401 nm measured
(0401= 18.4 mM-1). One unit of activity is defined as the amount of enzyme converting 1 µmol
of EPS per min.

Kinetic analysis of the results obtained with the various enzyme assays was
performed using SigmaPlot (Jandel scientific). The following equations (Cornish-Bowden,
1995) were used to fit the experimental data to determine which of the kinetic mechanisms
depicted in Fig. 2 applies to the transglycosylation reactions catalyzed by CGTase:

1) substituted-enzyme mechanism:

Ping-pong (Fig. 2. I): v=V·a·b/(KMB·a+KMA·b+a·b) (Eq.1)

2) ternary complex mechanisms:

Compulsory-order (Fig. 2. II): v=V·a·b/(K’MA·KMB+KMB·a+a·b) (Eq.2)
Random-order (Fig. 2. III): v=V·a·b/(K’MA·KMB+KMB·a+KMA·b+a·b) (Eq.3)

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. In (Eq. 3) K’MB is lost in the
derivation of the equation, but it can easily be determined, since KMA/KMB = K’MA/K’MB

(Cornish-Bowden, 1995).
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

The cyclization reaction requires a single substrate, from which two products are
formed

Previously (Penninga et al. 1996) evidence had been obtained that the cyclization
reaction involves Hill kinetics when using the starch derivative Paselli SA2 (average degree
of polymerization of 50) as a substrate. The current experiments, however, showed that in
these studies activities at the lower substrate concentrations (<0.05 % Paselli SA2, as required
to determine affinity constants) were underestimated. When incubating 0.015 % Paselli SA2
with 0.6 µg of enzyme and samples taken at 30 sec intervals, the reaction appeared to be linear
in time, with a velocity of 30 U/mg (�-cyclization). When using less enzyme (0.15 µg) and
shorter time intervals (12 sec), the apparent reaction rate shifted to 230 U/mg. In these latter
experiments, however, the changes in phenolphthalein absorbance at the lower substrate
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concentrations became too small (because only minute amounts of cyclodextrins are formed)
to allow a reliable determination of the reaction rates. Hence no affinity constant for Paselli
SA2 could be determined. The turnover rates (kcat) for formation of .-, �-, and �-cyclodextrin
at high substrate concentrations were determined as 25, 345 and 66 (s-1), respectively (Table
1).

Table 1. Cyclization activities of CGTase from Bacillus circulans strain 251.
.-cyclization �-cyclization �-cyclization

Vmax (U/mg) 20   ±   2.0 276   ±   4.4 53   ±   3.1
kcat  (s

-1) 25   ±   2.5 345   ±   5.5 66   ±   3.6

The coupling reaction is the reverse of the cyclization reaction and involves two
substrates, which are combined to produce one product

One of the cyclodextrins is used as the donor molecule and methyl .-D
glucopyranoside (M.DG) is the acceptor molecule. The Lineweaver-Burk plots of 1/v versus
1/[cyclodextrin] at different acceptor concentrations (Fig. 4) did not result in parallel lines. The
data could best be fitted according to Eq. 3, revealing a random ternary complex mechanism
for the coupling reaction. Thus, both substrates can bind simultaneously and in random order
to the active site cleft of CGTase (see Fig. 2 III). This leads to two apparent affinity constants
for cyclodextrins and acceptor, one in the absence (KM) and one in the presence (K’M) of the
other substrate (see Table 2). Affinities for .-cyclodextrin are much lower than those for �-,
and �-cyclodextrins, while the affinities for the acceptor are much higher in the .-cyclodextrin
coupling reaction than in the �-, and �-cyclodextrin coupling reactions. In the presence of
acceptor the affinity for .-cyclodextrin decreased, while the affinity for �-cyclodextrin
increased, and for �-cyclodextrin the affinity was hardly affected by the presence of acceptor
(Table 2).

Table 2. Kinetic properties of the coupling reaction of CGTase from Bacillus circulans strain 251.
.-CD coupling �-CD coupling �-CD coupling

Km CD  (mM)   2.2    ±   0.3  0.32   ±   0.02  0.13   ±   0.02
Km M.DG (mM) 0.45    ±   0.05  18.1   ±   1.4  16.6   ±   3.0
K’m CD (mM)   5.3    ±   1.2  0.15   ±   0.04  0.12   ±   0.03
K’m M.DG (mM) 1.09    ±   0.26    8.5   ±   2.2  15.7   ±   6.1
Vmax (U/mg)  192    ±   5.7   294   ±   7.6   150   ±   9.0
kcat  (s

-1)  240    ±   7.1   368   ±   9.5   188   ±   11.3
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Fig. 4. Lineweaver-Burk plots of the coupling reaction. The reciprocal of the specific activity is plotted
against the reciprocal of the .- (A), �- (B), and �-cyclodextrin (C) concentration at fixed methyl .-D
glucopyranoside concentrations (0.2 mM (q), 0.4 mM (r), 0.8 mM (y),  and 1.6 mM (/) for .-
cyclodextrin; 4 mM (q), 10 mM (r), 20 mM (y),  and 40 mM (/) for �-cyclodextrin; and 10 mM (q),
20 mM (r), 40 mM (y),  and 80 mM (/) for �-cyclodextrin). Linear regression results in the dotted
lines. The calculated fit with the Sigma-Plot program using Eq. 3 is represented by solid lines.

The disproportionation reaction is a two substrate reaction, yielding two
products

EPS is used as the donor molecule and maltose as the acceptor molecule. The results
could best be fitted according to Eq. 1 and the Lineweaver-Burk plots of 1/v versus 1/[maltose]
at different EPS concentrations (Fig. 5A) and of 1/v versus 1/[EPS] at different maltose
concentrations (Fig. 5B) resulted in parallel lines. This indicates that the disproportionation
reaction is catalyzed according to a ping-pong mechanism, as expected for a reaction involving
a substituted-enzyme intermediate. Calculation of the kinetic parameters (Table 3) revealed a
very high turnover rate (kcat) for the disproportionation reaction, with high affinities for both
EPS and maltose. Despite the two-substrate character of the disproportionation reaction, its
kcat value is threefold higher than that for the cyclization reaction.

Table 3. Kinetic properties of the disproportionation reaction of CGTase from Bacillus
circulans strain 251.
Km EPS (mM) 0.223  ±  0.015
Km maltose (mM) 0.827  ±  0.050
Vmax (U/mg)    970  ±  17.6
kcat (s

-1)  1213  ±  22
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Figure 5. Lineweaver-Burk plots of the diproportionation reaction. The reciprocal of the specific
activity (1/v) is plotted against (A) the reciprocal of the maltose concentration at fixed EPS
concentrations (6 (r), 3 (v), 1(û), 0.5 (/), and 0.25 (q) mM) and against (B) the reciprocal of the EPS
concentration at fixed maltose concentrations (10 (q), 6 (s), 4 (/), 2 (û), 1 (v), and 0.5 (r) mM).
Linear regression results in the dotted lines. The calculated fit with the Sigma-Plot program using Eq.
1 is represented by solid lines.

Discussion

The three glycosyltransferase reactions catalyzed by CGTase were analyzed in detail
in the present study. Cyclization, coupling and disproportionation, all involve the same
catalytic residues (Asp 328, Glu 257 and Asp 229), and the chemical mechanism of catalysis
by CGTase is a double displacement reaction involving a covalent enzyme intermediate
complex (Uitdehaag et al. 1999b). Nevertheless the transglycosylation reactions were found
to proceed via different kinetic mechanisms.
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The kinetic mechanism of the disproportionation reaction
The disproportionation reaction was found to be the only CGTase catalyzed reaction

proceeding according to a ping-pong mechanism (Fig. 2.I). From the structural information
showing the binding mode of a linear maltononaose in the active site (Fig. 3) (Strokopytov et
al. 1996) it is clear that the binding sites of the linear donor (EPS) and acceptor (maltose)
substrates used overlap at least partially. The cleaved-off part of the donor substrate
(occupying subsites +1 and +2, see Fig. 3) has to dissociate out of the active site before the
acceptor substrate can bind at these acceptor subsites (Fig. 6 A).

The kinetic mechanism of the coupling reaction
Whereas Nakamura et al. (Nakamura et al. 1994b) hypothesized that the ping-pong

mechanism would apply to all CGTase catalyzed reactions, the coupling reaction is operated
by a random ternary complex mechanism (Fig. 2.III). This indicates that both the donor
(cyclodextrin) and the acceptor (monosaccharide) are bound simultaneously to the active site
cleft before the cyclodextrin is processed. Since the disproportionation reaction also proceeds
via a ping-pong mechanism when a monosaccharide is used as acceptor (results not shown),
the deviating kinetic mechanism of the coupling reaction must result from the use of a cyclic
donor substrate. Recently the X-ray structure of the B circulans strain 251 CGTase complexed
with a �-cyclodextrin (Uitdehaag et al. 1999a) and B circulans strain 8 GTase complexed with
a �-cyclodextrin derivative (Schmidt et al. 1998) have been elucidated. These structural studies
revealed that the bound cyclodextrins lack certain hydrogen bonding interactions at the
acceptor site, notably at subsite +2 (Lys232), compared to the hydrogen bonding interactions
with the linear substrate (Strokopytov et al. 1996) as depicted in Fig. 3. However, the bound
cyclodextrins leave no room for glucose binding at subsite +1, which is required for catalysis.
Therefore we hypothesize that in the ternary complex the monosaccharide is bound close to
subsite +1 and that after cleavage of the cyclodextrin it moves to this subsite. This small
displacement of the acceptor molecule would then be faster than the linearization of the
covalently linked intermediate, explaining why it is not observed in the kinetic analysis. The
kinetic mechanism is hence characterized as a ternary complex, whereas the events taking
place at the active site resemble those of a ping-pong mechanism (see Fig. 6.B).

The ternary complex formed in the coupling reaction
The monosaccharide acceptor must bind sufficiently close to the catalytic residues

to result in a random ternary complex mechanism. Likely candidates for such a docking site
for the monosaccharide are acceptor subsites +2 and +3. Although the latter subsite has not
been  observed  in  structures  of  B.  circulans  strain 251  CGTase, evidence  for  its existence

Fig. 6. (opposite page) Proposed model of the events taking place in the CGTase catalyzed reactions.
A: disproportionation, B: coupling, C: cyclization. The different CGTase domains are indicated (A, B,
C, D, and E). 1 and 2 indicate the maltose binding sites on the E-domain. The triangle indicates the
cleavage site in the active site. Circles represent glucose residues; acceptor residues are represented in
black.
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comes from the structure of T. thermosulfurogenes complexed with a maltohexaose, in which
the side chain of Glu265 (Glu264 in B. circulans strain 251 CGTase) has a weak hydrogen
bonding interaction (>3.5 ') with the glucose residue at subsite +3 (Wind et al. 1998). The
hydrogen bonding interactions of Lys232 with a glucose residue at subsite +2 are much
stronger (<3 ') and glucose binding at this subsite is further stabilized by hydrophobic
interactions with Phe183 and Phe259 (Strokopytov et al. 1996). Binding of the smallest (.-)
cyclodextrin may allow acceptor binding at subsite +2 in the ternary complex, while with �-
and �-cyclodextrin this subsite is less accessible, or only subsite +3 is available. This may
account for the significantly higher affinity for the acceptor (lower Km) in the .-cyclodextrin
coupling reaction when compared to those in the �- and �-cyclodextrin coupling reactions.

The mechanism of the cyclization reaction
Although the mechanism of cyclization could not be determined kinetically, from the

results obtained with the disproportionation and coupling reactions combined with the fact that
CGTase catalyzed reactions proceed via a covalently linked intermediate we propose a scheme
for the cyclization reaction as depicted in Fig. 6 C. In this scheme also the involvement of the
maltose binding sites (MBS) located in the E-domain as observed earlier (Penninga et al. 1996)
is included. The first step is binding of a starch chain at MBS1, after which this binding is
extended to the active site via MBS2. Cleavage of the starch chain results in formation of the
substituted-enzyme complex, followed by migration of the non-reducing end of the covalently
linked intermediate to the acceptor site, resulting in the formation of a cyclodextrin (Fig 6.C).
As shown by the ternary complex mechanism for the coupling reaction, cyclic and linear
compounds can bind close to each other in the active site (Fig. 6.B). Thus, the starch chain
bound to the maltose binding sites does not have to move far to allow ring closure. Upon
dissociation of the cyclodextrin formed the same starch chain can immediately migrate further
down in to the active site. Alternatively at MBS1 the bound starch chain may be replaced by
another chain at any time during the reaction, without affecting the reaction taking place in the
active site. Presumably both phenomena occur, leading to faster replacement of processed
substrate, resulting in higher affinities for high molecular weight substrates.

Implications for cyclodextrin product specificity
Apart from the differences in kinetic mechanisms, the CGTase catalyzed

transglycosylation reactions show notable differences in one further property. The reaction rate
of disproportionation is 3- to 4-fold higher than those of both cyclization and coupling. This
may be explained by the involvement of merely linear substrates and products in the
disproportionation reaction. Consequently, the reaction rates of cyclization and coupling
should be determined by the rate at which the conformation changes from linear substrate to
circular product and from circular substrate to linear product, respectively. This rate of
conformational change presumably differs for the various cyclodextrins, explaining the
variation in cyclization and coupling activities between the cyclodextrins. Also the rates of
linearization and circularization for the individual cyclodextrins are different. Especially for
.-cyclodextrin the rate of formation through cyclization is much lower than that of degradation
through coupling. Work showing that above mentioned differences are indeed linked to the
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conformational change of the oligosaccharide is currently in progress.
When comparing the cyclization and coupling reactions another aspect has to be

considered. For coupling the different cyclodextrins can be added separately for measurements
of specific activities, while for cyclization one substrate is used from which all cyclodextrins
are produced simultanuously; .-, �-, and �-cyclization therefore are competing reactions. The
number of glucose residues (6, 7 or 8) binding in the active site cleft past the cleavage site
determines which cyclodextrin is formed (.-, �- or �-cyclodextrin, respectively). The kcat values
for  .-, and �-cyclodextrin formation (25 and 66 s-1, respectively), are much lower than the kcat

for �-cyclodextrin formation (345 s-1). In addition to differences in circularization rates
between oligosaccharides of different lengths this may also be explained by the fact that the
active site cleft of this CGTase is specifically suited for binding 7 residues past the cleavage
site (see Fig. 3) (Strokopytov et al. 1996). Site directed mutagenesis studies aimed at changing
the interactions depicted in Fig. 3 are in progress.

Conclusions

The results clearly indicate different kinetic mechanisms for the CGTase catalyzed
transglycosylation reactions. The differences can be largely explained by the different binding
modes of the substrates used in the reactions. This opens possibilities for the rational design
of enzymes displaying specific activities. Recently, work based on the new insights presented
here, combined with the detailed knowledge of the active site architecture, led to the
construction of CGTase mutants with enhanced .-cyclodextrin production (van der Veen et
al. 2000b). Current work involves rational design of mutants with decreased coupling activities
and mutants with decreased transferase activities in favour of hydrolysis.
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Rational design of cyclodextrin glycosyltransferase
from Bacillus circulans strain 251

to increase �-cyclodextrin production

Bart A. van der Veen, Joost C.M. Uitdehaag, Dirk Penninga, Gert-Jan W.M.
van Alebeek, Loraine M. Smith, Bauke W. Dijkstra, and Lubbert Dijkhuizen

Cyclodextrin glycosyltransferases (CGTase) (EC 2.4.1.19) are extracellular bacterial
enzymes that generate cyclodextrins from starch. All known CGTases produce mixtures of .-,
�-, and �-cyclodextrins. A maltononaose inhibitor bound to the active site of the CGTase from
Bacillus circulans strain 251 revealed sugar binding subsites, distant from the catalytic
residues, which have been proposed to be involved in the cyclodextrin size specificity of these
enzymes. To probe the importance of these distant substrate binding subsites for the .-, �-, and
�-cyclodextrin product ratios of the various CGTases, we have constructed three single and
one double mutant, Y89G, Y89D, S146P, and Y89D/S146P, using site-directed mutagenesis.
The mutations affected the cyclization, coupling, disproportionation, and  hydrolyzing
reactions of the enzyme. The double mutant Y89D/S146P showed a twofold increase in the
production of .-cyclodextrin from starch. This mutant protein was crystallized and its X-ray
structure, in a complex with a maltohexaose inhibitor, was determined at 2.4 Å resolution. The
bound maltohexaose molecule displayed a binding mode different from the maltononaose
inhibitor, allowing rationalization of the observed change in product specificity. Hydrogen
bonds (S146) and hydrophobic contacts (Y89) appear to contribute strongly to the size of
cyclodextrin products formed and thus to CGTase product specificity. Changes in sugar
binding subsites -3 and -7 thus result in mutant proteins with changed cyclodextrin production
specificity.

 J. Mol. Biol. 296, 1027-1038 (2000)
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(b)

(c)

(d)

Introduction

Cyclodextrins are cyclic .(1Ú4) linked oligosaccharides consisting of mainly 6, 7 or
8 glucose residues, .-, �- or �- cyclodextrin, respectively. They find increasing use in industrial
and research applications (Schmid, 1989; Allegre and Deratani, 1994; Pedersen et al. 1995),
because of their ability to form inclusion complexes with many small hydrophobic molecules
(Saenger, 1980). They are commonly produced from starch via an intramolecular
transglycosylation reaction catalyzed by the enzyme cyclodextrin glycosyltransferase (CGTase,
EC 2.4.1.19), in which a linear oligosaccharide (starch) chain is cleaved and the new reducing
end sugar is transferred to the non-reducing end sugar of the same chain (cyclization). CGTase
also catalyzes two intermolecular transglycosylation reactions; coupling, in which a
cyclodextrin ring is cleaved and transferred to an acceptor maltooligosaccharide substrate, and
disproportionation, in which a linear maltooligosaccharide is cleaved and the new reducing end
sugar is transferred to an acceptor maltooligosaccharide substrate. In addition, the enzyme has
a weak hydrolyzing activity (Penninga et al. 1995) (see Fig.1).

All known CGTases (Bender, 1986; Schmid, 1989) produce a mixture of
cyclodextrins (and linear malto-oligosaccharides) when incubated with starch. The enzyme
used in our studies, CGTase from Bacillus circulans strain 251, produces .-, �- and �-
cyclodextrin in a ratio of 14 : 66 : 20. The isolation of pure cyclodextrins from this mixture
requires a series of additional steps, including precipitation with organic solvents, which is a
disadvantage for applications of cyclodextrins involving human consumption (Bender, 1986;
Pedersen et al. 1995). A CGTase which only produces a single type of cyclodextrin is therefore
of high industrial interest.

Fig. 1. Schematic representation of the CGTase
catalyzed reactions. The circles represent glucose
residues; the white circles indicate the reducing end
sugars. a: cyclization, b: coupling, c: disproportionation,
d: hydrolysis.
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In the past various site-directed mutations affecting the product specificity of
CGTases have been made (Fujiwara et al. 1992a; Sin et al. 1994; Penninga et al. 1995). Most
of these mutations were based upon residue 195 (B. circulans strain 251 CGTase numbering),
an amino acid centrally located in the active site cleft (Tyr, or Phe, see Fig. 2). It was
hypothesized that a starch chain entering the active site folds around it, and that thus the size
of this residue is of prime importance for the enzyme’s product specificity (Sin et al. 1994;
Nakamura et al. 1994a). However, mutations of residue 195 only improved product specificity
to a limited extent, if at all (Fujiwara et al. 1992a; Sin et al. 1994; Penninga et al. 1995). Even
contradictory results, introduction of a smaller residue at position 195 resulting in larger
cyclodextrin products, were obtained (Penninga et al. 1995).

