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ABSTRACT. The enzymes from the-amylase family all share a similat-retaining catalytic mechanism

but can have different reaction and product specificities. One family member, cyclodextrin glycosyltrans-
ferase (CGTase), has an uncommonly high transglycosylation activity and is able to form cyclodextrins.
We have determined the 2.0 and 2.5 A X-ray structures of E257A/D229A CGTase in complex with
maltoheptaose and maltohexaose. Both sugars are bound at the donor subsites of the active site and the
acceptor subsites are empty. These structures mimic a reaction stage in which a covalent-soggme
intermediate awaits binding of an acceptor molecule. Comparison of these structures with €EGTase
substrate and CGTas@roduct complexes reveals three different conformational states for the CGTase
active site that are characterized by different orientations of the centrally located residue Tyr 195. In the
maltoheptaose and maltohexaose-complexed conformation, CGTase hinders binding of an acceptor sugar
at subsitet-1, which suggests an induced-fit mechanism that could explain the transglycosylation activity

of CGTase. In addition, the maltoheptaose and maltohexaose complexes give insight into the cyclodextrin
size specificity of CGTases, since they precedeyclodextrin (six glucoses) angtcyclodextrin (seven
glucoses) formation, respectively. Both ligands show conformational differences at specific sugar binding
subsites, suggesting that these determine cyclodextrin product size specificity, which is confirmed by
site-directed mutagenesis experiments.

The a-amylase family, or glycosyl hydrolase family 13 subsites (labelee7 to+2) (10). In the first step of catalysis,
(1), is a large and well-studied family of enzymes (for ano(1—4) glycosidic bond is cleaved between subsitds
reviews see refd—4). Some well-known family 13 enzymes and+1, leading to an intermediate that is covalently linked
area-amylase, isoamylase, neopullulanase, and cyclodextrinto Asp 229 at subsite-1. The sugar chain of the covalent
glycosyltransferase (CGTasepll these enzymes share a intermediate is called donor sugar and is bound at the donor
similar catalytic site architecture( 5 and use a similar  subsites {1 to —7). In the next reaction step, the leaving
o-retaining mechanism to process their substra@e¥)( On group is expelled from the other subsitelsl(and+2) and
the other hand, the-amylase family enzymes exhibit a wide replaced by an acceptor molecule, hence subsitesand
range of product specificities, making them useful tools in +2 are called acceptor sites. In the final reaction step, a new
the industrial processing of starc8, (9). o(1—4) glycosidic bond is formed between the donor and

Product specificity is conferred by sugar binding subsites acceptor to form a product (Figure 1).
near the catalytic subsite, which is illustrated for the enzyme  On the basis of this reaction scheme, two types of product
CGTase in Figure 1. CGTase, as most family 13 enzymes, specificity can be distinguished, acceptor and donor types.
binds its substrate, starch, across multiple sugar bindingCGTase clearly has acceptor specificity since it can use a
water molecule as acceptor in an hydrolysis reaction but has
" Work at the ELETTRA synchrotron Trieste was sponsored by EU  ~100 times higher activity when it uses free sugars (typically

Grant ERB FMGE CT950022. Work at the EMBL outstation Hamburg ; ; ; _
was sponsored by EU Grant ERB FMGE CT980134. maltose) as acceptor in a transglycosylation, or dispropor

# Coordinates for the complexes of E257A/D229A CGTase with tionation, reaction X1) (Figure 1). Thus, CGTase is a
maltoheptaose and maltohexaose have been deposited with thetransferase, in contrast to mostamylases, which are

Brookhaven Protein Data Bank (ID codes 1EOS5 and 1EQO7, respec- hydrolases). Most characteristically, CGTase can catalyze

t'Vfl&rresponding author: Telephore31-50-3634381; fax-31-50- an intramolecular transglycosylatiqn (cyclization) reaction

3634800, e-mail bauke@chem.rug.nl. using the sugar at the nonreducing end of the covalent
$ Laboratory of Biophysical Chemistry. intermediate as acceptor, leading to a circular product, a
' Department of Microbiology. cyclodextrin ((2) (Figure 1).

