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ABSTRACT: Crystals of the inactive mutant Glu257fAla of cyclodextrin glycosyltransferase were soaked
with the cyclodextrin (CD) derivativeS-(R-D-glucopyranosyl)-6-thio-â-CD. The structural analysis showed
its â-CD moiety with no density indication for the exocyclic glucosyl unit. For steric reasons, however,
the position of this unit is restricted to be at only two of the seven glucosyl groups ofâ-CD. The analysis
indicated that the enzyme can cyclize branchedR-glucans. The ligatedâ-CD moiety revealed how the
enzyme binds its predominant cyclic product. The conformation of the ligatedâ-CD was intermediate
between the more symmetrical conformation inâ-CD dodecahydrate crystals and the conformation of a
bound linearR-glucan chain. Its scissile bond was displaced by 2.8 Å from the position in linearR-glucans.
Accordingly, the complex represents the situation after the cyclization reaction but before diffusion into
the solvent, where a more symmetrical conformation is assumed, or the equivalent state in the reverse
reaction. Furthermore, a unifying nomenclature for oligosaccharide-binding subsites in proteins is proposed.

Cyclic maltooligosaccharides consisting of six, seven, or
eightR(1f4)-linkedD-glucopyranosyl units are termedR-,
â-, and γ-cyclodextrin (CD),1 respectively. They have a
hydrophilic outside and a hydrophobic interior and can form
inclusion complexes with nonpolar compounds, which finds
applications in the pharmaceutical, cosmetics, agricultural,
and food industries (1-3). Cyclodextrins are formed via
intramolecular transglycosylation whenR(1f4)-glucans such
as amylose of starch are processed by cyclodextrin glyco-
syltransferases (CGTases; EC 2.4.1.19), which are mono-
meric enzymes of bacterial origin. The reaction is Gn h
Gn-x + cGx, where Gn is theR-glucan (n g 8), Gx is the
transferred chain part (xg 6), and cGx, denotes a CD, mostly
R-, â-, or γ-CD. Recently, much larger rings have been
reported (4). The reverse reaction is called coupling, i.e.
cleaving and adding of a CD to a linearR-glucan. There
exists a competing disproportionation reaction (5).
Five closely homologous CGTase structures are presently

known (5-9). The initial structure was for the enzyme from
Bacillus circulansstrain 8 (10), which produces predomi-
nantlyâ-CD and is analyzed here. CGTases are structurally
homologous toR-amylases (10, 11), various structures of

which are known (12-19). Both groups belong to the
glycosyl hydrolase family 13 (20). Residues Asp229,
Glu257, and Asp328 [CGTase numbers (11)] participate in
catalysis and are strictly conserved. Their roles had been
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FIGURE 1: Covalent structure of the thioglucosyl-CD (32) used in
the soaking experiment. The glucosyl units are numbered according
to IUPAC-IUBMB recommendations (38) starting from the scissile
bond and putting the exocyclic unit at the most likely position when
ligated to corresponding subsites of CGTase. For reference, the
subsite names are shown as they are used in the text; see Figure 2
for the subsite nomenclature. All glucosyl units are shown in the
usual4C1 chair conformation and the torsion anglesφ, ψ, andø5
are indicated.
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established by mutagenesis in conjunction with crystal-
lographic studies (12, 21-27). Glu257 is the general acid/
base catalyst (25, 27). A recent study confirmed Asp229 as
the catalytic nucleophile (28).
Nine subsites for glucosyl units were postulated from

kinetic studies with CGTase (29). A structure analysis of
crystals of the inactive mutant Asp229fAla soaked in
R-glucans showed a maltose bound in the active center and
allowed identification of the cleavage point (25). Further
X-ray structures of other CGTases ligated with linear

carbohydrates (21, 27, 30, 31) revealed altogether the nine
postulated glucosyl subsites. We report here the crystal
structure of the inactive CGTase mutant Glu257fAla
complexed with aâ-CD derivative showing the predominant
product â-CD at a state just after cyclization or before
coupling in the reverse reaction.