In contrast, the X-ray structure of the CGTase from B. circulans strain 251 in
complex with a maltononaose inhibitor (Strokopytov et al. 1996) suggested that sugar binding
subsites further away from the catalytic site could be important for the enzyme’s product
specificity, and that it might be possible to change the ratio of the produced cyclodextrins by
altering the affinities for glucose residues at these sugar binding subsites. As the amino acid
residues contributing to the interactions with sugars bound at subsites -7 and -3 are variable
among CGTases, these residues were chosen as targets for site directed mutagenesis. At
subsite -7 residues 145, 146, and 147 all form hydrogen bonds with the inhibitor (Fig. 2). The
S146P mutation was introduced to disturb this hydrogen-bonding network, aimed at reducing
�-cyclodextrin production. At subsite -3 the sugar residue is loosely positioned between the
aromatic rings of Y195 and Y89. In CGTases from thermophilic organisms, which show an
enhanced .-cyclodextrin production, the residue corresponding to Y89 is an aspartate (Knegtel
et al. 1996; Wind et al. 1998). Therefore, mutation Y89D was constructed to specifically
increase .-cyclodextrin production. Mutant Y89G was constructed to discriminate between
the effects caused by removal of the tyrosine and those caused by the introduction of the
aspartate.

Here we report the biochemical characterization of three single mutants (Y89G,
Y89D, S146P) and one double mutant (Y89D/S146P) of B. circulans strain 251 CGTase, and
the crystal structure of the Y89D/S146P mutant complexed with a maltohexaose inhibitor. The
results confirm our hypothesis that interactions between enzyme and substrate at subsites
remote from the catalytic site affect product specificity.

Experimental procedures

Bacterial strains and plasmids
Escherichia coli MC1061 [hsdR mcrB araD139 û (araABC-leu)7679 ûlacX74 galU

galK rpsL thi] (Meissner et al. 1987) was used for recombinant DNA manipulations. CGTase
(mutant) proteins were produced with the .-amylase and protease negative Bacillus subtilis
strain DB104A [amy his nprR2 nprE18 aprA3] (Smith et al. 1988). The mutations were
constructed in the expression vector pDP66K containing the cgt gene from B. circulans strain
251 (Penninga et al. 1996).
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Fig. 2. Schematic representation of the hydrogen bonds between the B. circulans strain 251 CGTase
and a maltononaose inhibitor bound at the active site. In this work the subsites will be numbered
according to the general subsite labeling scheme recently proposed for all glycosyl hydrolases (Davies
et al. 1997), in which the glycosidic bond between -1 and +1 is the scissile bond, and the substrate
reducing end is at position +2.
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Growth conditions
Plasmid carrying bacterial strains were grown on LB medium in the presence of the

antibiotics kanamycin and erythromycin, at concentrations of 100 and 5 µg/ml for E. coli and
B. subtilis, respectively (Sambrook et al. 1989). When appropriate, agar plates contained 1 %
starch to screen for halo formation. For the production of (mutant) CGTase proteins B. subtilis
strain DB104A, containing the pDP66K expression vector (Penninga et al. 1996), was grown
in a 5 l flask with 1 l medium containing 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.

DNA manipulations
Restriction endonucleases were purchased from Pharmacia LKB Biotechnology,

Sweden, and used according to the manufacturer's instructions. DNA manipulations and
calcium chloride transformation of E. coli strains were as described (Sambrook et al. 1989).
Transformation of B. subtilis was performed according to Bron (Bron, 1990).

Site-directed mutagenesis
For site-directed mutagenesis the method based upon PCR reactions using VENT-

DNA polymerase described by Penninga et al. (Penninga et al. 1996) was used. The following
oligonucleotides were used to produce the mutations: Y89G, 5'-AGC ATC ATC AAT GGA
TCC GGC GTA AAC AAC-3'; Y89D, 5'- GC ATC ATC AAT GAT TCC GGA GTA AAC
AAC ACG GC-3'; S146P: 5'-G CCC GCC TCT CCG GAC CAG CCT TC-3'. Successful
mutagenesis resulted in the appearance of the underlined restriction sites (BamHI for Y89G,
and BspEI for Y89D and S146P), allowing rapid screening of potential mutants. After
mutagenesis the PCR products and plasmid pDP66K were cut with restriction endonucleases
PvuII and SalI, after which the PCR fragments were exchanged with the corresponding
fragment from the plasmid, ligated and transformed to E. coli MC1061 cells, yielding mutation
frequencies close to 70 %.

DNA sequencing
All mutations were confirmed by restriction analysis and DNA sequencing. DNA

sequence determination was performed on supercoiled plasmid DNA using the dideoxy-chain
termination method (Sanger and Coulson, 1975) and the T7-sequencing kit from Pharmacia-
LKB Biotechnology, Sweden.

Production and purification of CGTase (mutant) proteins
After positive characterization, pDP66K DNA was transformed to B. subtilis strain

DB104A. Production strains were grown to an optical density at 600 nm of 4.5 (for approx.
24 h). Under these conditions high extracellular CGTase levels were produced. Cultures were
centrifuged at 4 oC for 30 min x 16,000 g and (mutant) CGTases present in the supernatants
were further purified to homogeneity by affinity chromatography, using a 30 ml .-
cyclodextrin-Sepharose-6FF column (Pharmacia, Sweden) (Sundberg and Porath, 1974) 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 .-cyclodextrin.
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This allowed purification to homogeneity of up to 30 mg of stable (mutant) CGTase proteins,
with a 5 fold purification and a yield close to 90 %, from 1 l culture supernatants.

Protein determination
Protein concentrations were determined with the Bradford method (Bradford, 1976)

using the Bio-Rad reagent and bovine serum albumin as a standard (Bio-Rad Laboratories,
Richmond, CA, USA).

Enzyme assays 
All assays were performed in a 10 mM sodium citrate buffer (pH 6.0) at 50 oC.

Hydrolyzing activities were measured as described earlier (Penninga et al. 1995) using 1%
soluble starch (Lamers & Pleuger, Belgium) as substrate. Dinitrosalicylic acid was used to
determine the number of reducing ends.

Cyclization activities were measured as described earlier (Penninga et al. 1996) using
5% 2DE maltodextrins (Paselli SA2; partially hydrolyzed potato starch, with an average degree
of polymerization of 50; AVEBE, Foxhol, The Netherlands) as substrate. �- and �-
Cyclodextrins were measured spectrophotometrically (Penninga et al. 1995) using
phenolphthalein (Vikmon, 1982), and bromocresol green (Kato and Horikoshi, 1984),
respectively. These compounds form specific inclusion complexes with the cyclodextrins. For
the measurement of .-cyclodextrin formation the following method was used: After incubation
of appropriately diluted enzyme with 2DE maltodextrins a 200 µl sample was taken, added to
40 µl 1.2 N HCl on ice, incubated for 10 min at 60 0C to inactivate the enzyme, and neutralized
with 40 µl 1.2 N NaOH. These samples were subjected to HPLC analysis (see below). The �-
cyclodextrin concentration was determined as described above to serve as an internal standard
for the HPLC analysis in order to calculate the concentration of .-cyclodextrin accurately. 

Cyclodextrin formation from starch was also measured under industrial production
process conditions (Hokse et al. 1981). For this purpose 1 ml of a 10 % pregelatinized starch
solution (Paselli WA4; pregelatinized drum-dried potato starch, with a high degree of
polymerization (>100,000); AVEBE, Foxhol, The Netherlands) in a 10 mM sodium citrate
buffer (pH 6.0) was incubated with (mutant) CGTase (0.1 U �-cyclization activity)  at 50 oC
for 45-50 h. Samples were taken at regular time intervals, boiled for 5 min, and the products
formed were analyzed by HPLC using a 25 cm Econosphere-NH2 5 micron column (Alltech
Associates Inc. USA) eluted with acetonitrile/water (70/30 to 60/40, v/v) at a flow rate of 1
ml per min.

Coupling activities were determined using the method described by Nakamura et al.
(1993) with the modifications described by van der Veen et al. (2000c (chapter 3)).

Disproportionation activities were determined using the method described by
Nakamura et al. (1994b) was used with the modifications described by van der Veen et al.
(2000c (chapter 3)).

Kinetic parameters were fitted using the computer program Sigma Plot (Jandel
Scientific).
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Figure 3. Final 2Fobs - Fcalc electron density around the sugars bound in the active site and at maltose
binding site 2 (MBS2) of the CGTase mutant Y89D/S146P (its C. trace is shown). The map was
contoured at 11. For reference the structure of the maltononaose inhibitor (Strokopytov et al. 1996) is
superimposed (light grey), and is clearly deviating at subsites -3 and -4. The figure was constructed using
program O (Jones et al. 1991).
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Crystallization and soaking procedures
The mutant CGTase Y89D/S146P was crystallized at room temperature from 60%

(v/v) 2-methyl-2,4-pentanediol (MPD) and 100 mM Hepes buffer 7.1 with a 5% (w/v) maltose
solution added to the hanging drop. Space group and cell dimensions (see Table 1) were
similar to that of wild type CGTase. The crystals were soaked using a procedure analogous to
that which resulted in a maltononaose inhibitor bound to CGTase (Strokopytov et al. 1996).
First, the crystal was brought in a buffer of 100 mM 3-(cyclohexylamino)-1-propanesulfonic
acid (CAPS) pH 9.8 and 60% (v/v) MPD (mother liquor), after which it was soaked overnight
in a solution of 0.25% (w/v) acarbose in mother liquor. Subsequently it was transferred to 0.5%
(w/v) maltohexaose in mother liquor for 7 days.

Data collection and refinement
Data were collected to 2.4 Å in house. Refinement was done in a standard procedure

(Strokopytov et al. 1996; Knegtel et al. 1995). In the course of refinement, the free R-factor
stabilized at 30.7%. New structure factors were subsequently calculated according to the
formula Fdiff = Fobs - (Fobs,nat - F calc,nat), where F obs indicates the observed structure factors,
Fobs,nat the observed structure factors of the 2.0 Å wild type CGTase structure (Lawson et al.
1994), and Fcalc,nat the calculated structure factor amplitudes from that same structure. For a
few cycles the structure was refined using these modified structure factors, a procedure known
as difference refinement (Terwilliger, 1995). Care was taken to retain the original test set of
reflections, and the difference free R-factor decreased from 23.3% to 22.5%. When reverting
to the original Fobs, a new free R-factor of 29.4% was obtained (Table I).

Electron density appeared for sugars at maltose-binding sites (MBS) 1, 2, and 3
(Lawson et al. 1994). Furthermore, density was observed for 6 sugar units in the active site,
at subsites +2 to -4 (Figure 3). We started refinement with hexakis 6-deoxy maltohexaose as
a carbohydrate model. As a result, omit Fobs-Fcalc density showed up at all glucose 6-OH
positions except at subsite +1. This convinced us, that in this structure the 6-deoxy glucose
group is bound at subsite +1, connected to the valienamine moiety at subsite -1 through an N-
glycosidic bond (see Fig. 5). This is in agreement with the revised structures of CGTase
complexed with acarbose and the acarbose derived maltononaose inhibitor (PDB entries 2CXG
(acarbose) and 2DIJ (maltononaose)(Mosi et al. 1998)). Subsites +2, -2, -3, and -4 were filled
with glucose groups, so that finally a modified acarbose was modeled, with a glucose missing
at its reducing end, and a maltotriose added to its non-reducing end.

After completion of the refinement (see Table 1 for final details), the model was
analyzed with PROCHECK (Laskowski et al. 1993) and WHATCHECK (Hooft et al. 1996).
The final model contains all 686 amino acids, two Ca2+ ions, a maltohexaose inhibitor in the
active site, a maltopentaose at MBS2, a maltotriose at MBS1, a maltose at MBS3, and 273
solvent oxygens. Figure 3 shows the final 2.4 Å electron density around the active site.
Coordinates and structure factor amplitudes have been deposited with the Brookhaven Protein
Data Bank (Bernstein et al. 1977) with entry code 1DTU. 
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Table 1.  Data collection statistics and quality of the final model for the Y89D/S146P mutant of
cyclodextrin glycosyltransferases from B. circulans strain 251 soaked with acarbose and maltohexaose
at 298 K.
Cell dimensions (P212121):
a  (Å) 120.4
b  (Å) 111.2
c  (Å) 65.76
Resolution range (Å) 28.9 - 2.40
Total number of observations 126519
Nr. of discarded observations 4654
Nr. of unique reflections 32700
Rmerge (%) 7.47
Completeness of data (%) 92.7
Completeness (%) of last 88.8
resolution shell (Å) (2.44-2.40)
Nr. of protein atoms 5268
Nr. of calcium atoms 2
Nr. of carbohydrate atoms 180
Nr. of solvent sites 273
Average B factor (Å2) 22.7
Final R factor/R-free (%) 20.6 / 24.8
Rms deviations from ideality for bond lengths (Å) 0.002
bond angles (deg) 1.150
torsion angles (deg) 17.135
trigonal planes (Å) 0.002
planar groups (Å) 0.010
van der Waals contacts (Å) 0.009
B factor correlations (Å2) 1.1413

Results

The cyclodextrin product ratio of the mutant enzymes under industrial
production process conditions

This was analyzed with pregelatinized starch (Fig. 4, Table 2), which functions
identically to jet-cooked starch commonly used in industry. The S146P mutant produced more
.-cyclodextrin at the expense of �-cyclodextrin, while �-cyclodextrin production was not
affected significantly. For mutant Y89D .-cyclodextrin production had slightly increased
while both �- and �-cyclodextrin production slightly decreased. The changes in specificity for
the single mutants were combined in the double mutant Y89D/S146P: the production of .-
cyclodextrin had doubled, while production of �-cyclodextrin had decreased to 80 % of that
of the wild type, and no significant effect on �-cyclodextrin production was observed. 
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Figure 4. The formation of
cyclodextrins during a 45-50 h
production assay, using 10 % w/v
pregelatinized starch, buffered by 10
mM sodium-citrate, pH 6.0 at 50 0C.
(a): wild-type CGTase; (b): mutant
Y89G; (c): mutant Y89D; (d):
mutant S146P; (e): double mutant
Y89D/S146P. q , s , and x
indicate .-, �-, and �-cyclodextrin,
respectively.
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Mutation Y89G resulted in a slight increase of �-cyclodextrin production at the expense of
both .- and �-cyclodextrin. For all mutants the total conversion of starch into cyclodextrins
remained unaffected (39-40%), with no significant increase in the formation of linear malto-
oligosaccharides (< 1%). The data thus agree with our hypothesis that interactions between
CGTase and substrate at subsites -3 and -7 contribute to the enzyme’s product specificity.

Table 2. Conversion of pregelatinized starch (10% w/v) into cyclodextrins (in percentage of total
products) during a 45-50 h production assay with 0.1 U/ml (�-cyclodextrin-forming activity) of wild-type
and mutant cyclodextrin glycosyltransferase from B. circulans strain 251

wild type Y89G Y89D S146P Y89D/S146P
% .-CD 14 ± 0.8 13 ± 0.3 17 ± 0.8 24 ± 0.7 30 ± 0.7
% �-CD 66 ± 1.0 69 ± 0.7 64 ± 1.1 55 ± 0.9 51 ± 0.8
% �-CD 20 ± 0.8 18 ± 0.8 18 ± 0.5 21 ± 0.5 19 ± 3

Under the conditions used above not only the formation of cyclodextrins via the
cyclization reaction but also their degradation via the coupling reaction, and the formation of
linear products via the hydrolyzing and disproportionation reactions, are important. Each of
these reactions was analyzed in detail to elucidate its contribution to the changes in product
ratio of the mutant proteins and to further delineate the mechanistic basis of these changes.

Cyclization activities
Cyclization activities of wild-type and mutant CGTase proteins were determined

using 2DE maltodextrins, a starch derivative with a lower degree of polymerization than the
above used pregelatinized starch. The kcat values of wild-type and mutant CGTase proteins are
shown in Table 3. Substrate affinities could not be measured accurately, because the KM values
were well below 0.05 % 2DE maltodextrins, and activity measurements at these low substrate
concentrations are not reliable (van der Veen et al. 2000c). Mutations Y89G and Y89D caused
increased kcat values for cyclization, except for .-cyclodextrin formation by Y89G, where a
decrease was observed. The Y89D mutation, however, resulted in a doubling of the .-
cyclodextrin forming activity. Mutation S146P reduced the kcat value for �-cyclization by a
factor 2.5, with a concomitant increase of the kcat value for .-cyclization by a factor 2.3. The
kcat value for �-cyclodextrin production was slightly decreased by this mutation. In the double
mutant Y89D/S146P the characteristics of the single mutants are combined, with most
significant effects on kcat values for .- and �-cyclization (tripling and twofold reduction,
respectively). The results show that changes in the cyclodextrin product ratio can be related
to the altered kcat values for .-, �- and �- cyclization. The changes in the initial formation of
cyclodextrins (kcat values), however, are more pronounced than those obtained during 45-50
h incubation periods (see Tables 2 and 3). The other CGTase catalyzed reactions thus interfere
with the production of cyclodextrins, reaching an equilibrium situation over longer time
periods.
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Table 3. Cyclization activities of wild-type and mutant cyclodextrin glycosyltransferases from B.
circulans strain 251.

wild type Y89G Y89D S146P Y89D/S146P
kcat (.-CD s-1)   25 ± 1 (  6)   19 ± 1 (  4)   51 ± 1 (10)   58 ± 5 (23)   79 ± 5 (26)
kcat (�-CD s-1) 329 ± 9 (78) 416 ± 3 (81) 398 ± 8 (77) 134 ± 3 (53) 153 ± 6 (50)
kcat (�-CD s-1)   66 ± 4 (16)   76 ± 2 (15)   70 ± 3 (13)   59 ± 4 (24)   74 ± 3 (24)
Numbers between brackets indicate the ratio in kcat values for formation of the different cyclodextrins.

The coupling reaction
Degradation of cyclodextrins via the coupling reaction may have a significant effect

on cyclodextrin yields under industrial cyclodextrin production conditions. The coupling
activities of wild-type and mutant CGTase proteins were analyzed using cyclodextrins as donor
substrates and methyl-.-D-glucopyranoside as an acceptor substrate. The mutations Y89G and
Y89D at subsite -3 both resulted in 3-4 fold decreased affinities for cyclodextrins (Table 4),
indicating that some of the interactions with these cyclic substrates were lost, without being
compensated by other interactions. Mutation Y89D resulted in a general increase in the kcat
of the coupling reaction, whereas mutation Y89G resulted in a general decrease in the coupling
kcat. Mutation S146P had no significant effect on the affinity for cyclodextrins, which indicates
that subsite -7 is not involved in binding of cyclodextrins. Mutation S146P, however, clearly
had a negative effect on the kcat values, especially for �-cyclodextrin coupling.

Table 4. Kinetic parameters of the coupling reactions of wild-type and mutant cyclodextrin glycosyl-
transferases from B. circulans strain 251.

wild type Y89G Y89D S146P Y89D/S146P
kcat (.-CD s-1)  365 ± 13  310 ± 20  379 ± 25  303 ± 13  410 ± 39
KM (mM .-CD)   5.9 ± 0.6 17.1 ± 2.0 15.1 ± 1.8   4.0 ± 0.5 15.5 ± 2.7
kcat/KM (.-CD) 61.9 18.1 25.1 75.8 26.5

kcat (�-CD s-1)  320 ± 8  296 ± 9  381 ± 20  185 ± 4  173 ± 6
KM (mM �-CD) 0.28 ± 0.03 0.87 ± 0.08 0.93 ± 0.12 0.29 ± 0.02 0.71 ± 0.07
kcat/KM (�-CD) 1143  340  410  638  244

kcat (�-CD s-1)  206 ± 4  133 ± 20  233 ± 23  190 ± 8  145 ± 19
KM (mM �-CD) 0.19 ± 0.02 0.87 ± 0.23 0.84 ± 0.14 0.22 ± 0.03 0.84 ± 0.20
kcat/KM (�-CD) 1084  153  277  864  173

Hydrolysis
The CGTase hydrolyzing activity may result in formation of linear products from

starch under industrial cyclodextrin production conditions. The low hydrolyzing activity of
wild-type B. circulans strain 251 CGTase was even further decreased for mutant Y89G, while
mutant Y89D showed a slight increase (Table 5). Mutants affected in subsite -7 (S146P and
the double mutant Y89D/S146P) showed a doubling in the hydrolyzing activity (Table 5).
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The disproportionation reaction
In the assay for the disproportionation reaction 4-nitrophenyl-.-D-maltoheptaoside-4-

6-O-ethylidene (EPS) was used as a donor substrate and maltose as an acceptor. The kcat
values for disproportionation (Table 5) were at least a factor three higher than the values for
cyclization and coupling (Tables 3 and 4). Mutations Y89G and Y89D at subsite -3 both
resulted in 3 fold decreased affinities for EPS (3 fold increased KM values, Table 5), indicating
that interactions with the substrate were lost and that replacement of Tyr89 with Asp or Gly
apparently did not result in new interactions. Both mutations resulted in increased kcat values,
the most pronounced being the one for mutant Y89D. The S146P mutation had very little
effect on the disproportionation activity (kcat and KM), whether it was made in the wild type
(mutant S146P) or in the Y89D mutant (double mutant Y89D/S146P). This indicates that Y89,
but not S146, is important for the reaction of the enzyme with the EPS substrate. Evidently,
this maltoheptaose substrate does not reach beyond subsite -6.