1 Abbrevations: G6, maltohexaose; G7, maltoheptaose; G9, mal- e .
tononaose; CGTase, cyclodextrin glycosyltransferase; CD, cyclodextrin; 1€ donor specificity of CGTase determines the preferred

BC251,Bacillus circulars strain 251. sugar chain length that is bound at the donor sites and thereby
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Ficure 1: Overview of the catalytic cycle of CGTase. After substrate binding (tom)(an-4) glycosidic bond in the substrate is broken,

leading to g5(1—4) glycosidically linked covalent intermediate (top). Then an acceptor molecule is bound, which can be the nonreducing
end of the covalently bound intermediate, a water molecule, or another linear maltooligosaccharide. The acceptor molecule subsequently
attacks the-1 glucose C1 atom leading to a cyclodextrin product (cyclization), a linear hydrolysis product, or a longer linear oligosaccharide
(transglycosylation or disproportionation). Where appropriate, the linear sugar chain is condensed by double bars. CGTase can also degrade
cyclodextrins (coupling activity), which is sometimes considered as a fourth reaction type. It is the reverse of the cyclization reaction.

the size of cyclodextrin that is predominantly formedB)( determined the structures of maltohexaose (G6) and malto-
(Figure 1). Cyclodextrins comprise typically six, seven, or heptaose (G7) bound to the catalytically inactive E257A/
eight glucosesd-, 8-, or y-cyclodextrin respectively), but  D229A mutant of the CGTase froB. circulansstrain 251.
larger ones are also produced4). Depending on the  These linear oligosaccharides bind from subsitdsto —6
bacterial source of CGTase, strong size specificities haveand from—1 to —7, respectively. The differences in binding
been reported1). In addition, many attempts were made of these sugars at the donor subsites elucidate the atomic
to improve the size specificity of industrially used CGTases basis ofo/-cyclodextrin size specificity. Furthermore, both
through site-directed mutagenesis8( 16, 17. structures provide a unique view of the CGTase conformation
To study the acceptor (transglycosylation) and donor after leaving group departure and prior to acceptor binding.
(cyclodextrin size) type specificities in CGTase, we have Comparison with X-ray structures of CGTase substrate and
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product complexes and the analysis of structural rearrang€-,pje 1. pata and Model Statistics of the BC251 E257A/D229A
ments allows a deeper insight into the molecular mechanismscGgTase Complexes

of the enzyme’s transglycosylation specificity.

ligands
EXPERIMENTAL PROCEDURES maltoheptaose (G7) maltohexaose (G6)
Data Collection

Mutagenesis and Crystal Soakingrystals of theBacillus space group P2:2:2; P212,2;
circulansstrain 251 (BC251) CGTase have proven to be an cell axesa, b, c () 67.5,109.7,116.7 64.7,109.0, 111.6
excellent experimental system for determining 3D structures L%SOC!]E’E?“” L%n?eiléézi ons 23'97%20 782'2124%8
of CGTase-ligand complexes 4, 10, 12, 18 In these Rm;,gs(%)qandm/ol] 11.1,7.7 6.1, 14.4
crystals, natural substrates can be processed by CGTase, evatompleteness (%) 92.1 91.2
when a E257Q/D229N mutant with a 700 000-fold reduced Statistics of the Last Resolution Shell
activity is used 7, 18. With this mutant, soaking of CGTase  Rmergé (%) andlicl] 41.4,2.9 22.5,4.2
crystals in a maltoheptaose (G7) solution always resulted in completeness (%) 88.1 86.4
electron density for a maltononaose (G9) (unpublished Refinement Statistics
result). This presumably results from a transglycosylation no- of amino acids 686 (all) 686 (all)
reaction with maltose as acceptor, since maltose is presen{): 81{ ﬁﬁ,Dartﬁg?:wles 31 30
in the crystallization setupsl ). active-site ligand maltoheptaose maltohexaose