MATERIALS AND METHODS

Crystallization and Soaking. CGTase mutant Glu257fAla
was crystallized under wild-type conditions (10) in space
groupP212121 with unit cell axesa ) 94.5 Å,b ) 105.0 Å,
and c ) 113.8 Å and one molecule of 684 amino acid
residues (Mr ) 74 416) per asymmetric unit. Soaking was
performed directly in the crystallization drop by adding a
10 mM solution of theâ-CD derivativeS-(R-D-glucopyra-
nosyl)-6-thio-â-CD (thioglucosyl-CD;32), depicted in Figure
1, to a final concentration of 1 mM. Since this crystal form
is extremely sensitive to the addition ofR-glucans (25), the
soak was monitored and stopped at the first signs of crystal
disintegration after about 10 min. Given previous soaking
experiences, the observed binding before crystal destruction
has to be considered a fortunate event.
Data Collection and Structure Refinement. Intensity data

were collected at room temperature using a multiwire area
detector (Siemens, model X1000) mounted on a rotating
anode generator (Rigaku, model RU200B). Data were
processed using the program XDS (33). Refinement of the
structure was carried out with program X-PLOR using the
bulk solvent correction (34). The 2.0 Å resolution structure
of wild-type CGTase (5) including the 171 most strongly

Table 1: Data Collection and Refinement Statisticsa

data collection, resolution range (Å) 30-2.4
total number of reflections 183 009
number of unique reflections 42 278
redundancy 4.3
Rsym (last shell)b (%) 9.6 (26.6)
completeness (last shell)b (%) 89.1 (71.5)
intensities> 3σ (last shell)b (%) 81.3 (46.3)
averageI/σ (last shell)b 7.2 (2.5)
refinement, number of reflections 41397
R-factor (%) 17.7
Rfree (3% random subset) (%) 22.8
number of non-hydrogen protein atoms 5263
number of calcium atoms 2
number of carbohydrate atoms 77
number of solvent molecules 205
rms deviations of bond lengths (Å) 0.010
rms deviations of bond angles (deg) 1.6

a Rsym is defined as∑i,hkl|I(i,hkl) - 〈I(hkl)〉|/∑i,hklI(i,hkl), wherei runs
through the symmetry-related reflections.b The last shell has the
resolution limits 2.48 and 2.41 Å.

FIGURE 2: Surface representation (52-55) of CGTase. The electrostatic potentials are represented by red (negative) and blue (positive)
coloring. As subsite names we used ...2, 1, 1′, 2′... running from the reducing to the nonreducing end of the oligosaccharide, with the
scissile bond between 1 and 1′. This is a newly proposed nomenclature that uses the same names with the same position of the scissile bond
as the established nomenclature of protease subsites (40). Moreover, it refers to identical directions of the ligated chains, which point from
the amino-terminal to the carboxy-terminal end for peptides and from the reducing to the nonreducing end for oligosaccharides according
to IUPAC-IUBMB (38). The proposal unifies the nomenclatures for two types of biopolymers. It disagrees with the suggestions of Davies
et al. (39), who use minus signs that could easily be mistaken for hyphens. (A) Wild-type enzyme with ligatedâ-CD in the active center.
(B) Close-up view of the active center of mutant Glu257fAla with the initial (Fo - Fc) electron density at a contour level of 2.7σ together
with the finalâ-CD model.
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bound water molecules was used as a starting model. All
water molecules in the active center were removed, and 20
cycles of rigid-body refinement were performed, decreasing
theR-factor to about 23%. The prerefined wild-type model
was used to calculate the initial (Fobs- Fcalc) exp(iRcalc) map,
which showed positive electron density for a completeâ-CD
molecule bound to the active center but no density for the
exocyclic glucosyl unit. The density could be interpreted
unambiguously, and the model was built using program O
(35). In the further course of the refinement, restrained
individual B-factors were used for the amino acid residues
and for the seven glucosyl units of theâ-CD model. Water
molecules were edited by accepting new ones at (Fobs- Fcalc)
electron densities higher than 3.5σ and by deleting existing
ones if they formed less than two hydrogen bonds or had
(2Fobs - Fcalc) densities below 1σ.