Table 5. Hydrolyzing (Hyd.) and disproportionation (Disp.) activities of wild-type and mutant
cyclodextrin glycosyltransferases from B. circulans strain 251.

wild type Y89G Y89D S146P Y89D/S146P
kcat (Hyd. s-1) 3.9 ± 0.3 2.1 ± 0.2 4.9 ± 0.4 7.4 ± 0.5 8.1 ± 0.6

kcat (Disp. s-1) 1028 ± 30 1294 ± 34 1703 ± 65   924 ± 23 1734 ± 52
KM (mM EPS)  0.27 ± 0.04  0.80 ± 0.07  0.79 ± 0.10  0.29 ± 0.03  0.92 ± 0.09
kcat/KM (Disp.) 3807 1618 2156 3186 1885

The crystal structure of the Y89D/S146P mutant with a bound maltohexaose
inhibitor

In .-amylases and CGTases it has frequently been observed that acarbose molecules
undergo transglycosylation reactions resulting in oligosaccharide inhibitors (Strokopytov et
al. 1996; Wind et al. 1998; Brzozowski and Davies, 1997). Presumably the chain with highest
affinity subsequently dominates the electron density map. Whereas the soaking experiment of
Strokopytov et al. (Strokopytov et al. 1996) with wild type CGTase resulted in the binding of
a “straight” maltononaose inhibitor, repeating the same procedure with crystals of the
Y89D/S146P mutant resulted in a shorter “bent” maltohexaose inhibitor complex, bound from
subsite +2 to -4. In both structures the sugar conformations at subsites +2 to -2 are very
similar, with the glucose residues at subsites -1 and +1 linked by an N-glycosidic bond, which
is elongated (1.75 Å, while we refined against an ideal value of 1.45 Å). This is not necessarily
functionally significant, but might be a result of multiple sugar conformations contributing to
the observed electron density (Brzozowski and Davies, 1997); this was not further investigated
due to the limited resolution (2.4 Å) of our structure.
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Sugar binding at subsites -3 and -4 is, however, totally different when comparing the
wild type (Fig. 5(a)) with the mutant enzyme (Fig. 5(b)). At subsite -3 the glucose of the
maltohexaose inhibitor (overall B factor 44 Å2) occupies a position more bent towards Tyr195
(Fig. 5(b)). In this orientation the glucose O2 atom binds to the Asp371 O/2 atom and to the
glucose O3 atom at subsite -2. The glucose O6 atom binds to Asp196 O/1 via a water
mediated contact (Fig. 5(b), Table 6), whereas in the maltononaose conformation the glucose
O6 atom directly binds to Asp196 O/1 (Fig. 5(a)), with the glucose O6 atom occupying the
position of the water molecule that mediates the hydrogen bond in the maltohexaose structure.

In both conformations, the glucose at subsite -4 is only weakly bound. In the
maltohexaose inhibitor the sugar is pointing towards the acceptor site +2, (Fig. 5(b)). The
glucose at the maltohexaose subsite -4 is not involved in hydrogen bonding interactions, but
stabilization might come from hydrophobic interactions with Tyr195, which is illustrated by
the fact that the sugar replaces at least 3 ordered waters, present in the CGTase maltononaose
inhibitor structure (Strokopytov et al. 1996).

Figure 5. An overview of the interactional changes near sugar subsite -3. Enzyme residues are shown
in dark, ligands in light grey. (a): The straight conformation in wild-type CGTase; note that the glucose
C6 - O6 bond lies parallel to the Tyr89 C�O1 bond. (b): The bent conformation in CGTase mutant
Y89D/S146P; a water molecule is now mediating the glucose O6 and Asp196 interaction. The figure was
constructed using MOLSCRIPT (Kraulis, 1991).
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Table 6. Interactions of a maltohexaose inhibitor with the Y89D/S146P mutant of cyclodextrin
glycosyltransferase from B. circulans strain 251. 

maltohexaose inhibitor protein residue distance (Å)
residue / atom

subsite 2
Phe183 stack
Phe259 stack

O3 Lys232N� 2.8

subsite 1
O2 His233N02 2.7

Phe259N w.m.
Glu257O w.m.

O3 Glu257O01 2.7

subsite -1
Tyr100 stack

N1 (scissile bond) Glu257O01 2.8
Glu257O02 3.2

O2 Asp328O/2 2.7
His327N02 2.8

O3 Asp328O/1 2.9
His327N02 3.1

O6 Asp229O/2 2.7
His140N02 3.1

subsite -2
O2 Arg375NH1 3.0

Arg375NH2 3.1
O3 Arg375NH1 3.1

Asp371O/1 2.7
O6 Trp101N01 2.8

subsite -3
O2 Asp371O/2 3.1
O6 Asp196O/1 w.m.

subsite -4
(no interactions)

"Stack" indicates an aryl-carbohydrate stacking interaction; w.m. water mediated contact; distances are
specified for putative hydrogen bonds or other electrostatic interactions.
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Discussion

Cyclodextrin product specificity of CGTase
The products formed by CGTase over longer periods of incubation (the net effect of

all four CGTase catalyzed reactions with starch, after reaching equilibrium) provides relevant
information about the performance of the wild type and mutant CGTase proteins under
conditions resembling those of industrial production process conditions (see Fig. 4 and Table
2). Although initially the ratio of the produced cyclodextrins will reflect the preference of the
enzyme for the formation of the specific cyclodextrins (see Table 3), any CGTase capable of
forming (cyclization) and degrading (coupling) .-, �-, and �-cyclodextrin will eventually
produce a fixed ratio (27:58:15 (Tewari et al. 1997)) of these compounds determined by their
thermodynamic equilibrium. This is clearly visible when comparing the ratios expected from
the initial cyclization reaction rates (Table 3) with those obtained after prolonged incubation
(Table 2). CGTase product specificity must therefore be considered as a kinetic feature, in
which initial substrate binding and the rate of circularization (the conformational change from
a linear substrate to a cyclic product) have been proposed to be important factors (van der
Veen et al. 2000c).

Figure 6. An overview of the interactional
changes near sugar subsite -7. The
maltononaose sugar residues at subsites -6
and -7 are indicated. Enzyme residues in light
grey: the conformation in wild-type CGTase,
in dark grey: CGTase mutant Y89D/S146P.
The figure was constructed using
MOLSCRIPT (Kraulis, 1991).

Binding subsites distant from the catalytic site affect product specificity
Since the same substrate is used for the simultaneous production of the various

cyclodextrins, .-, �-, and �-cyclization must be regarded as competing activities (van der Veen
et al. 2000c). Conceivably, initial substrate binding (up to subsite -6, -7, or -8) determines
which cyclodextrin will be formed. From the structure of the CGTase from B. circulans strain
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251 complexed with a linear maltononaose inhibitor in the active site the loop region
containing residues 145-151 was found to be intimately involved in hydrogen bonding
interactions with the glucose residue bound at subsite -7 (see Fig. 2 and Fig. 6). This region
was therefore suggested to be involved in the preference of this CGTase for the formation of
�-cyclodextrin (Strokopytov et al. 1996). Indeed, a deletion mutant (û(145-151)D) of the �-
CGTase from B. circulans strain 8 in which residues 145-151 are replaced by a single
aspartate, resulted in a shift towards �-cyclodextrin production (Parsiegla et al. 1998). The
S146P mutant described here was aimed at disturbing the hydrogen bonding network at subsite
-7 without damaging the substrate binding cleft. The largely unaffected disproportionation
kinetics indicate that in this mutant the catalytic machinery was not affected. The mutation did
specifically affect the cyclization and coupling reactions involving �-cyclodextrin (containing
7 glucose residues). The increased .-cyclization activity can be explained by the fact that the
introduced proline destabilizes the maltononaose binding mode at subsite -7 by stereochemical
clashes (the distance of glucose O2 to Pro146 C/ would be 1.6 Å, see Fig. 6), promoting
substrate binding upto subsite -6. These findings confirm the importance of the loop region
containing residues 145-151 in initial substrate binding, and thus in determining which
cyclodextrin will be formed. Subtle modifications in this loop enable us to tailor CGTase
product specificity.

The effects of Tyr89 mutations on oligosaccharide processing
Removal of the hydrophobicity of residue 89 generally leads to increased activities

as shown by mutants Y89D and Y89G in this paper (Tables 3-5), and also by mutant Y89S of
the CGTase from alkalophilic Bacillus sp. I-5 (Kim et al. 1997). The increased KM values and
decreased kcat/KM values in the coupling and disproportionation reactions indicate that the
energy levels of both bound substrate (related to KM) and transition state (inversely related to
kcat/KM) have increased. The increased kcat values show that the activation energy has
decreased compared to the wild type, indicating that the transition state is less affected by these
mutations than the bound substrate ground state. Furthermore, Y89D results in a higher
increase in reaction rates when shorter oligosaccharides are processed (.-cyclization,
disproportionation, hydrolysis) than Y89G, indicating a stabilization of the transition state of
these reactions in mutant Y89D when compared to mutant Y89G. Interestingly, a soaking
experiment with crystals of mutant Y89G identical to that with the double mutant Y89D/S146P
resulted in a bound maltopentaose inhibitor in a conformation similar to the maltohexaose,
however, with bad electron density for the sugar bound at subsite -3 (J. C. M. Uitdehaag,
unpublished result). The maltohexaose bound in mutant Y89D/S146P shows much better
density at subsite -3, which indicates that the “bent” conformation of the bound
oligosaccharide is stabilized by Asp89 at subsite -3. Probably the water mediated hydrogen
bond between Asp196 and the bound sugar (see Fig. 5(b)) is promoted by adding
hydrophilicity at subsite -3. The biochemical and structural data shows that a (more) increased
catalytic activity is combined with (stabilization of) a “bent” intermediate. This suggests that
in the transition state a “bent” conformation of the oligosaccharide is preferred. The
observation that the Y89D mutation specifically stimulates processing of shorter
oligosaccharides (.-cyclization, disproportionation) can be explained by the fact that longer
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oligosaccharides have a natural tendency to adapt a (bent) helical conformation. This also
provides an explanation for the sometimes contradictory results obtained with mutations in
residue 195. This aromatic residue (Tyr or Phe) is important for cyclization (Fujiwara et al.
1992a; Sin et al. 1994; Penninga et al. 1995; Parsiegla et al. 1998; Wind et al. 1998) and has
recently been shown to stabilize an intermediary (bent) stage in circularization (Uitdehaag et
al. 1999a). Mutations in residue 195 will probably destabilize the intermediary stage, and
consequently lead to increased production of larger cyclodextrins, irrespective of the size of
the introduced residue (e.g. Trp or Leu both lead to enhanced �-cyclodextrin production
(Penninga et al. 1995)). The results obtained with the Y89 mutants thus show that besides
initial substrate binding also the consecutive circularization rate of the intermediate determines
product specificity of the CGTase catalyzed cyclization reaction. Furthermore, the high
hydrolysis and .-cyclization activity of the CGTase from Thermoanaerobacterium
thermosulfurigenes EM1 can at least partially be related to the presence of Asp89 in this
enzyme (Wind et al. 1995).

The kinetic behaviour of mutant Y89D/S146P (Tables 3-5) is largely the sum of the
single mutants. This additive behaviour can be explained by the fact that: i) both residues are
well separated from each other, as can be seen in the structure; ii) different aspects of product
specificity are affected by the mutations, as shown by the biochemical characteristics. As
expected this double mutant shows the highest increase in .-cyclodextrin production, with a
decrease in especially �-cyclodextrin production.

Conclusions

The ratio of the products formed in the cyclization reaction largely depends on
hydrogen bonding interactions at specific subsites in the CGTase active site, as shown here for
subsite -7 (S146), determining how far the linear substrate will enter the active site. However,
also the subsequent conformational change from linear substrate to cyclic product affects this
ratio (Y89). Cyclodextrin product specificity of CGTases is thus largely determined by initial
substrate binding and the consecutive circularization rate of the intermediate. Our combination
of biochemical and biophysical techniques has provided new insights into the cyclization
mechanism of CGTase, which pave the way for further improvement of CGTase product
specificity by rational protein engineering. Mutational, kinetic and crystallographic studies
which take advantage of these new insights, are currently being undertaken.
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The role of arginine 47 in the cyclization and coupling
reactions of cyclodextrin glycosyltransferase

from Bacillus circulans strain 251:
implications for product inhibition and product specificity

Bart A. van der Veen, Joost C.M. Uitdehaag, Bauke W. Dijkstra, and Lubbert
Dijkhuizen

Cyclodextrin glycosyltransferase (CGTase) (EC 2.4.1.19) is used for the industrial
production of cyclodextrins. Its application, however, is hampered by the limited cyclodextrin
product specificity and the strong inhibitory effect of cyclodextrins on CGTase activity. Recent
structural studies have identified Arg47 in the Bacillus circulans strain 251 CGTase as an
active site residue interacting with cyclodextrins, but not with linear oligosaccharides. Arg47
thus may specifically affect CGTase reactions with cyclic substrates or products.

Here we show that mutations in Arg47 (Leu, Gln) indeed have a negative effect on
the cyclization and coupling activities; Arg47 specifically stabilizes the oligosaccharide chain
in the transition state for these reactions. As a result the mutant proteins display a shift in
product specificity towards formation of larger size cyclodextrins. As expected, both mutants
also showed lower affinities for cyclodextrins in the coupling reaction, and a reduced
competitive (product) inhibition of the disproportionation reaction by cyclodextrins. 

Both mutants also provided valuable information about the processes taking place
during   cyclodextrin production assays. Mutant Arg47Leu displayed an increased hydrolyzing
activity, causing accumulation of increasing amounts of short oligosaccharides in the reaction
mixture, which resulted in lower final amounts of cyclodextrins produced from starch.
Interestingly, mutant Arg47Gln displayed an increased ratio of cyclization/coupling and a
decreased hydrolyzing activity. Due to the decreased coupling activity, which especially affects
the production of larger cyclodextrins, this CGTase variant produced the various cyclodextrins
in a stable ratio in time. This feature is very promising for the industrial application of CGTase
enzymes with improved product specificity.

Eur. J. Biochem. 267, 3432-3441 (2000)
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Introduction

Cyclodextrins are cyclic oligomers of 6 (.-), 7 (�-), 8 (�-) (French, 1957)or even 9
(/-), and 10 (0-cyclodextrin) (Penninga et al. 1995) .(1-4) linked glucose residues. They can
form inclusion complexes with small hydrophobic molecules (Saenger, 1980), and are used
in industrial and research applications (Schmid, 1989; Allegre and Deratani, 1994). The
enzyme cyclodextrin glycosyltransferase (CGTase; EC 2.4.1.19) converts starch into
cyclodextrins via an intramolecular transglycosylation reaction (cyclization). Other reactions
catalyzed are: (i), disproportionation, transfer of part of a linear oligosaccharide to another
oligosaccharide; (ii), coupling, opening of a cyclodextrin ring followed by transfer to a linear
oligosaccharide; (iii), hydrolysis, transfer of part of a linear oligosaccharide to water (van der
Veen et al. 2000c).

In all known CGTase structures (Hofmann et al. 1989; Klein and Schulz, 1991;
Kubota et al. 1991; Knegtel et al. 1996; Harata et al. 1996) five domains (A - E) can be
recognized. The three N-terminal domains (A - C) have structural similarity to the three .-
amylase domains. Domain E contains a raw starch binding motif (Lawson et al. 1994;
Svensson et al. 1989; Jespersen et al. 1991) forming two maltose binding sites (MBS) that are
responsible for starch binding (MBS1) and for guiding of the substrate into the active site
(MBS2) (Penninga et al. 1996). These MBS’s also bind cyclodextrins and thus play an
important role in the product inhibition of CGTase. Kinetically, this inhibition is of a mixed
type, with both a competitive and a non-competitive component. When MBS2 on the E-domain
is impaired (mutant Tyr633Ala) non-competitive inhibition is drastically reduced, but
competitive inhibition, affecting catalysis in the active site, clearly remains (Penninga et al.
1996).
 CGTase X-ray studies (Strokopytov et al. 1996; van der Veen et al. 2000b; Uitdehaag
et al. 1999b; Wind et al. 1998; Uitdehaag et al. 1999a; Schmidt et al. 1998) show that Arg47
occupies a position allowing it to interact with cyclodextrins, but not with linear substrates (see
below). This suggests that Arg47 is involved in (a), CGTase reactions with cyclic products
(cyclization) or substrates (coupling) and (b), the competitive inhibition of CGTase by
cyclodextrins. Sequence comparisons of CGTases from different sources also suggest that the
identity of residue 47 affects cyclodextrin product specificities (Table 1; Fig. 1): Arg or Lys
in CGTases producing mainly .- and/or �-cyclodextrin; His in CGTases producing virtually
no .-cyclodextrin; Thr in the primarily �-cyclodextrin producing CGTase from Bacillus
firmus/lentus strain 290-3. Thus, a relatively short side chain of residue 47 is accompanied by
a clear preference for the production of the larger size cyclodextrins, most notably by a
decrease in the formation of .-cyclodextrin.

Here we report a detailed characterization of the CGTase mutants Arg47Leu and
Arg47Gln, including analysis of the four CGTase catalyzed reactions and sensitivity to
competitive inhibition by cyclodextrins. The data provide clear evidence that Arg47 plays an
important role in the CGTase catalyzed cyclization and coupling reactions and that it affects
cyclodextrin product specificity. Moreover, Arg47 indeed interacts with cyclodextrins and thus
is involved in product inhibition.
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Table 1. Cyclodextrin product specificity of CGTases. Sequences were obtained from the SWISS-
PROT/EMBL protein data base.
Abbreviation Bacterial source Main product1 Reference
KLEPN K. pneumoniae strain M5a1 . (Binder et al. 1986)
BMAC2 B. macerans . (Sakai et al. 1987)
BMACE B. macerans strain NRRL B388 . (Fujiwara et al. 1992b)
BSTEA B. stearothermophylus strain NO2 ./� (Fujiwara et al. 1992b)
BLICH B. licheniformis ./� (Hill et al. 1990)
TBNOVO Thermoanaerobacter sp. ATCC53.627 ./� (Dijkhuizen et al. 1996)
TABIUM T. thermosulfurigenes EM1 �/. (Wind et al. 1994)
BCIR8 B. circulans strain 8 � (Nitschke et al. 1990)
BC192 B. circulans strain E192 � (Bovetto et al. 1992)2

B663 Bacillus sp. strain 6.6.3 � *
BF2 B. circulans strain F2 � (Kim et al. 1992)
BC251 B. circulans strain 251 � (Lawson et al. 1994)
B1018 Bacillus sp. strain B1018 � (Itkor et al. 1990)
B1011 alkalophilic B. sp. strain 1011 � (Kimura et al. 1987)
B382 alkalophilic B. sp. strain 38.2 � (Hamamoto et al. 1987)
B171 alkalophilic B. sp. strain 17.1 � (Kaneko et al. 1989)
BKC201 Bacillus sp. strain KC201 � (Kitamoto et al. 1992)
BSP11 alkalophilic B. sp. strain 1.1 � (no .) (Schmid et al. 1988)
BOHB B. ohbensis (strain C-1400) � (no .) (Sin et al. 1991)
BREV Brevibacillus brevis strain CD162 �/� (Kim et al. 1998)
BF290 B. firmus/lentus strain 290-3 �/� (Englbrecht et al. 1988)2

1 Single cyclodextrins are mentioned as main products for those CGTases that produce only small
amounts of the other cyclodextrins. Two cyclodextrins are indicated in those cases where both
cyclodextrins are formed in comparable amounts (however, with (slight) preference for the first one
mentioned).
2 Sequence obtained from Roquette company
* Akhmetzjanov, A.A., ENTREZ-NCBI seq ID: 39839 (1992)

Experimental procedures

Bacterial strains and plasmids
Escherichia coli MC1061 [hsdR mcrB araD139 û(araABC-leu)7679 ûlacX74 galU

galK rpsL thi] (Meissner et al. 1987) was used for recombinant DNA manipulations and site-
directed mutagenesis. E. coli DH5. [F'/endA1 hsdR17 supE44 thi1 recA1 gyrA (Nalr) relA1
(lacZYA-argF) U196 (o80dlacû(lacZ)M15](Hanahan, 1983) was used for the production of
monomeric supercoiled plasmid DNA for sequencing. CGTase (mutant) proteins were
produced with the .-amylase and protease negative Bacillus subtilis strain DB104A [amy
nprR2 nprE18 aprA3](Smith et al. 1988). Plasmid pDP66K (Penninga et al. 1996), with the
cgt gene from Bacillus circulans strain 251 under control of the p32 promoter (van de Vossen
et al. 1992), was used to introduce site-directed mutations and for production of the enzymes.
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             43       50
KLEPN         DPNNLKKYT
BMAC2         HS-NLKLYF
BMACE         RS-NLKLYF

TBNOVO        HT-SLKKYF
TABIUM        HT-SLKKYF
BSTEA         CT-NLRKYC

BLICH         CS-NLKLYC
BCIR8         CS-NLKLYC
BC192         CS-NLKLYC
B663          CS-NLKLYC
BF2           CSTNLKLYC
BC251         CT-NLRLYC
B1018         CT-NLRLYC
B1011         CT-NLRLYC
B382          CT-NLRLYC
B171          CT-NLRLYC

BKC201        CI-DLHKYC
BSP11         CI-DLHKYC
BOHB          CS-DLHKYC
BREV          CS-DLHKYC
BF290         CL-DLTKYC

Figure 1. Sequence alignement of the region
around residue 47 in CGTases. The CGTases
are ordered according to their cyclodextrin
product specificity as shown in Table 1. The
position of residue 47 is shown in bold.

Plasmid pBluescript KSII (Stratagene) was used for automated sequencing. DNA
manipulations and calcium chloride transformation of E. coli strains were performed as
described (Sambrook et al. 1989). Transformation of B. subtilis was performed according to
Bron (Bron, 1990).

Site-directed mutagenesis
Mutations were introduced with a PCR method using VENT-DNA polymerase (New-

England Biolabs, Beverly, MA, USA)(Penninga et al. 1996). The product of the PCR reactions
(1360 bp) was cut with PvuII and SalI and the resulting fragment (1210 bp) was exchanged
with the corresponding fragment from the vector pDP66K. The resulting (mutant) plasmid was
transformed to E. coli MC1061 cells. The following oligonucleotide was used to produce the
mutations:  5'-GC ACG AAC CTG CWG CTC TAT TGC GGC-3'. W can be an adenine or
a thymine. An adenine results in the Arg47Gln mutation and introduction of a PstI site
(CTGCAG); a thymine results in the Arg47Leu mutation and introduction of a BcgI site
(CGANNNNNNTGC). This allowed rapid screening of potential mutants. A mutation
frequency close to 70% was observed; all mutations were confirmed by restriction analysis and
DNA sequencing.
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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 DH5. cells. Dideoxy
sequencing reactions were done using T7 DNA polymerase, with either 5'-end labeled primers
or with unlabeled primers and fluorescein-labeled ATP (Voss et al. 1992; Zimmermann et al.
1990). 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 (Sambrook et al. 1989). 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 .-cyclodextrin-Sepharose-6FF column (Pharmacia, Sweden) (Sundberg and Porath,
1974) 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
.-cyclodextrin.

Enzyme assays
For all assays and enzyme dilutions a 10 mM citrate buffer (pH 6) was used. All

incubations were carried out at 50oC.
�-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 hydrolyzed potato
starch with an average degree of polymerization of 50 (Paselli SA2; AVEBE, Foxhol, The
Netherlands) preincubated at 50oC for 10 min. At regular time intervals samples were taken
and the amount of �-cyclodextrin formed was determined based on its ability to form a stable
colourless inclusion complex with phenolphthalein (Vikmon, 1982). One unit of activity is
defined as the amount of enzyme able to produce 1 µmole of �-cyclodextrin per min. 

Coupling activities were determined using the method described by Nakamura et al.
(1993) with the modifications described by van der Veen et al. (2000c (chapter 3)). One unit
of activity is defined as the amount of enzyme coupling 1 µmole of cyclodextrin to M.DG per
min.

Disproportionation activities were determined using the method described by
Nakamura et al. (1994b) was used with the modifications described by van der Veen et al.
(2000c (chapter 3)). One unit of activity was defined as the amount of enzyme converting 1
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µmole of EPS per min.
Inhibition by cyclodextrins was measured using the disproportionation assay with 5,

10 or 20 mM .-cyclodextrin, 0.5, 1 or 2 mM �-cyclodextrin or 0.2, 0.4 or 0.8 mM �-
cyclodextrin present in the reaction mixture.

The results obtained with the above mentioned enzyme assays were subjected to
kinetic analysis using SigmaPlot (Jandel Corporation).

The hydrolyzing activity was determined as described before (Penninga et al. 1995):
The hydrolysis of a 1% soluble starch (Lamers & Pleuger, Belgium) solution, preincubated at
50oC for 10 min, upon addition of CGTase was followed by measuring the increase in reducing
power (Bernfeld, 1955). One unit of hydrolyzing activity was defined as the amount of enzyme
producing 1 µmole of  reducing sugar per min.

Production of cyclodextrins under industrial production process conditions was
investigated by incubating a 10% solution of Paselli WA4 (pregelatinized starch), comparable
to the jet-cooked starch used in industrial processes, with 2 units of �-cyclization activity of
(mutant) enzyme for 3 h. At regular time intervals samples were taken and analyzed for the
presence of cyclodextrins and linear products by HPLC, using an econosphere NH2 column
(Alltech). The concentrations of �-cyclodextrin were measured using the phenolphthalein
assay and used as an internal standard for the determination of .- and �-cyclodextrin
formation.

Stability of the (mutant) enzymes was determined by incubating properly diluted
enzyme (1 U/ml of �-cyclization activity) at 50oC. At regular time intervals samples were taken
and the remaining �-cyclization activity was measured.

Results

Structural analysis of CGTases implies involvement of Arg47 in cyclodextrin
binding at the active site

In several X-ray structures of mutant CGTases from Bacillus circulans strain 251 and
one structure of the wild type Thermoanaerobacterium thermosulfurigenes strain EM1
CGTase, different conformations of Arg47 (Lys47 in T. thermosulfurigenes strain EM1
CGTase) have been observed (Fig. 2). In the structure of the B. circulans strain 251
Tyr195Phe CGTase with a linear maltononaose inhibitor bound in the active site (Strokopytov
et al. 1996), the Arg47 side chain is directed away from the oligosaccharide (Fig. 2A). Soaking
of crystals of the Asp229Asn/Glu257Gln CGTase with a �-cyclodextrin resulted in appearance
of a linear maltononaose in the active site (Uitdehaag et al. 1999b). In this structure the side
chain of Arg47 was found to be pointing towards the glucose at subsite -3 (Fig. 2B). Although
no hydrogen bonding interactions with the maltononaose could be observed, this conformation
might be a remnant of interactions with the �-cyclodextrin. Structural analysis of the wild type
T. thermosulfurigenes strain EM1 CGTase with a bound semicyclic maltohexaose inhibitor
(Wind et al. 1998) showed that Lys47 is hydrogen bonded to the O2 atom of the sugar at
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subsite -3 (Fig. 2C). Finally, the structure of the Asp229Asn/Glu257Gln mutant of B. circulans
strain 251 CGTase complexed with a �-cyclodextrin (Uitdehaag et al. 1999a) revealed
hydrogen bonding interactions between the O2 and O3 atoms of the sugar at subsite -3 and
Arg47 (Fig. 2D).

Fig. 2. Different conformations of the side chain of residue 47 in X-ray structures
of various (mutant) CGTases complexed with different ligands. Ligands are shown
in white, amino acid residues are shown in grey. A) Bacillus circulans strain 251
Tyr195Phe mutant CGTase with a maltononaose inhibitor in the active site
(Strokopytov et al. 1996). B) B. circulans strain 251 Asp229Asn/Glu257Gln mutant
CGTase with a natural maltononaose substrate in the active site (Uitdehaag et al.
1999b). C) Thermoanaerobacterium  thermosulfurigenes strain EM1 wild type CGTase
with a maltohexaose inhibitor in the active site (Wind et al. 1998). D) B. circulans
strain 251 Asp229Asn/Glu257Gln mutant CGTase with a �-cyclodextrin in the active
site (Uitdehaag et al. 1999a). For details see text.
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To further investigate the role of Arg47 in CGTase catalyzed reactions we introduced
mutations Arg47Leu and Arg47Gln in B. circulans strain 251 CGTase. Leucine, with its short
aliphatic side chain, was chosen in order to remove all potential hydrogen bonding interactions
with cyclodextrins at position 47. Alternatively, a glutamine was selected, because it is shorter
than arginine, but has intact hydrogen bonding capability.

Arg47 has no significant role in reactions involving only linear substrates and
products

Mutations in Arg47 did not result in drastic changes in kcat and KM of the
disproportionation reaction (Table 2). This is in agreement with the structural data (see above),
which do not show interactions of Arg47 with linear oligosaccharides. The mutations have a
more significant effect on the hydrolysis reaction, with a twofold increase in kcat for the
Arg47Leu mutant and a threefold decrease in kcat for mutant Arg47Gln (Table 3). Hydrolysis,
however, remains a minor activity compared to the other reactions.

Table 2. Kinetic parameters of the disproportionation reaction of wild type and mutant CGTase enzymes
from B. circulans strain 251 (at 50oC).
(Mutant) kcat KM kcat/KM Ki Ki Ki
 Protein (s-1) (mM EPS) (mM .-CD) (mM �-CD) (mM �-CD)

wild type 1130 ± 26 0.308 ± 0.022 3669   6.1 ± 0.8 0.54 ± 0.04 0.25 ± 0.04
R47L 1488 ± 38 0.482 ± 0.034 3087 10.6 ± 1.3 1.21 ± 0.08 1.00 ± 0.27
R47Q 1295 ± 33 0.517 ± 0.044 2505   7.7 ± 0.9 0.68 ± 0.05 0.38 ± 0.04

Arg 47 has an important role in the cyclization reaction
In Table 3 the �-cyclization activities of wild type and mutant enzymes are shown.

Although mutations in Arg47 do not affect the interconversion of linear compounds, the
conversion of an oligosaccharide from a linear to a circular conformation is severely affected.
The Arg47Leu mutation, removing all possible hydrogen bonding interactions, resulted in a
threefold decrease in kcat. Mutant Arg47Gln, with intact hydrogen bonding capability, but a
shorter side chain than the original Arg, shows an intermediate �-cyclization activity when
compared to wild type and mutant Arg47Leu. This suggests that the interactions observed for
Arg47 with cyclic compounds are at least partially conserved in this mutant.

Table 3. Hydrolyzing and �-cyclization activities and stability of wild type and mutant CGTase enzymes
from B. circulans strain 251 (at 50oC).
(Mutant) Hydrolysis �-Cyclization Stability
 Protein kcat (s

-1) kcat (s
-1) kcat/KM* t½ (min)

wild type 3.2 ± 0.2 270 ± 1.7 1097  10.2
R47L 6.8 ± 0.4   87 ± 1.2   180    6.1
R47Q 1.0 ± 0.2 164 ± 1.8   317    5.7
* Putative kcat/KM values, taking the KM for EPS (Table 2) as a measure for the affinity of the active site
for linear substrates.
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Mutations in Arg47 decrease the affinity for cyclodextrins
To assess the importance of Arg47 interactions with cyclodextrins, the coupling

reaction of the (mutant) enzymes was analyzed (Table 4). The Arg47Leu mutation results in
a loss of affinity similar for all cyclodextrins, indicating that the interactions of Arg47
observed with a �-cyclodextrin bound in the active site also occur with an .- or �-cyclodextrin.
When Arg47 was replaced by Gln, the KM values increased also, but especially for �- and �-
cyclodextrin this loss of affinity was less than with the Arg47Leu mutation (Table 4). These
data indicate that at least the larger cyclodextrins interact with the Gln residue at position 47,
as was expected from the �-cyclization activity of mutant Arg47Gln (Table 3). Compared to
the wild type enzyme the kcat values of the coupling reaction of mutant Arg47Leu showed a
threefold decrease with �- and �-cyclodextrin, whereas with .-cyclodextrin a twofold decrease
was observed. Although the Gln at position 47 still interacts with cyclodextrins, the coupling
reaction kcat values have dropped more with the Arg47Gln than with the Arg47Leu mutant. The
catalytic efficiency, indicated by kcat/KM, however, had decreased more for the latter mutant.

Table 4. Kinetic parameters of the coupling reaction of wild type and mutant CGTase enzymes from B.
circulans strain 251 (at 50oC).
(Mutant)               kcat (s

-1)              KM (mM CD)          kcat/KM

 Protein . � � . � � . � �

wild type 354(6) 308(4) 203(7)   5.5(0.3) 0.28(0.01) 0.21(0.02) 64 1099 964
R47L 189(9) 111(1)   56(2) 22.3(2.0) 0.96(0.02) 0.60(0.04) 8.5   115 117
R47Q 163(8)   75(2)   49(2) 16.8(1.4) 0.56(0.04) 0.27(0.02) 9.7   133 227
(Values between brackets are the deviations)

Mutations in Arg47 decrease the inhibition by cyclodextrins
Inhibition by cyclodextrins was investigated using the disproportionation assay, since

the high affinities of the mutant enzymes for the high molecular weight starch substrate used
in the cyclization assay make it impossible to perform reliable kinetic studies of the cyclization
reaction (van der Veen et al. 2000c). Furthermore, cyclodextrins are used in the reverse
(coupling) reaction, which may interfere with the determination of inhibition constants.
Inhibition by cyclodextrins of the disproportionation reaction is of a competitive type, with
only effects on KM values (Fig. 3). The resulting Ki values correlate reasonably well with the
KM values for the coupling reaction (Tables 2 and 4), showing that product inhibition is indeed
linked to the coupling reaction. As  hypothesized, the Arg47Leu and Arg47Gln mutations
resulted in a decreased competitive inhibition compared to the wild type (Fig. 3, Table 2).
Especially for the Arg47Leu mutant inhibition by cyclodextrins has significantly decreased,
which is very promising for an increased production of cyclodextrins from starch.
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Figure 3. Lineweaver-Burk plots of the disproportionation reaction of CGTase from B. circulans
strain 251 with �-cyclodextrin as inhibitor. EPS (donor) concentrations were varied (0.3, 0.6, 1.2, and
2.4 mM) at a constant maltose (acceptor) concentration (10 mM) and different �-cyclodextrin (inhibitor)
concentrations (q, 0; s, 0.5; x, 1; y, 2 mM). A) wild type, B) Arg47Leu and C) Arg47Gln CGTases.

The performance of the (mutant) enzymes under conditions resembling
industrial production processes was studied using a 10% Paselli WA4 solution

In such an assay the ratio of cyclodextrins produced in the early stages reflects the
difference in initial rates for the formation of the respective cyclodextrins, whereas in the later
stages the effect of the other reactions (coupling, disproportionation, and hydrolysis) forces
this ratio towards an equilibrium (van der Veen et al. 2000b). In Fig. 4 (a) and Table 5 a typical
cyclodextrin production profile for the wild type enzyme is shown. Initially especially �- and
�-cyclodextrin are produced, while smaller amounts of .- and /-cyclodextrin are produced. In
the later stages the contributions of �- and /-, and eventually also �-cyclodextrin in the total
product decrease, while that of .-cyclodextrin increases. After prolonged incubation also linear
products accumulated in the mixture (Table 5).

Compared to the wild type enzyme, the conversion of starch into cyclodextrins
initially proceeded more rapidly with mutant Arg47Leu (Fig. 4 (b), Table 5; percentage of
starch converted), although equal amounts (2 units) of �-cyclization activity were used in both
cases. Initially more �- and /-cyclodextrin are produced by this mutant, when compared to wild
type, but their amounts decrease again very early in the production process with a concomitant
increase of .-cyclodextrin and linear products. In the final stages the amount of starch
converted by the Arg47Leu mutant was comparable to the wild type enzyme, but less
cyclodextrins were produced, while more linear products accumulated.
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Table 5. Production of cyclodextrins by wild type and mutant CGTase enzymes from starch (Paselli
WA4) at 50oC.
(Mutant) Incubation Fraction of total products formed (%) Starch converted (%)
 Protein time (min)        .        �        �        /   linear CDs   total

       5   7.1±0.9 66.6±0.3 20.9±0.7   5.4±0.7 23±2  23±2
wild type      30   8.5±0.6 71.2±0.7 18.0±0.4   3.0±0.2 35±2  35±2

   180 16.6±0.1 58.7±0.2 14.7±0.7   2.0±0.4   8.9±0.4 50±2  55±2
       5   2.9±0.2 61.3±0.4 22.3±1.1 10.8±0.4   0.3±0.1 32±2  32±2

R47L      30   4.9±0.2 68.5±2.1 17.7±0.5   5.6±0.1   3.4±0.2 41±3  43±3
   180 11.5±0.1 54.1±0.4 12.0±0.2   2.5±0.2 20.0±0.5 43±2  54±2
       5   3.4±0.6 66.4±0.6 21.5±0.5   8.7±1.0 21±3  21±3

R47Q      30   4.3±0.2 65.3±3.0 17.5±1.5   4.9±0.5   3.0±0.6 36±6  37±6
   180   7.6±0.2 67.4±0.6 17.0±1.0   2.0±0.4   5.9±0.6 45±3  48±3

Mutant Arg47Gln initially also produced more of the larger size cyclodextrins than
the wild type CGTase. The ratios of the cyclodextrins produced changed fairly little in time,
with only an increased contribution of .-cyclodextrin at the expense of /-cyclodextrin (Fig.
4 (c)). Only small amounts of linear products were produced by this mutant. Also lower
amounts of cyclodextrin were produced, due to a decreased conversion of the starch used.

Stability tests of the (mutant) enzymes revealed that the Arg47 mutant CGTase
proteins suffered from a twofold decreased thermostability (Table 3).