RESULTS AND DISCUSSION

Structure Analysis. In contrast to preceding short-time
soaking experiments withR-glucans, the crystals were
remarkably stable in the X-ray beam. The data collection
statistics are given in Table 1. The structure of the soaked
crystals was refined at a resolution of 2.4 Å to anR-factor
of 17.7% (Rfree) 22.8%). The initial difference Fourier map
revealed positive electron density for a completeâ-CD
molecule bound in the active site as shown in Figure 2B but
no density indication for the position of the exocyclicR-
(1f6)-linked glucosyl unit. This result indicates either a
high mobility of the exocyclic glucosyl unit or multiple
binding positions or a combination of both. In fact, it has
been shown that thio analogues are more mobile than natural
oligosaccharides (36). A remainder of the thioglucosyl-CD

FIGURE 3: Stereoview (55) of the refined model ofâ-CD bound at the active center of CGTase mutant Glu257fAla. The side chains of
the central residue Tyr195 and of the catalytic residues Asp229, Glu257 (wild-type conformation as dashed line, mutant alanine as solid
line), and Asp328 are shown. (A)â-CD model together with the final (2Fo - Fc) electron density map at a contour level of 1.0σ. (B) Same
as in panel A but without density and rotated by 90° to illustrate the distortion of ligatedâ-CD from a planar ring and its position relative
to Tyr195.
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sample used for soaking was checked by HPLC shortly after
the experiment, showing a pure compound quite different
from â-CD and thus confirming that no decomposition had

occurred. An enzymatic removal of the exocyclic glucosyl
unit in the crystal is highly unlikely, because CGTase lacks
hydrolytic activity forR(1f6) bonds and thiooligosaccha-

FIGURE 4: Stereoview (55) of the conformational changes on binding of thioglucosyl-CD to CGTase mutant Glu257fAla. The ligated
structure is depicted with solid lines and the wild-type structure with dashed lines. They have been superimposed on all backbone atoms.

FIGURE 5: Stereoview (55) of the â-CD moiety of thioglucosyl-CD ligated to the active center of CGTase mutant Glu257fAla. The
glucosyl units GlcVII , GlcI, GlcII, and GlcIII occupy subsites 1, 1′, 2′, and 3′, respectively, with the scissile glycosidic bond between subsites
1 and 1′. Note that Ala230 interacts via its main-chain N atom. Tyr195 and Ala257 (mutated glutamate) do not make any interactions to
the ligand. (A)â-CD with surrounding residues (solid lines; Glu257 from the wild type with dashed line), ligated maltose (thin solid lines)
(25), and a ligated “maltononaose” (dotted lines) consisting of an acarbose at subsites 2, 1, 1′, and 2′ extended by five glucosyl units
occupying subsites 3′, 4′, etc. (30). The three structures were superimposed on the backbone atoms of 45 conserved residues around the
active center. (B) Hydrogen bonding toâ-CD; only GlcVII , GlcI, GlcII, and GlcIII are shown.
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rides are generally resistant to glucanase hydrolysis (37).
The structure was refined using a model of unsubstituted

â-CD in the active center and interpreted as such, assuming
that the exocyclic unit exerts no influence. In the refined
model, all seven glucosyl units of theâ-CD have well-
defined electron density in the (2Fobs - Fcalc) map (Figure
3A). The mutation Glu257fAla was confirmed by strong
negative difference density representing the removed glutamate
side chain except for the CB atom. The refinement statistics
are given in Table 1. The glucosyl units are numbered
according to IUPAC and IUBMB (38). The subsite names
are defined in Figure 2, taking previous literature into
consideration (39, 40).
The structure of the ligated CGTase mutant Glu257fAla

is essentially identical to that of the wild type, and the rms
deviation for all non-hydrogen protein atoms is 0.3 Å, which
is just slightly above the limits of error. The largest
differences occur at the active center where most side chains
have moved toward the ligand in the complex as shown in
Figure 4. A similar observation had been made for the
CGTase complex with maltononaose (30).
Binding ofâ-CD in the ActiVe Center.The orientation of

the ligatedâ-CD is identical to that of the maltose molecule
found in the soak of CGTase mutant Asp229fAla (25); i.e.,
the 6-hydroxyls point to the protein interior. The glucosyl
units of the ligand are labeled such that GlcVII , GlcI, and
GlcII occupy subsites 1, 1′, and 2′, respectively (38). The
scissile glycosidic bond lies between subsites 1 and 1′ close
to the catalytically competent carboxylates. The enzyme cuts
an incomingR-glucan chain such that it keeps a maltooli-
gosaccharide bound to subsites 1′, 2′, etc. and then catalyzes
the transfer of the remaining oligosaccharide onto an acceptor
entering subsite 1.
Of particular interest is the spatial relation betweenâ-CD