Discussion

The involvement of Arg47 in (de)circularization of oligosaccharides
Recently it has been suggested that the transition from a circular to a linear, and from

a linear to a circular conformation of the substrate is the rate limiting step in the coupling and
cyclization reactions, respectively (van der Veen et al. 2000c; van der Veen et al. 2000b). The
data presented here indicate that Arg47 affects this transition, probably by hydrogen bonding
to cyclic compounds. Although the structural data show no interactions between Arg47 and
linear oligosaccharides, the affinities for the linear substrate EPS decrease upon mutation of
this residue. This may be caused by effects on neighboring amino acids, especially since
mutant Arg47Gln (with conserved hydrogen bonding capacity) shows the largest decrease in
affinity for EPS, while mutant Arg47Leu (with complete loss of hydrogen bonding capacity)
shows the highest reduction in affinity for cyclodextrins. Thus whereas Arg47 does not
hydrogen bond to linear oligosaccharides, such interaction may be initiated with an
intermediate in the cyclization process by a slight change in the conformation of the Arg47
side chain (see Fig. 2).
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Figure 4. Product formation from 10% Paselli WA4 using 2 units of �-cyclization activity. A)
products formed in percentages of the initial amount of starch used. B) products formed in percentages
of the total amount of products formed. a) wild type, b) Arg47Leu, c) Arg47Gln CGTase. s, .-CD; s,
�-CD; s, �-CD; s, /-CD; s, linear products.

Arg47 stabilizes the transition state for coupling and cyclization reactions
The kinetic parameters of enzyme catalyzed reactions are measures for the energy

levels involved (shown in a simplified model of the CGTase reaction sequence; Fig. 5). The
KM value is linked to the substrate bound ground state energy; a higher KM indicates a higher
energy level. The kcat value is linked to the activation energy, the difference between the
substrate bound ground state level and the transition state level; a higher kcat indicates a lower
activation energy. Finally, kcat/KM value indicates the energy level of the transition state with
respect to free enzyme and free substrate; a lower transition state energy results in a higher
kcat/KM value. Although no affinities could be determined for the high molecular weight
substrate (starch) used in the cyclization reaction, relevant changes in KM and kcat/KM values
for this reaction can be deduced from a combination of the results obtained with the
disproportionation and cyclization reactions. The short maltoheptaose substrate used in the
disproportionation reaction (EPS) supposedly binds in a way similar to other short
oligosaccharides, which includes binding at subsite -3, where Arg47 is positioned (Wind et al.
1998; van der Veen et al. 2000b). Effects of mutations in Arg47 on affinity for this short
oligosaccharide thus reflect effects on the affinity of the active site for binding linear
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substrates for the cyclization reaction. The validity of this assumption is shown by the close
correlation of the resulting kcat/KM values for �-cyclization with those for �-coupling (see
Tables 3 and 4). Since coupling is the reverse reaction of cyclization, the transition state is
expected to be the same for both reactions (Fig. 5). When comparing Tables 2-4 it is obvious
that mutants Arg47Leu and Arg47Gln both drastically affect transition state binding in the
cyclization and coupling reactions, whereas for the disproportionation reaction relatively small
effects are observed. Arg47 is therefore clearly involved in binding the transition state of
cyclization and coupling, reducing its energy level and increasing the catalytic efficiency.

Fig. 5. Schematic representation of putative energy levels involved in CGTase catalyzed cyclization
and coupling reactions. The lines indicate the course of the reactions through these energy levels. Solid
line: wild type CGTase, dashed line: mutant Arg47Leu, dotted line: mutant Arg47Gln.
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Cyclization and coupling activities can be altered differently by affecting
substrate binding

Although Gln47 has interactions with cyclodextrins,  mutations Arg47Leu and
Arg47Gln result in similar decreases in kcat/KM values, indicating that in both mutants (almost)
all interactions of residue 47 with the transition state were lost. The differences in kcat values
of the two mutants must then be explained by differences in the linear oligosaccharide and
cyclodextrin bound ground states of the mutant enzymes. The KM for linear oligosaccharides
(EPS) of Arg47Gln is higher than that for Arg47Leu, resulting in a higher energy level of the
substrate bound ground state for cyclization, explaining the higher cyclization activity of
mutant Arg47Gln compared to Arg47Leu. Similarly, the KM for cyclodextrins of Arg47Gln
is lower than that for Arg47Leu, resulting in a lower energy level of the substrate bound
ground state for coupling, explaining the lower coupling activity of mutant Arg47Gln
compared to Arg47Leu (Fig. 5).

Competitive inhibition of CGTase catalyzed reactions by cyclodextrins
Previously competitive product inhibition of the cyclization reaction by �-

cyclodextrin was reported for the B. circulans strain 251 CGTase Y633A mutant, affected in
MBS2 on the E-domain (Penninga et al. 1996). The current data illustrate that this inhibitory
effect is not merely caused by the reverse reaction (coupling), since an identical inhibitory
effect of �-cyclodextrin on the disproportionation reaction (where �-cyclodextrin is not
involved in the reaction) of the wild type enzyme was observed. Nevertheless, inhibition by
cyclodextrins is closely linked to the coupling reaction, as indicated by the correlation between
the affinity constants (KM) for cyclodextrins in the coupling reaction and the inhibition
constants (Ki) in the disproportionation reaction. Moreover, the reduced affinities of the Arg47
mutants for cyclodextrins in the coupling reaction are reflected in similar reductions in the
competitive inhibition exerted by these cyclodextrins. This indicates that the binding mode of
the cyclodextrins resulting in the inhibitory effect is very similar if not identical to that in the
productive enzyme-cyclodextrin complex in the coupling reaction.

The influence of the various CGTase catalyzed reactions on the production of
cyclodextrins

CGTases find applications in the industrial production of cyclodextrins from starch.
Therefore a prolonged incubation of Paselli WA4 (resembling the jet cooked starch used in
industry) was followed in time to analyze the performance of wild type and mutant enzymes
under conditions more similar to industrial production processes. The composition of the
reaction mixture at a certain time point is the combined result of all the CGTase catalyzed
reactions, which explains the shifts in product ratios in time. At the start of the reaction only
the effect of cyclization is apparent, with a ratio of the different cyclodextrins generated
depending on the specific activities for formation of these cyclodextrins (van der Veen et al.
2000b). Clearly, the mutations in Arg47 affect this ratio, causing a shift in specificity towards
the larger cyclodextrins, which is most apparent for mutant Arg47Leu. The rate of cyclodextrin
formation gradually decreases in time due to product inhibition. This is nicely shown by
mutant Arg47Leu, for which the significantly decreased competitive product inhibition allows
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cyclodextrin production from starch to proceed faster. Although a minor activity, hydrolysis
gives rise to the production of short linear oligosaccharides, ranging in size from maltose to
maltopentaose mainly. These short oligosaccharides are excellent acceptors for the coupling
reaction (van der Veen et al. 2000c), especially with the larger cyclodextrins which have the
highest affinity for the enzyme (Table 4), and thus are the first to be used in this coupling
reaction. In the later stages of incubation the ratios therefore shift toward formation of .-
cyclodextrin (wild type) or linear products (Arg47Leu (Table 5, Fig. 4). With mutant
Arg47Gln the ratios of the products formed change less in time. It has a lower hydrolyzing
activity and significantly favors cyclization over coupling; in this mutant the coupling reaction
thus interferes less with production of cyclodextrins. The decreased total production from
starch is probably caused by the decreased stability of the enzyme.

Conclusions

More insights in the mechanisms of the CGTase catalyzed (de)circularization
reactions have been obtained. The conformational change in a bound oligosaccharide in the
active site appears to be mediated by conformational changes in specific amino acid residues
as indicated here for Arg47, which is involved in stabilization of the transition state that
characterizes the cyclization and coupling reactions specifically. As expected, the Arg47
mutations resulted in a shift in specificity towards production of the larger cyclodextrins. The
data show that both hydrolysis and coupling interfere with cyclodextrin production. A single
mutation (Arg47Gln) resulted, in time, in a more stable composition of the cyclodextrin
products during the conversion of starch. These results offer possibilities for the design of
highly specific CGTases based on initial cyclodextrin formation rates, as suggested recently
(van der Veen et al. 2000b), to be used in industrial cyclodextrin production processes.
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The role of the acceptor binding site in reaction mechanism
and reaction specificity of cyclodextrin glycosyltransferase

from Bacillus circulans strain 251

Bart A. van der Veen, Hans Leemhuis, Slavko Kralj, Joost C. M. Uitdehaag,
Bauke W. Dijkstra, and Lubbert Dijkhuizen

Cyclodextrin glycosyltransferases (CGTase) (EC 2.4.1.19) belong to the .-amylase
family (family 13 of glycosyl hydrolases). Whereas .-amylases usually catalyze hydrolysis
reactions using water as acceptor, CGTases preferably catalyze transglycosylation reactions
in which glucosyl residues are used as acceptor. The main differences between .-amylases and
CGTases with respect to reaction specificity are thus likely to be found at the acceptor binding
sites. CGTase residues His233 and Lys232 provide hydrogen bonding interactions with
glucosyl groups at the +1 and +2 acceptor subsites. Identical residues are found in some .-
amylases. Typical for CGTases is, however, the combination of two phenylalanines (Phe183
and Phe259) positioned at acceptor subsite +2. Also a subsite +3 (Glu264) has been identified
in CGTase. Using site directed mutagenesis, the specific roles of these residues in the CGTase
catalyzed reactions were identified. 

Lys232 is specifically involved in binding the acceptor in the ternary complex in the
coupling reaction and appears to be required for the role of His233 in catalysis. Glu264 is
specifically involved in initial binding of the (maltose) acceptor in the disproportionation
reaction. Phe183 and Phe259 play distinct roles in the transglycosylation reactions catalyzed
by CGTase. Phe183 properly positions the acceptor glucose residues for interaction with
Phe259, which subsequently induces them to adopt a conformation suitable for catalysis.
Furthermore, the hydrophobicity of Phe183 and Phe259 limits the hydrolyzing activity of
CGTase. Hydrolysis can be enhanced by mutagenesis of these residues, concomitantly
decreasing the transglycosylation activities of the enzyme. An F183S/F259N double mutant
was constructed, resulting in an enzyme prefering hydrolysis over cyclization (15 : 1), whereas
wild type CGTase favours cyclization over hydrolysis (90 : 1).

Submitted to J. Biol. Chem.
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Introduction

Cyclodextrin glycosyltransferases (CGTase) (EC 2.4.1.19) belong to the .-amylase
family (glycosyl hydrolase family 13) (Henrissat, 1991), an important group of starch
converting enzymes. Catalysis in the .-amylase family proceeds via a covalently linked
intermediate (Uitdehaag et al. 1999b), 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 .-amylases usually catalyze the
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 cyclization, in which a cyclodextrin is cleaved and transferred to an accepting
oligosaccharide (coupling) is catalyzed by CGTase (van der Veen et al. 2000c). The main
determinants that cause the difference in reaction specificity between .-amylases and CGTases
are 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 (Strokopytov et al. 1996) and a maltononaose
substrate (Uitdehaag et al. 1999b) 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 that in Aspergillus oryzae .-amylase complexed with an acarbose-
derived maltohexaose inhibitor (Brzozowski and Davies, 1997). At subsite +2 a hydrogen
bonding interaction occurs also in both enzymes (with Lys232, CGTase numbering)(Fig.1.a).
In CGTase the +2 sugar residue is, however, sandwiched between phenylalanines 183 and 259
(see Fig. 1), which are well conserved in CGTases, whereas in the .-amylase structure only
Leu232 (equivalent to Phe259 in CGTase) has hydrophobic interactions with this glucose
residue (Brzozowski and Davies, 1997). Both aromatic residues have been shown to be
important for the cyclization reaction (Nakamura et al. 1994a), but their specific functions have
remained unclear. For the CGTase from Thermoanaerobacter thermosulfurigenes strain EM1
a third acceptor subsite has been identified, in which Glu265 (Glu264 in the B. circulans
CGTase) is involved (Wind et al. 1998)(see Fig.1.a).

The crystal structures of the B. circulans strain 251 CGTase in complex with a �-
cyclodextrin (Uitdehaag et al. 1999a) revealed specific differences between the binding mode
of linear and cyclic compounds.  The glucose residue at subsite +1 is bound identically to the
subsite +1 glucose of a linear maltononaose, however, hydrogen bonding interactions with the
cyclodextrin at subsites +2 and +3 are not observed (Fig.1.b). Also the hydrophobic
interactions with phenylalanines 183 and 259 show differences betweeen the two binding
modes (see Fig. 1). Whereas Phe183 has better stacking interactions with the linear compounds
(Fig. 1.a), for Phe259 these interactions are better with the cyclodextrin (Fig. 1.b).
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The present study provides a detailed analysis of the roles of amino acid residues in
the acceptor subsites +2 and +3 of B. circulans strain 251 CGTase. It illustrates that the
various residues have distinct roles, dependent on whether a disproportionation, cyclization,
or coupling reaction takes place.

Figure 1. Schematic representation of the interactions between the B. circulans strain 251 CGTase
and sugars bound at the active site. a) binding mode of a linear oligosaccharide (Strokopytov et al.
1996, Uitdehaag et al. 1999b). b) binding of a cyclodextrin (Uitdehaag et al. 1999a).

Experimental procedures

Bacterial strains and plasmids 
Escherichia coli MC1061 [hsdR mcrB araD139 û(araABC-leu)7679 ûlacX74 galU

galK rpsL thi] (Meissner et al. 1987) was used for recombinant DNA manipulations and site-
directed mutagenesis. E. coli DH5. [F'/endA1 hsdR17 supE44 thi1 recA1 gyrA (Nalr) relA1
(lacZYA-argF) U196 (o80dlacû(lacZ)M15](Hanahan, 1983) was used for the production of
monomeric supercoiled plasmid DNA for sequencing. CGTase (mutant) proteins were
produced with the .-amylase and protease negative Bacillus subtilis strain DB104A [amy
nprR2 nprE18 aprA3](Smith et al. 1988). Plasmid pDP66K (Penninga et al. 1996), with the
cgt gene from Bacillus circulans strain 251 under control of the p32 promoter (van de Vossen
et al. 1992), was used to introduce site-directed mutations and for production of the enzymes.
Plasmid pBluescript KSII (Stratagene) was used for automated sequencing. DNA
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manipulations and calcium chloride transformation of E. coli strains were performed as
described (Sambrook et al. 1989). Transformation of B. subtilis was performed according to
Bron (Bron, 1990).

Site-directed mutagenesis
Mutations were introduced with a PCR method using VENT-DNA polymerase (New-

England Biolabs, Beverly, MA, USA)(Penninga et al. 1996). 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 produce the Lys232 mutations: 5'-C ATG GAT GCA GTA CWG CAC ATG CCG-3'. The
underlined cytosine is a replacement for the original thymine, resulting in removal of an NdeI
site (CATATG). W can be an adenine or a thymine. An adenine results in the Lys232Gln
mutation; a thymine results in the Lys232Leu mutation and introduction of an ScaI site
(AGTACT). For the production of mutant Glu264Ala the primer 5'-C CTG GGC GTT AAC
GCA GTG AGC CCG-3' was used, resulting in introduction of an HpaI site (GTTAAC).
Oligonucleotides used to produce the phenylalanine mutations were: for Phe183Ile,Thr,Asn,
or Ser, 5'-GGC GGT ACC GAC ANT TCC ACG ACC-3', containing a KpnI site (GGTACC);
for Phe259Ile,Thr,Asn, or Ser, 5'-GGC GAA TGG ANC CTA GGC GTA AAT GAA-3',
containing an AvrII site (CCTAGG). N can be any of the four bases, resulting in identical
mutations in both primers. An adenine results in the PheâAsn mutation; a cytosine in the
PheâThr mutation; a guanine in the PheâSer mutation; a thymine in the PheâIle 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 DH5. cells. Dideoxy
sequencing reactions were done using T7 DNA polymerase, with either 5'-end labelled primers
or with unlabelled primers and fluorescein-labelled ATP (Voss et al. 1992; Zimmermann et
al. 1990). 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).
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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 (Sambrook et al. 1989). 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 (�-)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 .-cyclodextrin-Sepharose-6FF column (Pharmacia, Sweden)
(Sundberg and Porath, 1974) 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 .-cyclodextrin.

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.
�-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 �-cyclodextrin formed was determined based on its ability to form a stable
colourless inclusion complex with phenolphthalein (Vikmon, 1982). One unit of activity is
defined as the amount of enzyme able to produce 1 µmole of �-cyclodextrin per min.

Coupling activities were determined using the method described by Nakamura et al.
(1993) with the modifications described by van der Veen et al. (2000c (chapter 3)). One unit
of activity is defined as the amount of enzyme coupling 1 µmole of cyclodextrin to M.DG per
min.

Disproportionation activities were determined using the method described by
Nakamura et al. (1994b) was used with the modifications described by van der Veen et al.
(2000c (chapter 3)). 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 (Penninga et al. 1995):
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 measuring the increase in
reducing power (Bernfeld, 1955). 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 (Cornish-Bowden,
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1995) were used to fit the experimental data to determine which kinetic mechanism applies to
the transglycosylation reactions catalyzed by CGTase:

1) substituted-enzyme mechanism:
Ping-pong:

v=V·a·b/(KMB·a+KMA·b+a·b) (Eq.1.a)
Ping-pong (with substrate inhibition):

v=V·a·b/(KMB·a+KMA·b·(1+b/KiB)+a·b) (Eq.1.b)
2) ternary complex mechanism:
Random-order:

v=V·a·b/(K’MA·KMB+KMB·a+KMA·b+a·b) (Eq.2)

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 �-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 identification of the following CGTase mutants: F183N, F183S, K232L,
K232Q, E264A, F259N, F259S, and the double mutant F183S/F259N.

Effects of the mutations on the cyclization reaction
The �-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 F259
and F183 by hydrophilic residues reduced the activity. Of the single mutants F183N showed
the highest reduction in cyclization activity (10 fold). The double mutant F183S/F259N
showed even a 300 fold decrease in cyclization activity, which is much larger than what would
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be expected from a combination of the single mutants, suggesting a concerted action of the two
phenylalanine residues. In contrast, in the subsite +3 mutant E264A the cyclization activity
was hardly affected.

Effects of the mutations on the hydrolysis reaction
The specific activities of hydrolysis of starch of the (mutant) enzymes are listed in

Table 1. Especially the F259 mutants showed a significant increase in hydrolyzing activity on
starch (10 to 20 fold), while mutation F183N resulted in a 3 fold increase. Starch hydrolysis
activity of the double mutant F183S/F259N was intermediate compared to the single F183N
and F259N mutants.

Table 1. �-Cyclization and hydrolyzing activities of wild type and mutant CGTases
(mutant) enzyme �-cyclization(U/mg) starch hydrolysis
wildtype 270.0 ±   1.7   3.2 ± 0.2
F183N   25.4 ±   1.7 10.6 ± 0.4
K232L 122.9 ±   6.5 nd
K232Q   69.2 ±   3.5 nd
E264A 215.8 ± 11.9 nd
F259N   41.7 ±   0.2 60.3 ± 1.7
F259S   42.0 ±   1.8 32.6 ± 1.0
F183S/F259N     0.9 ±   0.1 14.3 ± 1.4
nd: not determined

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 disproportionation 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.
Mutation F183N, however, showed only a twofold reduction in disproportionation activity
compared to a tenfold reduction in cyclization activity, suggesting that this residue has a more
significant role in cyclization. As for the cyclization reaction, the double mutant F183S/F259N
resulted in a much larger reduction in disproportionation activity (75 fold) than would be
expected from a combination of the single mutants. Also for the disproportionation reaction
the results suggest a concerted action of the two phenylalanine residues. 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. Furthermore, the data for mutant F183N in Fig. 2.a
clearly indicates substrate inhibition exerted by the acceptor substrate (maltose), which may
be a direct effect of the increased affinities. In the insert in Fig. 2.b the Lineweaver-Burk plot
for the wild type is shown, the parallel lines indicating normal ping-pong types of kinetics,
represented by equation 1.a.
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Table 2. Kinetic parameters of the disproportionation reaction of wild type and mutant CGTases
(mutant) enzyme Vmax (U/mg) KMEPS (mM) KMMal (mM) KiMal (mM)
wildtype 970.0 ± 17.6 0.22 ± 0.02 0.83 ± 0.05 nd
F183N 556.3 ± 16.0 0.26 ± 0.02 0.31 ± 0.02 1.3 ± 0.2
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
E264A 520.6 ± 10.6 0.11 ± 0.01 0.10 ± 0.01 5.1 ± 1.1
F259N 189.2 ±   4.2 0.10 ± 0.01 0.14 ± 0.01 4.9 ± 1.1
F183S/F259N   13.7 ±   0.9 0.70 ± 0.06 0.01 ± 0.08 2.1 ± 0.3
nd: not detectable

Although acceptor concentrations were raised up to 1 M, no inhibitory effect of maltose could
be detected for the wild type enzyme. For all mutants the experimental data could best be fitted
with equation 1.b, 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 result in the highest increase in affinity for maltose.

Fig. 2. The disproportionation reaction of mutant F183N.  A: s versus v plot, clearly showing substrate
inhibition by maltose. B: Lineweaver-Burk plot; the reciprocal of the specific activity (1/v) is plotted
against the reciprocal of the EPS concentration at fixed maltose concentrations (0.1 (q), 0.25 (r), 0.5
(y), 1 (/), 2 (s), 5 (v), and 10  (z) mM). Linear regression results in the dotted lines, which clearly
deviate from the paralel lines observed with the wild type enzyme (see insert). The calculated fit with the
Sigma-Plot program is represented by solid lines.
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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 (van der Veen et al. 2000c), the effects of the mutations on
�-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 more significantly affected the substrate affinities,
suggesting specific roles for these residues in the formation of the ternary complex.

Table 3. Kinetic parameters of the �-coupling reaction of wild type and mutant CGTases
(mutant) Vmax KMCD KMACC K’MCD K’MACC
enzyme (U/mg) (mM) (mM) (mM) (mM)
wild type 294.0 ±   7.6 0.32 ± 0.02 18.1 ± 1.4 0.15 ± 0.04   8.5 ± 2.2
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
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
E264A 282.7 ± 15.6 0.24 ± 0.02 17.8 ± 4.3 0.12 ± 0.02   8.7 ± 4.3
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
F183S/F259N  <<   1 nd nd nd nd
nd: not determined

Discussion

In the present study the acceptor binding site of CGTase was 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. Here we concentrate
on subsites +2 and +3, 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.

The general importance of Lys232
Mutations in Lys232 resulted in a similar decrease of activity for all CGTase

catalyzed transglycosylation reactions (Tables 1-3). Mutant K232Q, designed to partially
preserve the polar nature of the active site, resulted in more severely decreased activities than
mutant K232L. The latter mutation better conserves the apolar aliphatic tail of lysine, which
has hydrophobic interactions with Trp258, a residue neighbouring the acid/base catalyst
Glu257 (J. Uitdehaag, unpublished). Another important neighbouring residue, which may
become affected is His233. Interestingly, the dipeptide Lys232His233 is completely conserved
throughout CGTases and non-plant .-amylases, indicating a structural and/or functional role
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of this pair of residues. In plant .-amylases the residue corresponding to His233 is typically
a glycine, while the residue corresponding to Lys232 is either a lysine or an arginine (Matsui
and Svensson, 1997). Mutational analysis of barley .-amylase revealed that replacement of the
glycine (residue 184) severely reduced the (hydrolyzing) activity, whereas mutations of the
arginine (residue 183) had little effect (Arg183Asn, Arg183Thr) or even improved the activity
(Arg183Ser) (Matsui and Svensson, 1997). Therefore, the specific involvement of His233 of
CGTases and non-plant .-amylases in catalysis may require the presence of Lys232. This is
supported by mutational experiments on Lys210 of Saccharomycopsis fibuligera .-amylase,
which corresponds to Lys232 in CGTases. Lys210Arg and Lys210Asn mutations both resulted
in severely decreased (hydrolyzing) activities (Matsui et al. 1992a).

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 physiological
function of CGTase is to produce cyclodextrins, and not short, linear oligosaccharides, which
can be utilized by competing organisms. Therefore, hydrolysis of the substrate should be
prevented, which CGTase accomplishes by excluding water from the active site and making
use of an intricate induced fit mechanism (Uitdehaag et al. 2000). Introduction of hydrophilic
residues near the catalytic site renders the active site more favourable for water molecules that
can react with the intermediate, which is then no longer available for transglycosylation and
cyclization reactions, as shown by the increased hydrolyzing activities of the Phe183 and
Phe259 mutants (Table 1). However, the mutations also resulted in increased affinities for the
acceptor maltose, indicating that the lower transglycosylation activities may be caused by a
negative effect on the induced fit mechanism (see below). The double mutant
Phe183Ser/Phe259Asn showed an almost complete loss of transglycosylation activity
combined with an increased hydrolysis, resulting in an enzyme preferring hydrolysis over
cyclization (15:1), whereas the wild type favours cyclization over hydrolysis (90:1).

Phenylalanines 183 and 259 have distinct roles in the transglycosylation
reactions

Mutations of Phe183 resulted in drastically decreased cyclization and coupling
activities. These reactions require a conformational change of the covalently linked
oligosaccharide, producing a circular product from a linear substrate (circularization) or vice
versa (linearization), in contrast to the disproportionation reaction, which only involves linear
substrates and products. Phe183 may thus be actively involved in the conformational change
of the intermediate in the cyclization and coupling reactions.

In contrast, mutations in Phe259 affect cyclization and disproportionation to a similar
extent, with less strong effects on the coupling reaction. This can be related to the acceptors
used in the different reactions. In the coupling reaction the monosaccharide M.DG is used as
the  acceptor. This acceptor molecule only binds productively at subsite +1, and consequently
does not interact with Phe259 at subsite +2 during the formation of the new glycosidic bond
in the reaction. The acceptors for the cyclization reaction (non-reducing end of the covalently
linked intermediate) and the disproportionation reaction (maltose), however, do bind at subsite
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+2 at this stage and apparently require interactions with Phe259. The interaction with Phe259
may put the non-reducing end in a correct position for the formation of a new glucosidic bond.
Crystal structures show that at subsite +2 Phe259 has ideal stacking interactions with
cyclodextrins, whereas for Phe183 these interactions are better with linear substrates (see Fig.
1)(Uitdehaag et al. 1999a). This indicates that a cyclodextrin-like binding mode of the acceptor
is required for efficient catalysis of both the cyclization and the disproportionation reactions.

Thus, whereas Phe183 appears to be actively involved in the circularization of the
oligosaccharide chain, Phe259 serves as a docking site for the non-reducing end. This co-
operative action of the subsite +2 phenylalanines explains why the double mutant, in which
both steps in the cyclization reaction are affected, resulted in loss of virtually all cyclization
activity.

Substrate inhibition by 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 (van der Veen et al. 2000c). The donor substrate EPS is bound in a fashion similar
to the maltononaose (see Fig. 1a). After cleavage of the glucosidic bond between the residues
bound at subsites -1 and +1, the product occupying the acceptor subsites dissociates, making
the acceptor site available for maltose. Although the acceptor site is thus part of the donor site,
in the wild type enzyme no inhibitory effect of maltose on binding of EPS is observed. This
indicates that the CGTase active site is perfectly suited for the successive binding of donor and
acceptor. Surprisingly, all mutations in the acceptor site described here, including Glu264Ala
at subsite +3, resulted in substrate inhibition exerted by maltose. Thus, not only subsites +1
and +2, which are required for productive binding of the maltose acceptor, but also subsite +3
plays an important role in acceptor binding. We propose that in the wild type acceptor site a
maltose can bind either at subsites +2 and +3 (Fig. 3.a), or at +1 and +2 (Fig. 3.b). 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
distribution of bound maltose over subsites +1/+2 and +2/+3 apparently facilitates replacement
of this maltose by the donor substrate in such way that no inhibitory effect of maltose is
observed. Mutations in the acceptor site affect this distribution, resulting in inhibition of
binding of the donor substrate by the acceptor substrate.

Induced fit of the acceptor substrate
In an induced fit mechanism substrate binding energy is used for activation of

catalysis, resulting in a low apparent affinity for this substrate. Thus, mutations of residues
involved in such a mechanism may result in an increased affinity for the substrate involved
(Cornish-Bowden, 1995). Recently evidence for an induced fit mechanism has been reported,
which results from binding of an acceptor substrate in the active site of CGTase. In the
structures of Asp229Ala/Glu257Ala CGTase complexed with maltohexaose and
maltoheptaose the side chains of Tyr195 and His233 partially block the acceptor subsite +1.
It was suggested that binding of an acceptor requires these residues to move, thereby activating
the catalytic residues to perform the second step in catalysis (Uitdehaag et al. 2000). The
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characteristics of the mutants described here, which all resulted in increased affinities for the
acceptor maltose, suggest specific roles for the residues in the acceptor subsites in this induced
fit mechanism. Mutants Glu264Ala and Phe183Asn showed a similar decrease of the
disproportionation activity, and are thus of equal importance for the disproportionation
reaction. Since both residues are involved in maltose binding at subsites +2/+3 (Fig. 3.a),
binding of the acceptor at this position may be important for the induced fit of acceptor
binding. The observation that mutation Phe183Asn results in a smaller increase in affinity for
maltose than mutation Glu264Ala can be explained by the fact that in mutant Phe183Asn
hydrophobic interactions with maltose are lost, also when it binds at subsites +1 and +2.
Mutant Phe259Asn results in the largest reduction in disproportionation activity, indicating
that interactions with Phe259 at subsite +2 are most important. As explained above, Phe259
specifically supports the “cyclodextrin” binding mode of the acceptor (Fig. 3.b) which appears
to be required for efficient catalysis.

Thus, whereas Phe183 together with Glu264 provides an initial docking site for the
acceptor maltose, Phe259 serves to put the maltose in a position suitable for catalysis. As for
the cyclization reaction, this co-operative action of the subsite +2 phenylalanines explains why
the double mutant Phe183Ser/Phe259Asn, in which both these steps of acceptor binding in the
disproportionation reaction are affected, resulted in a very large decrease of 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.
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The role of the acceptor site in the coupling reaction
The kinetic mechanism of the coupling reaction proceeds via a ternary complex (van

der Veen et al. 2000c). A monosaccharide is used in the assay for the coupling reaction,
requiring only binding at subsite +1 for formation of a new glycosidic bond. The binding
modes of cyclodextrins, which bind similarly to linear substrates from subsites -2 to +1, imply
the involvement of subsite +2 and/or +3 in binding the acceptor in the ternary complex
(Uitdehaag et al. 1999a; Schmidt et al. 1998; van der Veen et al. 2000c). The present results
show that all residues at subsite +2 contribute to the formation of the ternary complex, whereas
Glu264 at subsite +3 is not involved. The effects of the Phe183 and Phe259 mutants do not
allow a detailed analysis of their roles in the complex formation. For the Phe183 mutants the
coupling activity had decreased much more than the cyclization activity, which indicates that,
besides being involved in the conformational change of the oligosaccharide (see above),
Phe183 may be of crucial importance in the formation of the ternary complex. For the Lys232
mutants the affinity for M.DG had decreased more than that for �-cyclodextrin, suggesting
that this residue is especially involved in binding of the monosaccharide acceptor substrate at
subsite +2.

Thus, in the coupling reaction all subsite +2 residues are important for the formation
of the ternary complex. Furthermore the linearization of the cyclodextrin appears to be
mediated by Phe183, similar to the circularization of the linear chain in the cyclization
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
phenylalanines by hydrophilic residues. By a combination of rational design and (semi)
random mutagenesis we were able to select a double mutant (Phe183Ser/Phe259Asn) which
significantly prefers hydrolysis over cyclization (15:1), whereas the wild type favours
cyclization over hydrolysis (90:1). Furthermore, the roles of Phe183 and Phe259 in the
transglycosylation reactions catalyzed by CGTase have been clarified. It appears that in both
the disproportionation and the cyclization reactions Phe183 serves to position the acceptor
glucose residues in such way that they can be picked up by Phe259, which subsequently
induces them to adopt a conformation suitable for catalysis. Whereas the contribution of
Phe259 is identical in both reactions, Phe183 is much more important for cyclization due to
its intimate involvement in the 23' 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. This acceptor
substrate is positioned in such way that it can easily overcome the blocking of subsite +1 by
residues Tyr195 and His233. The involvement of this His233 in catalysis apparently requires
the presence of Lys232 at subsite +2.
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Concluding remarks

This thesis describes investigations of cyclodextrin glycosyltransferase (CGTase)
from Bacillus circulans strain 251. The enzyme is a member of the .-amylase family (family
13) of glycosyl hydrolases, containing many starch hydrolyzing enzymes. CGTase mainly
catalyzes three different transglycosylation reactions. The most common transglycosylation
reaction, also catalyzed by other members of the .-amylase family, is disproportionation,
which can be described as: G(n) + G(m) : G(n-x) + G(m+x) in which G(n) is the donor and
G(m) the acceptor oligosaccharide, consisting of n and m glucose residues, respectively. The
specific and characteristic CGTase reaction is the cyclization reaction in which the part of the
donor substrate that has been cleaved also acts as the acceptor, resulting in formation of a
cyclodextrin, described as: G(n) : cyclicG(x) + G(n-x). The reverse reaction is also catalyzed
by the enzyme and is referred to as the coupling reaction. Although the enzyme is strongly
related to .-amylases, CGTase displays only a very weak hydrolytic activity.

The variety in catalyzed reactions, and the fact that CGTase specifically produces
cyclodextrins consisting mainly of 6, 7, or 8 glucose residues (.-, �-, or �-cyclodextrins,
respectively), makes the enzyme extremely interesting for the study of reaction and product
specificity in the .-amylase family. Amino acid sequence analysis has allowed identification
of amino acids conserved in the whole .-amylase family, and other amino acids uniquely
conserved in CGTases. This thesis presents a biochemical, mutational, and structural analysis
of the role of selected CGTase residues in the CGTase reaction specificity, cyclodextrin
product specificity, and cyclodextrin product inhibition. The data generated offer a detailed
understanding of specific features of each of the CGTase catalyzed reactions. This has allowed
rational construction of mutants displaying altered reaction specificity, modified cyclodextrin
product specificity, or decreased cyclodextrin product inhibition. This may be of use for the
industrial applications of CGTase, found in the production of cyclodextrins and CGTase limit
dextrins (the high molecular residual starch molecules remaining after degradation of starch
by CGTase). CGTase enzymes with a more economical production of cyclodextrins (increased
product specificity, decreased product inhibition) or CGTases capable of producing the
specific limit dextrins without the formation of cyclodextrins thus are of industrial interest.
Detailed knowledge of the mechanisms of the CGTase catalyzed reactions is required for the
construction of such enzymes via rational protein engineering.

The mechanisms of CGTase catalyzed reactions

Previous studies have shown that reactions catalyzed by members of the .-amylase
family proceed via a double displacement mechanism involving a covalent enzyme
intermediate complex using the invariant catalytic residues Asp229 and Glu257 (CGTase
numbering) (Uitdehaag et al. 1999b). The kinetic mechanism is therefore expected to be a
substituted enzyme (ping-pong) mechanism. Characterization of the three CGTase
transglycosylation reactions, however, revealed that they differ in their kinetic mechanisms.
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The cyclization reaction is a single-substrate reaction which proceeds according to Michaelis-
Menten kinetics (when using short-chained substrates). The disproportionation reaction is a
two-substrate reaction yielding two products and proceeds according to a ping-pong
(substituted-enzyme) mechanism. The coupling reaction is a two-substrate reaction yielding
one product and proceeds according to a random ternary complex mechanism (van der Veen
et al. 2000d). A fourth reaction catalyzed by CGTase is hydrolysis, which is only a minor
activity and was therefore not fully investigated.

The cyclization reaction
CGTases are capable of forming cyclodextrins from high molecular weight substrates

(starch) via the unique cyclization reaction. The first step in this reaction, the binding of the
substrate, is promoted by the presence of a raw starch binding domain (domain E). Two
maltose binding sites (MBS) on this domain have been found to be involved in its role in raw
starch binding. MBS1, containing Trp616 and Trp662, has the highest affinity for (raw) starch
and is responsible for the initial binding. MBS2, containing Tyr633, is located at the beginning
of a groove between domains A and B, which contains the active site. Starch chains bound at
MBS1 are effectively guided to this groove by MBS2. This cooperative action of the MBSs
on the E-domain severely enhances the enzyme’s affinity for high molecular weight substrates
(Penninga et al. 1996). In the active site the starch chain subsequently binds to specific
subsites as has been visualized in the structures of the CGTase from B. circulans strain 251
complexed with a maltononaose inhibitor (Strokopytov et al. 1996) and a natural maltononaose
(Uitdehaag et al. 1999b). These linear oligosaccharides are bound in a “straight” conformation
from subsite +2 to subsite -7. The significance of the binding mode of these
maltononasaccharides has been shown by the effects on cyclodextrin product specificity (see
below) of site directed mutagenesis of amino acid residues interacting with the maltononaoses
at subsites -3 (Y89) and -7 (S146) (van der Veen et al. 2000c). Cleavage of the starch chain
between subsites -1 and +1 results in formation of the covalently linked intermediate in the
substituted-enzyme complex (Uitdehaag et al. 1999b) and is followed by a 23 ' migration of
the non-reducing end of this intermediate to the acceptor site (circularization) to form a
cyclodextrin. 

During circularization the sugar bound at subsite -3 shifts its position, allowing Arg47
to hydrogen bond to its O2 and O3 atoms, as shown by the structure of B. circulans strain 251
CGTase with a �-cyclodextrin bound in the active site (Uitdehaag et al. 1999a). Mutations
Arg47Gln and Arg47Leu, removing interactions with the sugar residue at subsite -3 in the
cyclodextrin conformation, show decreased cyclization reaction rates, indicating
destabilization of the transition state compared to the substrate bound ground state (van der
Veen et al. 2000b). Structural analysis of Tyr89Gly and Tyr89Asp mutants of CGTase show
that the Tyr89Asp mutation stabilizes oligosaccharide binding in a more cyclodextrin-like
“bent” conformation, compared to the maltononaose “straight” conformation. This mutant
shows increased cyclization reaction rates, indicating stabilization of the transition state
compared to the substrate bound ground state (van der Veen et al. 2000c). Therefore in the
transition state of the cyclization reaction the cyclodextrin-like “bent” conformation of the
oligosaccharide is preferrred, indicating that circularization of the oligosaccharide is initiated
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during or prior to bond cleavage. X-ray crystallographic studies have shown that substrate
binding up to at least subsite -6 activates the bond cleavage machinery; furthermore, it results
in an induced fit, resulting in strain in specific loops in the enzyme which may trigger
circularization (Uitdehaag et al. 1999a). Combination of the biochemical and crystallographic
data suggest that bond cleavage and circularization are tightly synchronized, enhancing the
efficiency of the cyclization reaction.

Comparisons of the maltonaose and �-cyclodextrin binding modes in the CGTase
active site show further remarkable differences at the acceptor subsite +2 (Uitdehaag et al.
1999a; Uitdehaag et al. 1999b). In both cases a glucose residue bound at this subsite is
sandwiched between Phe183 and Phe259. Although Phe183 has ideal stacking interactions
with the maltononaose and Phe259 with the cyclodextrin, site directed mutagenesis of these
residues revealed a more important role for Phe183 in the cyclization reaction (van der Veen
et al. 2000a). These results confirm Molecular Dynamics studies of the circularization route
which show that Phe183 and Tyr195, a residue located centrally in the active site (Penninga
et al. 1995), are intimately involved in the 23 ' displacement of the non-reducing end glucose
from subsite -7 to subsite +1, whereas Phe259 acts as a final docking site for ring closure
(Uitdehaag, 2000). It has been proposed from X-ray crystallographic studies of the CGTase
from B. circulans strain 251 complexed with maltohexaose and maltoheptaose ligands bound
from subites -1 to -6 and -7, respectively, that also in acceptor binding an induced fit
mechanism is involved (Uitdehaag et al. 2000). The glucose residue binding at subsite +1 has
to relocate residues Tyr195 and His233, which may lead to activation of the bond cleavage
machinery, similar to binding of a glucose residue at subsite -6. This induced fit mechanism
is clarified by the effects of mutating Phe183 and Phe259 at subsite +2 and Glu264 at subsite
+3 (van der Veen et al. 2000a) on the disproportionation reaction (see below).