and residue 195, where CGTases contain a tyrosine or a
phenylalanine andR-amylases have a glycine, serine, or
valine instead (41). This suggested that Tyr195 forms a
nonpolar core around which theR-glucan could wrap when
forming the ring in CGTases. Various mutants at this
position have been produced and shown to affect the
cyclization reaction (41-44). As illustrated in Figure 3, the
plane defined by the boundâ-CD ring is nearly perpendicular
to the tyrosine ring plane, but the side chain of Tyr195 does
not protrude into the nonpolar cavity ofâ-CD and is not
hydrogen-bonded toâ-CD. This arrangement does not
contradict the “wrapping-around” hypothesis, however,
because theR-glucan chain could still wrap around Tyr195
in order to occupy subsite 1 for cyclization and could
afterward be displaced toward the solvent (at the right-hand
side of Figure 3B).
An analysis of the bound ligand revealed that only the

portion ofâ-CD that neighbors the scissile bond is involved
in polar contacts to the protein (Figure 5B). Only the four
glucosyl units occupying subsites 1, 1′, 2′, and 3′ form direct
or water-mediated hydrogen bonds to the protein as listed
in Table 2. This was expected because tight contacts of the
other glucosyl units would interfere with ring formation and
product release. All hydroxyl groups of GlcI, GlcII, and GlcIII

at subsites 1′, 2′, and 3′, respectively, but only one of GlcVII
at subsite 1 are employed for interactions with the protein.
Significantly different from previous studies is the binding
mode at subsite 1, where His233-NE2 forms a hydrogen bond

to GlcVII -O6 of ligatedâ-CD, whereas this bond involves
the O2 atom in linearR-glucans (21, 27, 30). This is a
consequence of the shift after cyclization.
This shift is also visible in the interactions of the catalytic

nucleophile Asp229, which forms a hydrogen bond to the
O6 atom of the glucosyl unit at subsite 1′ in the maltotetraose
complex (21) but is too far away (3.8 Å) for such a bond to
ligatedâ-CD. The hydrogen-bonding pattern of the glucosyl
unit at subsite 2′ is similar in all three complexes depicted
in Figure 5A, demonstrating the importance of this subsite
for R-glucan binding. The polar contacts of GlcIII resemble
those for linearR-glucans with respect to Asp196 and
Asp371 but differ with respect to Lys47 (Arg47 in the
CGTase fromB. circulansstrain 251) and Tyr89. Accord-
ingly, GlcIII is at a point where the linearR-glucan chain
deviates from the cyclic product. The distances between the
pyranose centers ofâ-CD and the linearR-glucans are listed
in Table 3; the minimum is at subsite 2′. As expected, the
subsites beyond 3′ are much less defined than those around
the scissile bond. The exocyclic glucosyl unit of the applied
compound must be at GlcIV or at GlcV for steric reasons.
In addition to polar contacts, there are also stacking

interactions between glucosyl units and aromatic side chains,
which is a typical feature of carbohydrate-binding proteins
(45-47). Within the geometric limits defined in ref47, such
stacking occurs between GlcVII and Phe259 and between
GlcIII and Tyr89. Slightly exceeding the limits are interac-
tions with Tyr100, Phe183, and Tyr195. Phe183 forces the
6-hydroxymethyl group of GlcVI at subsite 2 to adopt an
unusual negativeø5 torsion angle and form a weak hydrogen
bond to GlcVII -O5 (Figure 5A, Table 3).
The linearR-glucans behave somewhat differently. Within

the limits of ref47, there occurs stacking between GlcI at
subsite 1′ and Tyr100 (21, 25, 30) as well as between GlcVI
at subsite 2 and both Phe183 and Phe259 (21, 30). Stacking
between the glucosyl unit at subsite 4′ and Phe195 is
observed in the maltononaose case (30). Taken together,
these interactions point to an essential role of the aromatic
side chains. Moreover, Tyr89 and Tyr195 are likely to form
the end of a guideway for the bound linearR-glucan, after