In conclusion, the CGTase enzyme is extremely specialized in the production of
cyclodextrins from starch. The E-domain strongly enhances the affinity for high molecular
weight substrates and efficiently guides these substrates into the active site. In the active site,
substrate binding up to at least subsite -6 (required for the formation of cyclodextrins)
stimulates bond cleavage, simultanuously initiating circularization, with important roles for
amino acid residues at subsite -3 (Arg47 and Tyr89). Residues Tyr195 and Phe183 are
intimately involved in completing this circularization, transferring the non-reducing end of the
bound oligosaccharide chain to Phe259. Binding to this Phe259 subsequently enables
activation of the second step of the reaction, cyclodextrin ring closure.

The disproportionation reaction
The disproportionation reaction of CGTase proceeds according to the ping-pong bi-bi

mechanism typical for reactions involving a substituted-enzyme intermediate (van der Veen
et al. 2000d). This mechanism implies that the first (donor) substrate is processed before the
second (acceptor) substrate can bind. Biochemical (Bender, 1988) and structural (Strokopytov
et al. 1996; Strokopytov et al. 1995; Knegtel et al. 1995; Uitdehaag et al. 1999b) studies with
CGTase have shown that the donor substrate usually binds from subsite +2 down to subsites
further in the active site. This binding mode of the donor substrate indicates that both acceptor
subsites +1 and +2 are occupied by the donor. Thus, after cleavage of the glucosidic bond, the
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part of the donor occupying these subsites has to dissociate prior to binding of the acceptor
(maltose). Mutational analysis of the acceptor site has shown that the maltose acceptor initially
binds at subsites +2 and +3, after which it can move to subsites +1 and +2 (van der Veen et
al. 2000a). Binding at subsites +2 and +3 involves specific stacking on Phe183 at subsite +2,
which resembles the “straight” maltononaose binding mode, and hydrogen bonding
interactions with Glu264 at subsite +3. Binding at subsites +1 and +2 of the acceptor site
involves specific stacking on Phe259 at subsite +2 and hydrogen bonding interactions with
His233 at subsite +1, thus resembling the cyclodextrin-like “bent” binding mode. This
indicates that the roles of both phenylalanines in the disproportionation reaction are similar to
those in the cyclization reaction; Phe183 positions the accepting glucose residue, which
subsequently interacts with Phe259. This mechanism apparently helps the maltose to overcome
the blocking of subsite +1 by Tyr195 and His233, thereby facilitating the induced fit of the
acceptor substrate. Furthermore, the distribution of maltose binding at subsites +2 and +3, and
at +1 and +2, prevents substrate inhibition by maltose. Mutations in the acceptor site affect this
distribution, resulting in inhibition of binding of the donor substrate by the acceptor substrate
(van der Veen et al. 2000a). 

The coupling reaction
Whereas the double displacement mechanism suggests that the ping-pong mechanism

would apply to all CGTase catalyzed reactions, the coupling reaction is operated by a random
ternary complex mechanism (van der Veen et al. 2000d). This indicates that both the donor (.-,
�-, or �-cyclodextrin) and the acceptor (monosaccharide) are bound simultaneously to the
active site cleft before the cyclodextrin is processed. Since the disproportionation reaction (see
above) proceeds via a ping-pong mechanism, also when a monosaccharide is used as acceptor
(results not shown), the deviating kinetic mechanism of the coupling reaction must result from
the use of a cyclic donor substrate. Structural studies revealed that cyclodextrins bound in the
CGTase active site lack certain hydrogen bonding interactions at the acceptor site (Uitdehaag
et al. 1999a), notably at subsite +2 (Lys232), compared to the hydrogen bonding interactions
with the linear substrate (Strokopytov et al. 1996). Bound cyclodextrins leave no room for
glucose binding at subsite +1, since this subsite has to be occupied by the cyclodextrin in order
to be cleaved. Binding of the acceptor at subsite +1 is required for catalysis, indicating that the
cyclodextrin has to be cleaved before the acceptor can move to subsite +1. The
monosaccharide acceptor must, therefore, bind sufficiently close to the catalytic residues to
result in a random ternary complex mechanism. Mutational analysis of the acceptor subsite +2
has shown that indeed residues interacting with the glucose bound at this subsite (Lys232,
Phe183, and Phe259) are involved in formation of the ternary complex (van der Veen et al.
2000a). Thus, although the events taking place at the active site resemble those of a ping-pong
mechanism, the kinetic mechanism is characterized as a ternary complex. Presumably, the
monosaccharide, bound at subsite +2, moves to subsite +1 after cleavage of the cyclodextrin.
This is a small displacement, which is supposedly faster than the linearization of the covalently
linked intermediate, explaining why it is not observed in the kinetic analysis. This linearization
of the cyclic compounds is also actively mediated by the enzyme, as specifically shown by the
effects of mutations of Arg47 (van der Veen et al. 2000b) and Phe183 (van der Veen et al.
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2000a), which are involved in the conformational change of the bound oligosaccharide.
Mutation of Ser146, a residue specifically involved in binding linear compounds, also had a
negative effect on the coupling kcat values (van der Veen et al. 2000c). This indicates that for
an efficient catalysis of the coupling reaction complete linearization of the cyclodextrin donor
molecule is required.

Hydrolysis
The CGTase hydrolyzing activity may result in formation of linear products from

starch. Under industrial cyclodextrin production conditions these linear oligosaccharides
provide substrates for the coupling reaction, reducing cyclodextrin levels. Although the active
sites of .-amylase and CGTase are highly similar, CGTase has a relatively low hydrolytic
activity compared to .-amylase. In CGTase this is accomplished by excluding water from the
active site; introduction of hydrophilic residues near the catalytic site renders the active site
more favourable for water molecules that can react with the covalently bound reaction
intermediate. This is shown by the replacement of phenylalanines 183 and 259 by hydrophilic
residues, which resulted in increased hydrolyzing activities and reduced transglycosylation
activities. The double mutant Phe183Ser/Phe259Asn showed an almost complete loss of
transglycosylation activity combined with an increased hydrolysis, resulting in an enzyme
preferring hydrolysis over cyclization (15:1), whereas the wild type favours cyclization over
hydrolysis (90:1) (van der Veen et al. 2000a). Mutants affected in subsite -7 (S146P and the
double mutant Y89D/S146P) showed a doubling in the starch hydrolyzing activity (van der
Veen et al. 2000c). Thus, binding of substrates of sufficient length to perform the cyclization
reaction also limits hydrolysis.

Cyclodextrin product specificity

All CGTases produce mixtures of .-, �-, and �-cyclodextrins from starch.
Conceivably, the number of glucose residues (6, 7 or 8) binding in the active site cleft past the
cleavage site determines which cyclodextrin is formed (.-, �- or �-cyclodextrin, respectively).
The Bacillus circulans strain 251 CGTase has a high specificity for �-cyclodextrin formation,
which may be explained by the fact that the active site cleft of this CGTase is specifically
suited for binding 7 residues past the cleavage site (Strokopytov et al. 1996; Uitdehaag et al.
1999b). Indeed, disruption of the hydrogen bonding network at subsite -7 (mutation S146P)
resulted in a specific decrease in the rate of formation of �-cyclodextrin (van der Veen et al.
2000c). Thus, initial substrate binding is very important for the cyclodextrin product
specificity. However, also the rate of the subsequent circularization was found to be important.
The conformational change in a bound oligosaccharide in the active site appears to be
mediated by conformational changes in specific amino acid residues such as Arg47, which is
involved in stabilization of the transition state that characterizes the cyclization and coupling
reactions specifically. Mutations in Arg47 (van der Veen et al. 2000b), destabilizing this
transition state, resulted in a decreased cyclization activity and a shift in specificity towards
production of the larger size cyclodextrins. Similarly, mutation Tyr89Asp (van der Veen et al.



Concluding remarks

143

2000c), which was found to stabilize the transition state, resulted in an increased cyclization
activity and a shift towards formation of smaller cyclodextrins.

Cyclodextrin product inhibition

CGTase is inhibited by the cyclodextrin products it forms from starch. For wild type
CGTase a mixed type of inhibition by �-cyclodextrin is observed when acting on high
molecular weight substrates. This mixed inhibition can be divided in competitive inhibition,
taking place at the active site, and non-competitive inhibition, which results from interference
of �-cyclodextrin with the role of the E-domain in substrate binding. A �-cyclodextrin bound
at MBS1 competitively inhibits binding of CGTase to raw starch granules, while a �-
cyclodextrin bound at MBS2 hinders guidance of the substrate to the active site and may block
the groove leading to the active site. Mutant Tyr633Ala, disrupting MBS2, had lost the non-
competitive product inhibition of the cyclization reaction; the competitive inhibition, taking
place in the active site, remained (Penninga et al. 1996).

The competitive inhibition of CGTase catalyzed reactions by cyclodextrins is not
merely caused by the coupling reaction, since the inhibitory effect of �-cyclodextrin on the
disproportionation reaction (where �-cyclodextrin is not involved in the reaction) of the wild
type enzyme (van der Veen et al. 2000b) is identical to the competitive inhibition observed on
the cyclization reaction of mutant Tyr633Ala. Nevertheless, inhibition by cyclodextrins is
closely linked to the coupling reaction, as indicated by the correlation between the affinity
constants (KM) for cyclodextrins in the coupling reaction and the inhibition constants (Ki) for
cyclodextrins in the disproportionation reaction. Moreover, the reduced affinities of the Arg47
mutants for cyclodextrins in the coupling reaction are reflected in similar reductions in the
competitive inhibition exerted by these cyclodextrins. This indicates that the binding mode of
the cyclodextrins resulting in the inhibitory effect is very similar if not identical to that in the
productive enzyme-cyclodextrin complex in the coupling reaction.
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Summary

Many plants produce a high molecular weight storage polymer of glucose (starch).
Starch is mostly found in seeds (e.g. wheats) or roots (e.g. potato) in the form of granules
consisting of two types of polymers; highly branched amylopectin (with .(1-4) and .(1-6)
glucosidic bonds) and linear amylose (with .(1-4) glucosidic bonds) (Chapter 1). 

Many micro-organisms are able to use starch as carbon and energy source for growth.
They convert the starch polymer extracellularly into smaller size molecules suitable for uptake
and further conversion. In these organisms a whole range of starch degrading enzymes (mostly
belonging to the .-amylase family) with different specificities has evolved. A number of these
enzymes find application in industrial processes, to generate a wide variety of products from
starch. Examples are .-amylase, producing short linear and branched oligosaccharides from
starch, and cyclodextrin glycosyltransferase (CGTase), producing cyclic oligosaccharides
consisting mainly of 6, 7, or 8 glucose residues (.-, �-, or �-cyclodextrins, respectively). The
latter enzyme is unable to bypass branching points in the starch molecule and thus leaves a
large part of it untouched (CGTase limit dextrin) (Chapter 1).

Whereas .-amylases generally hydrolyze .(1-4) glucosidic bonds, the basic reaction
catalyzed by CGTases is transglycosylation. This reaction can be described as: G(n) + G(m)
: G(n-x) + G(m+x) in which G(n) is the donor and G(m) the acceptor oligosaccharide,
consisting of n and m glucose residues, respectively. Disproportionation can be regarded as
the default reaction, and is also catalyzed by several other members of the .-amylase family
(e.g. amylomaltase, disproportionating enzyme). The specific and characteristic CGTase
reaction is the cyclization reaction in which the part of the donor substrate that has been
cleaved off also acts as the acceptor, resulting in formation of a cyclodextrin, described as:
G(n) : cyclicG(x) + G(n-x). The reverse reaction is also catalyzed by the enzyme and is
referred to as the coupling reaction (Chapter 1).

CGTase enzymes are used for the production of cyclodextrins, which have various
applications in the food, cosmetical, pharmaceutical, and agrochemical industries. All known
CGTases, however, produce mixtures of .-, �-, and �-cyclodextrins, requiring expensive and
environmentally harmful purification procedures involving organic solvents to isolate the
separate cyclodextrins. Furthermore, CGTase is subject to cyclodextrin product inhibition,
limiting the formation of cyclodextrins from starch. Clearly, the availability of CGTase
enzymes capable of producing an increased ratio of one particular type of cyclodextrin, and
with reduced product inhibition, would be advantageous to the cyclodextrin producing
industry. Also CGTase limit dextrins find industrial application, e.g. in surface sizing or
coating of paper, to improve the writing quality and to obtain a glossy surface. Possible
applications for CGTase in the preparation of doughs for baked products are under
investigation. In such applications, however, cyclodextrins are unwanted side-products,
requiring the availability of CGTase enzymes unable to produce cyclodextrins (Chapter 1).

In view of the above, protein engineering studies of CGTase of Bacillus circulans
strain 251 have been initiated, with emphasis on structure-function relationships determining
cyclodextrin product specificity and product inhibition, and the mechanisms of the CGTase
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catalyzed reactions. Site-directed mutagenesis, combined with biochemical and X-ray
crystallographic analysis of (mutant) CGTase enzymes, has been applied to elucidate the
complex mechanistic properties of CGTase.

Compared to .-amylases, CGTases contains two additional domains (D and E). The
E-domain of CGTase has been recognized as a putative raw (native) starch binding domain and
was investigated in chapter 2. �-cyclodextrin tightly binds to this E-domain, as observed in
crystal structures, which may interfere with starch binding, providing at least part of the
explanation for the observed cyclodextrin product inhibition. Analysis of a maltose-dependent
CGTase crystal structure revealed that each enzyme molecule contained three maltose
molecules, situated at contact points between protein molecules in the crystal. Two of these
maltoses were bound to specific sites in the E-domain, the third maltose was bound at the C-
domain. The roles of the two maltose binding sites in the E-domain in raw starch binding,
cyclization reaction kinetics, and product inhibition by �-cyclodextrin were studied by
replacing Trp616 and Trp662 of maltose binding site 1 and Tyr633 of maltose binding site 2
by alanines using site-directed mutagenesis. Characterization of purified (mutant) CGTases
shows that maltose binding site 1 is most important for raw starch binding whereas maltose
binding site 2 is involved in guiding linear starch chains into the active site groove. Inhibition
of the cyclization reaction by �-cyclodextrin is of a mixed type, which can be divided in
competitive inhibition interfering with catalysis in the active site and non-competitive
inhibition interfering with the function of maltose binding site 2 in the E-domain.

In order to further investigate and eventually tailor the CGTase catalyzed reactions,
it is useful to understand the mechanism by which these reactions proceed. Therefore a kinetic
analysis of the transglycosylation reactions catalyzed by CGTase is presented in chapter 3.

Previous studies have shown that all reactions catalyzed by CGTase proceed via a
double displacement mechanism involving a covalent enzyme intermediate complex
(substituted-enzyme intermediate). Characterization of the three CGTase catalyzed
transglycosylation reactions revealed that they differ in their kinetic mechanisms, which can
be largely explained by the different binding modes of the substrates used in the reactions. The
disproportionation reaction is a two-substrate reaction yielding two products and proceeds
according to a ping-pong (substituted-enzyme) mechanism. The coupling reaction is a two-
substrate reaction yielding one product and proceeds according to a random ternary complex
mechanism. The cyclization reaction is a single-substrate reaction with an affinity for the high
molecular weight starch substrate used which was too high to allow elucidation of the kinetic
mechanism. Michaelis-Menten kinetics is observed when using shorter amylose chains as
substrate. In view of the different kinetic mechanisms observed for the various reactions it
appears possible to manipulate CGTase in such a manner that a single reaction is affected most
strongly, providing possibilities for the rational design of enzymes displaying desired specific
activities. These new insights allow rational design of CGTase mutant enzymes with suitable
characteristics for the industrial production of specific cyclodextrins or linear oligosaccharides
from starch.
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In chapter 4 cyclodextrin product specificity was further explored on the basis of the
refined X-ray structure of the Y195F mutant of CGTase from Bacillus circulans strain 251
complexed with a maltononaose inhibitor (binding at subsites +2 to –7). This structure has
provided detailed insight into the mode of binding of long amylose chains in the CGTase
active site cleft, at sites distant from the catalytic residues. To probe the importance of these
distant substrate binding sites for the .-, �-, and �-cyclodextrin product ratios of CGTases,
three single and one double mutant, Tyr89Asp, Tyr89Gly (subsite –3), Ser146Pro (subsite –7),
and Tyr89Asp/Ser146Pro, were constructed using site-directed mutagenesis. The mutations
had major effects on the cyclization, coupling, disproportionation, and hydrolysis reactions of
the enzyme. The double mutant Tyr89Asp/Ser146Pro showed a twofold increase in the
production of .-cyclodextrin from starch. This mutant protein was crystallized and its X-ray
structure, in a complex with a maltohexaose inhibitor, was determined at 2.4 Å resolution. The
maltohexaose molecule displays a binding mode different from the maltononaose inhibitor,
allowing rationalization of the observed changes in product specificity. The ratio of the
products formed in the cyclization reaction largely depends on hydrogen bonding interactions
at specific subsites in the CGTase active site (Ser146 at subsite -7), determining how far the
linear substrate will enter the active site. However, also the subsequent conformational change
from linear substrate to cyclic product affects this ratio (Tyr89 at subsite -3). Destabilization
of the linearly bound substrates can enhance the rate of this conformational change as shown
by the increased �-, and �-cyclization activities of mutant Tyr89Gly. Mutation Tyr89Asp,
stabilizing a bent conformation of the bound ligand, resulted in an increase of cyclization
reaction rates which was most apparent for .-cyclization (twofold). This indicates that the bent
oligosaccharide conformation resembles a rate limiting reaction intermediate which is most
strongly rate limiting for .-cyclization.

In chapter 5 the mechanism of competitive product inhibition exerted by
cyclodextrins, taking place at the active site, is investigated. It is most likely linked to the
CGTase coupling reaction, in which cyclodextrins are cut open and transferred to an
oligosaccharide acceptor molecule, thus producing longer oligosaccharides. Residue Arg47
has been recognized as a CGTase active site residue in a position allowing it to interact with
cyclodextrins, but not with linear oligosaccharides, thus most probably affecting CGTase
reactions with cyclic substrates or products. In order to hydrogen bond to a cyclodextrin,
Arg47 has to adapt its conformation compared to the unliganded and the linear substrate bound
situation. The Arg47 residue has been replaced by Leu and Gln in order to investigate its role
in the CGTase catalyzed reactions and in product inhibition. These Arg47 mutations indeed
had a negative effect on the cyclization and coupling activities. The results show that Arg47
is involved in stabilization of the transition state that characterizes the cyclization and coupling
reactions specifically. The conformational change in a bound oligosaccharide in the active site
appears to be mediated by conformational changes in specific amino acid residues such as
Arg47. The Arg47Leu and Arg47Gln mutants both showed lower affinities for cyclodextrins
in the coupling reaction, and a reduced competitive (cyclodextrin product) inhibition. Product
inhibition of CGTase thus is indeed linked to the coupling reaction. Interestingly, mutant
Arg47Leu has increased hydrolysis activity, yielding large amounts of short oligosaccharides.
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This increased presence of acceptor molecules for the coupling reaction may explain why
Arg47Leu, despite its reduced product inhibition, produced lower final amounts of
cyclodextrins from starch. The Arg47Gln mutant showed less reduction in product inhibition;
this mutation, however, was shown to affect circularization and decircularization differently,
resulting in an enzyme which significantly favours cyclization over coupling. This mutant has
a decreased hydrolysis activity. As a consequence a more stable composition of the
cyclodextrin products during the conversion of starch was obtained. These results allow design
of highly specific CGTases based on initial cyclodextrin formation rates.