Table 2: Hydrogen Bonds of Ligatedâ-CD in CGTase Mutant
Glu257fAlaa

â-CD atom protein atom water molecule secondary atomb

GlcVII -O6 His233-NE2 (3.0)
GlcI-O2 Asp328-OD1 (3.1)
GlcI-O2 Asp328-OD2 (2.9) 190 (2.7) Asp328-OD2 (3.0)
GlcI-O3 His327-NE2 (3.4)
GlcI-O3 Asp328-OD1 (2.5)
GlcI-O3 Asp328-OD2 (3.4) 121 (2.7) Asp229-OD1 (2.9)
GlcI-O6 196 (2.5) GlcII-O5 (3.2)
GlcII-O2 Arg375-NH1 (3.4)
GlcII-O2 Arg375-NH2 (3.0) 169 (2.8) Asp328-OD1 (2.9)
GlcII-O3 Asp371-OD2 (2.9)
GlcII-O3 Arg375-NH2 (2.6) 52 (3.6) Tyr97-OH (2.5)
GlcII-O5 196 (3.2) GlcI-O6 (2.5)
GlcII-O6 Trp101-NE1 (2.7)
GlcIII -O2 Lys47-NZ (2.6) 52 (3.3) Tyr97-OH (2.5)
GlcIII -O2 Asp371-OD2 (3.4)
GlcIII -O3 Lys47-NZ (3.1)
GlcIII -O6 Tyr89-OH (3.3)
GlcIII -O6 Asp196-OD1 (3.1)

a The distances are in parentheses and are given in angstroms.b The
secondary atom supports the water molecule.
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which it can curl back to occupy subsites 2 and 1 for
cyclization. The hydrophobic nature of subsites 1 and 2
diminishes hydrolysis.
Conformational Analysis of theâ-CD Ligand. The con-

formational properties of the ligatedâ-CD were compared
with those inâ-CD dodecahydrate crystals (48). Because
â-CD is cyclic, an initial assignment of corresponding
glucosyl units is arbitrary. Both rings are not circular,
however, such that superpositions with one ring rotated in
seven steps against the other ring yield rms deviations
ranging from 0.5 to 1.0 Å (omitting all O4 and O6 atoms).
The best superposition was used to compare the conforma-
tional angles as given in Table 3.
The â-CD dodecahydrate conformation is more sym-

metrical than that ofâ-CD ligated to CGTase. The glyco-
sidic bond angles, the torsion angles (φ, ψ), and the O3-
O2′ interglucose distances (Figure 1) of the twoâ-CD
molecules are similar and the averages are virtually identical
(Table 3). The variations around the averages, however, are
appreciably larger in the ligatedâ-CD. The extreme values
φ ) 141° andψ ) -97° are observed at the linkage between
GlcVII and GlcI, which is the scissile glycosidic bond.
Obviously the glucosyl units at the cleavage point are forced
into a distorted unfavorable conformation, as is observed with
linearR-glucans (21, 25, 30). The distortion of ligatedâ-CD
is intermediate between that of ligated linearR-glucans and
an almost symmetricalâ-CD in solution. This distortion is
not influenced by packing because theâ-CD together with
the whole active center is not involved in a crystal contact
(5). The exocyclic torsion angleø5 has of course fewer
restraints, resulting in large variations within and between
both structures (Table 3).
While the reportedâ-CD complex concerns an enzymatic

reaction product bound to the respective active center, four
more structures have been published in which cyclodextrins
were located either at general saccharide-binding sites or as
inhibitors at or close to the active center of a different enzyme
(21, 49-51). In all these cases, the cyclodextrins were more
symmetrical than theâ-CD reported here, the distortion of
which is caused by the functional requirement at the scissile
bond.
Conclusion. The analysis showed thatâ-CD ligated to

CGTase is much more distorted from the symmetrical
conformation than crystallineâ-CD dodecahydrate (48). The
electron density (Figure 3A) and theB-factors (Table 3) are

not uniform along the ring, indicating that the most mobile
units are GlcIV and GlcV, at which point a bound linear
R-glucan chain curls back around Tyr195 to reach subsites
2 and 1 for cyclization. The largest deviation from a
symmetricalâ-CD occurs at the scissile bond. Still, the
bridging oxygen atom of this bond in the ligatedâ-CD is
not available for protonation, showing that the localR-glucan
conformation has already changed after the cyclization. There
are appreciable displacements at subsites 1′, 1, and 2 (Table
3, Figure 5A), and the best conserved binding mode occurs
at subsite 2′, which acts like a fix point forR-glucan binding.
As usually observed (47), there are numerous aromatic side
chains participating in glucosyl binding. For steric reasons,
the invisible exocyclic glucosyl unit of thioglucosyl-CD
(Figure 1) could only be located at GlcIV or at GlcV. This
suggests that the enzyme may process singlyR(1f6)-
branched starch fragments, giving rise toR-, â-, and
γ-cyclodextrins that carry exocyclicR-glucan chains of
various lengths.
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