In the CGTase catalyzed reactions the acceptor binding site may have an important
role in determining reaction specificity (transglycosylation versus hydrolysis). In chapter 6
the role of the acceptor binding site in in the different CGTase catalyzed reactions is
investigated. His233, Lys232, and Glu264 have been identified as amino acid residues
hydrogen bonding to glucose residues bound at the acceptor subsites +1, +2, and +3,
respectively. At subsite +2 additional hydrophobic stacking interactions of the sugar with
Phe183 and Phe259 have been observed. The His233 residue, involved in Ca2+ binding and
hydrogen bonding interactions with the substrate residue bound at subsite +1, has already been
shown to be of general importance for catalysis. Mutations Phe183Asn, Phe183Ser,
Phe259Asn, Phe259Ser, and the double mutant Phe183Ser/Phe259Asn were introduced in
order to define the roles of these residues at subsites +2 and +3, slightly more distant from the
catalytic site. The two phenylalanines at the acceptor site were found to have specific roles in
the cyclization and disproportionation reactions. Phe259 has a similar role in both reactions:
correct positioning of the acceptor oligosaccharide in order to facilitate bond formation. In the
disproportionation reaction Phe183 is involved in the “linear” binding mode of the acceptor
substrate together with Glu264, thereby mediating the induced fit mechanism of the acceptor
reaction. In the cyclization reaction Phe183 is actively involved in the movement of the non-
reducing end of the covalently linked oligosaccharide, probably also activating the induced fit
mechanism of the acceptor reaction. The mutant enzymes, with the phenylalanines changed
into hydrophilic residues, creating a better environment for water acting as acceptor, possess
an increased hydrolysis activity. The double mutant enzyme actually favours hydrolysis over
cyclization (15 : 1), whereas the wild type favours cyclization over hydrolysis (90 : 1).

In conclusion, detailed information has been generated about structure-function
relationships in cyclodextrin glycosyltransferase (CGTase) determining reaction/product
specificity and cyclodextrin product inhibition. On the basis of this information the rational
construction of mutants with optimized properties for various applications is possible.
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Veel planten produceren zetmeel, een groot glucosepolymeer voor de opslag van
glucose als belangrijke bron van grondstof en energie. Het zetmeel komt vooral voor in zaden
(b.v. granen) en wortelknollen (b.v. aardappelen). Zetmeel wordt gevonden als korrels, die
bestaan uit twee types glucosepolymeren: sterk vertakt amylopectine en lineair amylose. Ook
andere organismen kunnen gebruik maken van het zetmeel als grondstof- en energiebron, die
zo door planten als voedselreserve wordt opgeslagen.

Om de glucose van de zetmeelkorrels te kunnen gebruiken als voedingsbron, moeten
de zetmeelmoleculen eerst omgezet worden in hapklare brokjes die door de cellen opgenomen
en verwerkt kunnen worden. Een heel scala aan zetmeel afbrekende enzymen, ieder met zijn
eigen specifieke werking, is ontstaan in vooral micro-organismen. Een bekend voorbeeld
hiervan is .-amylase, een enzym dat op willekeurige plaatsen in de zetmeelmoleculen knipt.
Er zijn echter verscheidene enzymen die een meer specifieke werking hebben. Deze kunnen
gebruikt worden in industriële processen voor de vorming van een verscheidenheid aan
producten uit zetmeel. Een bijzonder enzym is het cyclodextrine glycosyltransferase (CGTase)
dat van de zetmeelketens ringetjes maakt die vooral bestaan uit 6, 7, of 8 glucose residuen (.-,
�-, of �-cyclodextrines, Fig. 1.a). Deze cyclodextrines kunnen andere moleculen opnemen in
de holtes binnen in de ringetjes (Fig. 1.b/c), waardoor de eigenschappen van deze moleculen
veranderen. Dit maakt de cyclodextrines interessant voor toepassingen in b.v. de cosmetische,
farmaceutische en voedingsmiddelen-industrie. Alle bekende CGTases produceren echter
mengsels van .-, �-, en �-cyclodextrines, waardoor dure en milieu belastende
zuiveringsprocedures met organische oplosmiddelen toegepast moeten worden. Ook wordt
CGTase geremd door de gevormde producten, waardoor de vorming van cyclodextrines uit
zetmeel niet optimaal is. Het is duidelijk, dat de beschikbaarheid van verbeterde CGTase
enzymen bevorderlijk zou zijn voor de cyclodextrines producerende industrie. Verbeteringen
zouden kunnen zijn: i) een verhoogde productie van één bepaald type cyclodextrine, en ii) een
verlaagde remming door het product. Andere industriële toepassingen van CGTase liggen in
de restanten zetmeel, die overblijven na de inwerking van het enzym. Wanneer CGTases
bijvoorbeeld worden toegepast tijdens de bereiding van brood, wordt het zetmeel in het brood
zo veranderd, dat het brood langer vers blijft. Voor zulke toepassingen zijn cyclodextrines
ongewenste bijproducten, en daarom zijn CGTase enzymen vereist, die geen cyclodextrines
kunnen maken. Om het CGTase aan te kunnen passen aan bovenstaande vereisten is een
gedetailleerde kennis nodig over de exacte werking van het enzym. In de afgelopen vier jaren
heb ik daarom uitgebreid onderzoek gedaan aan CGTase, waarvan de resultaten beschreven
zijn in dit boekje.

In de inleiding (hoofdstuk 1) wordt uitgebreid ingegaan op de verschillen en
overeenkomsten tussen vooral .-amylase en CGTase. Ze behoren allebei tot dezelfde familie
van enzymen, en breken zetmeel af door een suikerbinding te verbreken, waarna het ene stuk
wordt losgelaten. Het andere stuk wordt vastgehouden door het enzym en kan reageren met
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Figuur 1. Structuur en eigenschappen van cyclodextrines. a) .-, �- en �-cyclodextrines; b) 3-
dimensionale vorm en eigenschappen van cyclodextrines; c) vorming van een insluitingscomplex van een
cyclodextrine met een hydrofoob molecuul.

een ander molecuul (acceptor). .-Amylasen gebruiken water als acceptor en katalyseren zo een
hydrolyse reactie. CGTases gebruiken een glucose-eenheid van een ander (zetmeel)molecuul
als acceptor, resulterend in een transglucosyleringsreactie. Schematisch kunnen deze reacties
als volgt worden weergegeven:
Hydrolyse: G(n) + H2O � G(n-x) + G(x) 
Transglucosylering: G(n) + G(m) � G(n-x) + G(m+x) 
Hierin staat G voor een glucose-eenheid en n, m en x geven (willekeurige) getallen aan, die
aangeven uit hoeveel glucose-eenheden het molecuul bestaat. G(x) is de glucoseketen die
wordt vastgehouden door het enzym en reageert met de acceptor (H2O of G(m))
De transglucosyleringsreactie die hier is weergegeven is de disproportioneringsreactie, die ook
door andere enzymen uit de .-amylase familie wordt gekatalyseerd (b.v. amylomaltase). De
specifieke CGTase reactie is de cyclisatiereactie, resulterend in de vorming van cyclodextrines.
Deze cyclodextrines worden gemaakt doordat het enzym het afgeknipte stuk zetmeel (G(x))
niet met een glucose-eenheid van een ander (zetmeel)molecuul als acceptor laat reageren, maar
met zijn eigen uiteinde, zodat een ringetje wordt gevormd:

G(n) � cyclischG(x) + G(n-x)
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Ook de omgekeerde reactie kan door het enzym worden gekatalyseerd, waarin een
cyclodextrine wordt opengeknipt en gekoppeld aan een ander (zetmeel)molecuul; de
koppelingsreactie:

cyclischG(x) + G(n) � G(n+x)

Verschillende vragen kunnen gesteld worden naar aanleiding van de verschillende
eigenschappen van .-amylase en CGTase. Ten eerste: waardoor wordt het verschil tussen
hydrolyse en transglucosylering veroorzaakt; ten tweede, en wellicht het meest interessant:
waardoor krijgt het CGTase de unieke eigenschap cyclodextrines te kunnen vormen.

Een opvallend verschijnsel in de opbouw van CGTases is het voorkomen van een
extra deel (domein), dat niet gevonden wordt in .-amylasen. Dit E-domein is vaak genoemd
als de oorzaak van de verschillen in de reacties die deze enzymen katalyseren. Het lijkt echter
sterk op een domein dat gevonden wordt in andere zetmeel afbrekende enzymen
(glucoamylases), en dat betrokken is bij de binding aan zetmeel. In hoofdstuk 2 wordt de rol
van het E-domein nader onderzocht. In de kristalstructuur van CGTase, waarin de
enzymmoleculen dicht opeengepakt zitten, verzorgen maltosemoleculen (twee aan elkaar
verbonden glucose-eenheden) de contactpunten tussen de enzymmoleculen. Twee van deze
maltoses zijn gebonden aan specifieke plaatsen in het E-domein. Deze bindingsplaatsen
zouden dus een belangrijke rol kunnen hebben in de functie van het E-domein.

Om de rollen van de twee maltose bindingsplaatsen in het E-domein te kunnen
bepalen, werden de aminozuren die de binding met maltose aangaan vervangen door
aminozuren die dit niet kunnen. De mutante CGTases werden geanalyseerd met betrekking tot
zetmeelbinding en de vorming van cyclodextrines uit zetmeel. De resultaten toonden aan dat
het E-domein inderdaad een belangrijke rol heeft in de binding van zetmeel, en niet direct
betrokken is bij de specifieke cyclisatiereactie. Verder bleek dat het gemuteerde enzym minder
last had van remming door het gevormde product. Remming wordt blijkbaar gedeeltelijk
veroorzaakt doordat cyclodextrines gebonden op de maltose bindingsplaatsen de binding van
zetmeel hinderen. Het werd echter ook duidelijk dat dit niet alle remming kon verklaren. De
oorzaak van de resterende remming door cyclodextrines en de eigenschappen verantwoordelijk
voor de reactiespecificiteit moeten gezocht worden in het actieve centrum, de plaats in het
enzym waar de reactie plaatsvindt.

Om de reactiespecificiteit van het CGTase verder te kunnen onderzoeken en
uiteindelijk aan te kunnen passen aan specifieke wensen, is het nuttig om te begrijpen hoe de
reacties verlopen. In hoofdstuk 3 is daarom een kinetische analyse van de door CGTase
gekatalyseerde transglucosyleringsreacties beschreven.

Bij de reacties van het CGTase wordt een binding tussen twee glucose-eenheden in
het eerste substraat (donor) verbroken, waarna het afgesplitste gedeelte wordt vervangen door
het tweede substraat (acceptor). Het tweede substraat moet dus de plaats innemen van het
afgesplitste gedeelte van het eerste substraat. Het verwachte mechanisme is dan ook een ping-
pong reactie (zie Fig. 2.a), omdat de donor volledig verwerkt moet worden voordat de acceptor
kan binden. Karakterisering van de drie transglucosyleringsreacties toonde echter aan dat ze



Samenvatting

155

a

c

b

$

%

&

'

(

1
�

$

%

&

'

(

1
�

$

%

&

'

(

1
�

via verschillende kinetische mechanismen gekatalyseerd worden. De disproportionerings-
reactie verloopt inderdaad volgens het ping-pong mechanisme (Fig. 2.a), maar is daarmee ook
de enige. De koppelingsreactie volgt een ternair complex mechanisme, wat inhoudt dat beide
substraten (donor en acceptor) gelijktijdig binden (Fig. 2.b). Bij de cyclisatiereactie is de donor
ook meteen de acceptor, en er kon geen duidelijk kinetisch mechanisme bepaald worden. Aan
de hand van de resultaten met de overige reacties en de rol van het E-domein, zoals beschreven
in hoofdstuk 2, kan echter wel een voorstelling gemaakt worden van hoe de reactie verloopt
(Fig. 2.c).

Figuur 2. Schematische weergave van de
reacties die door CGTase gekatalyseerd
worden. A) disproportionering, B) koppeling, C)
cyclisatie. De verschillende CGTase domeinen
zijn aangegeven (A, B, C, D, and E). 1 en 2
geven the maltose bindingsplaatsen in het E-
domein aan. De driehoek geeft de plaats aan
waar de reactie plaatsvindt. Glucose-eenheden
zijn weer-gegeven als cirkels; acceptor
moleculen zijn zwart.
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De verschillen in het mechanisme van de verschillende reacties kunnen grotendeels
verklaard worden door de verschillen in de substraten die gebruikt worden. Doordat de
substraten op verschillende manieren binden, lijkt het mogelijk om de reacties min of meer
onafhankelijk van elkaar te beïnvloeden. Dit is hoopgevend voor de ontwikkeling van
CGTases met specifieke activiteiten, die specifieke producten opleveren, hetgeen verder
uitgewerkt is in de volgende hoofdstukken.

In hoofdstuk 4 is de cyclodextrine product specificiteit verder onderzocht, op basis
van de kristal structuur van CGTase met een suikerketen bestaande uit 9 glucoses (G9)
gebonden in het actieve centrum (Fig. 3). Om uit deze keten een cyclodextrine te vormen wordt
de binding tussen bindingsplaatsen -1 en +1 geknipt, waarna de suiker gebonden op -7 naar
+1 gebracht moet worden om zo een ringetje te maken. De lengte van het gebonden substraat,
tot en met bindingsplaatsen -6, -7 of -8, bepaalt welk cyclodextrine gevormd wordt (.-, �- of
�-CD). De G9-structuur geeft gedetailleerd aan welke interacties een lineair substraat heeft met
aminozuren in het CGTase.

Figuur 3. Schematische
weergave van interacties
tussen CGTase en een
suikerketen gebonden in het
actieve centrum.
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Om het belang van deze interacties voor de .-, �- en �-cyclodextrine productratios van
CGTase aan te tonen werden 3 mutanten gemaakt: Y89D en Y89G bij bindingsplaats -3 en
S146P bij bindingsplaats -7. Met mutant Y89D wordt de situatie in thermostabiele CGTases,
die een hoge .-cyclodextrine productie vertonen, nagebootst. Door mutant S146P wordt het
netwerk van interacties bij bindingsplaats -7 aangetast, wat een verlaging van de productie van
�-cyclodextrine (bestaande uit 7 glucoses) op zou moeten leveren. De mutanten leverden
inderdaad het beoogde resultaat op. Een combinatie van deze twee mutanten (Y89D/S146P)
werd gemaakt om een CGTase enzym met sterk verhoogde .-cyclodextrine productie te
krijgen. Deze dubbelmutant resulteerde in een verdubbeling van de productie van .-
cyclodextrine uit zetmeel. De kristalstructuur van de dubbelmutant met een keten van 6
glucose-eenheden (G6), gebonden in het actieve centrum, werd opgelost. De binding
verschilde van die van de G9 doordat de keten van de G6 meer gebogen was. Enerzijds werd
deze verandering veroorzaakt doordat mutatie S146P de binding op -7 onmogelijk maakte,
anderzijds bleek dat mutatie Y89D de gebogen conformatie van de keten stabiliseerde. De
verhouding van de cyclodextrineproducten is dus afhankelijk van binding aan specifieke
plaatsen in het actieve centrum, die bepalen hoe ver het substraat het actieve centrum ingaat.
Echter, ook de snelheid van de verandering van lineair substraat naar cyclisch product, die
verschillend is voor de verschillende cyclodextrines, is van belang.

In hoofdstuk 5 wordt dieper ingegaan op het mechanisme van de remming van het
CGTase door de cyclodextrine producten in het actieve centrum. Het is waarschijnlijk, dat
deze remming te maken heeft met de koppelingsreactie, waarin de cylodextrines weer worden
afgebroken. Uit vergelijkingen van CGTase structuren met verschillende suikerketens
gebonden in het actieve centrum is aminozuur arginine 47 geïdentificeerd als een residu dat
kan binden aan cyclische glucoseketens, maar niet aan lineaire. Dit residu zou dus betrokken
kunnen zijn bij de reacties waarbij deze conformaties in elkaar over gaan (cyclisatie en
koppeling), en zou ook een rol kunnen spelen bij de remming van de CGTase activiteit door
de cyclodextrines. Om dit te onderzoeken werden de mutaties Arg47Leu en Arg47Gln
gemaakt.

De mutanten in Arg47 vertoonden inderdaad verlaagde cyclisatie en
koppelingsactiviteiten. De resultaten tonen aan dat Arg47 een residu is dat tijdens de
conformatieverandering van de gebonden keten interacties aangaat met de meer gebogen vorm.
Door Arg47 te veranderen wordt de conformatieverandering negatief beïnvloed, waardoor
relatief meer van de grotere cyclodextrines worden gevormd. Beide mutanten resulteerden in
slechtere binding van cyclodextrines, en daardoor in een verlaagde remming door deze
producten van het CGTase.

Ook verscheidene factoren die de cyclodextrine productie beïnvloeden zijn met
behulp van deze mutanten geïdentificeerd. Hoewel beide mutanten resulteerden in verlaagde
productremming werd geen hogere opbrengst aan cyclodextrines gekregen. Verhoogde
hydrolyse (Arg47Leu) en verlaagde stabiliteit (Arg47Gln) van de enzymen heeft een negatief
effect op de cyclodextrineproductie. Bij het wild type CGTase is tijdens de productie een
verschuiving van productie van vooral �- en �-CD naar vooral �- en .-CD te zien. Bij mutant
Arg47Gln is deze verschuiving veel minder, als gevolg van verlaagde koppelingsactiviteit ten
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opzichte van cyclisatieactiviteit. Hierdoor blijft de verhouding van de verschillende
cyclodextrines tijdens de productie stabiel, wat bevordelijk is voor de productie van specifieke
cyclodextrines.

In hoofdstuk 6 is de rol van de acceptor bindingsplaats in CGTase in de verschillende
reacties nader onderzocht. Deze acceptor bindingsplaats is waarschijnlijk belangrijk voor de
reactie specificiteit (transglucosylering versus hydrolyse). His233, Lys232 en Glu264 vormen
waterstofbruggen met glucose-eenheden die respectievelijk zijn gebonden op de acceptor
subsites +1, +2 en +3 (zie Fig. 3). De glucose op subsite +2 heeft ook nog hydrofobe
interacties met Phe183 en Phe259. Residu His233 is reeds eerder onderzocht en is van
algemeen belang voor CGTase activiteit. Mutaties Lys232Gln, Lys232Leu, Glu264Ala,
Phe183Asn, Phe183Ser, Phe259Asn, Phe259Ser en een dubbelmutant Phe183Ser/Phe259Asn
werden gemaakt om de rollen van de overige aminozuren in de acceptor bindingsplaats te
bepalen. 

De resultaten tonen aan dat Lys232, evenals His233, van algemeen belang is voor
CGTase activiteit, waarschijnlijk door interacties met His233. Phe183 en Phe259 blijken zeer
belangrijk te zijn voor de transglucosyleringsreacties. De dubbelmutant resulteerde in een
enzym dat bijna uitsluitend de hydrolysereactie katalyseert. Verder blijken ze specifieke rollen
te hebben in de verschillende reacties. In de cyclisatiereactie is Phe183 betrokken bij het
rondbuigen van de glucoseketen, terwijl Phe259 vooral dient om het uiteinde van de keten op
te vangen. In de teruggaande (koppelings)reactie is Phe183 betrokken bij het terugbuigen van
de glucoseketen, terwijl Phe259 (samen met Lys232) vooral een rol heeft in de vorming van
het ternaire complex. In de disproportioneringsreactie vormt Phe183 (bindingsplaats +2) samen
met Glu264 (bindingsplaats +3) een alternatieve bindingsplaats voor het acceptorsubstraat
maltose (twee glucose-eenheden aan elkaar). De acceptor kan eerst hierop binden, waarna hij
door kan schuiven naar bindingsplaats +1 (en +2) om de reactie te voltooien. Deze beweging
van de acceptor veroorzaakt verschuivingen in het katalytisch centrum, waardoor de reactie
versneld wordt.