To prevent this transglycosylation, we constructeB.a ~ MBS ligand maltotetraose maltotriose
circulans strain 251 E257A/D229A mutant CGTase. Mu- Mggg ::gggg mg:tgiﬁgggse nTa"’I‘:g(itrfggzose
tagenesis was performed with PCR as described earlier and,g_ of Sc‘ﬂvem sites 674 145
verified by sequencingl@). Expression and purification was  averageB factor (4?) 19.1 42.7
done in a standard wayl8). An activity assay indicated a  final Rfactor (%) 16.7 22.8
>1000-fold reduced activity in comparison with E257¢Q/ final freeRfactor! (%) 21.0 29.6
D229N CGTase. The E257A/D229A CGTase mutant was Rms Deviation from Ideal Geometry
crystallized from 60% (v/v) MPD (2-methyl-2,4-pentanediol), \?grr:c(jjfrq/g\]/tgjlé@ontacts @) 060820 060852
100 mM Tris buffer, pH 8.1, and 5% (w/v) maltose, similar - Biactor correlations (4 1.4 10

to the crystallization conditions of wild-type CGTask). = Roagee S15:1(0) — h(M)/Sn5(h), where reflectiorh has intensity
To further minimize unwanted transglycosylation activity 1;(h) on occurrencé and mean intensity(h). WoLls the average ratio
in these crystals, we replaced all the maltose in the crystalsof intensity and standard deviation of all reflectidmafter averaging
by &-deomaltose, which s incompetent as accerd): (S 1 Ot HBSE 2 DI G e el o
The crystals were washed for 10 min in maltose-free mother Ligands there might reppresenthG énd G7 tha)t/ are r’JartiaIIy visiRle.
liquor and subsequently transferred for 10 h to fresh mother actor = 5, F, — Fo/31Fo, whereF, and F. are the observed and
liquor containing 5% (w/v) 4-deoxymaltose. This procedure calculated structure factor amplitudes of refleciiprespectivelyd The
was repeated four times. Directly before soaking with freeR factor is calculated as thie factor with F, that were excluded
maltoheptaose and maltohexaose, the crystals were washeffom the refinement (5% of the data).
in a mother liquor containing no sugars, 60% (v/v) MPD,
and 100 mM MES [24d-morpholino)ethanesulfonic acid] Ideal bond lengths and angles for the sugar ligands were
buffer at pH 6.1, which is close to the optimum pH of wild-  obtained from the crystal structures of maltose and cellobiose
type CGTaseX8). One crystal was subsequently soaked in (26). For MPD, they were obtained from the USF hetero
the mother liquor containing 10 mg/mL maltoheptaose and compounds database at www.alpha2.bmc.uu.se/hicup. In the
after 40 min was frozen to 100 K under a cold nitrogen last stages of refinement, explicit solvent molecules were
stream for data collection. Another crystal was soaked in included by use of BIOMOL software (available at www.
the mother liquor containing 10 mg/mL maltohexaose and xray.chem.rug.nl/software.html). The stereochemistry of the
after 30 min was frozen to 120 K. complete model was checked with WHATCHECK?). The
Refinement of the CGTas#altoheptaose CompleRata final electron density for the ligands in the active site is
for the maltoheptaose complex were collected to 2.0 A at shown in Figure 2A. Model and data statistics are given in
the EMBL beamline X11 of DESY, Hamburg, Germany. Table 1.
Processing was done with DENZO/Scalepa@d)( The Refinement of the CGTas&laltohexaose CompleRata
E257Q/D229N CGTasemaltotetraose complex at 120 K for the maltohexaose complex were collected to 2.48 A at
(18), with all sugars and water molecules removed, was usedthe protein crystallography beamline of the ELETTRA
as a starting model. Refinement was done with TIRZ) {n synchrotron near Trieste and processed as the CGTase
a standard wayl@). Sugar ligands were manually placed in maltoheptaose data. Surprisingly, the longest cell axis, which
oa-weighted 23) 2F, — F, F, — F¢, and OMIT F, — F. normally measures about 117 A, had changed to 111 A
electron density maps24) with the program O 25). It (Table 1). Presumably for this reason, initial rigid-body
appeared that a G7 ligand had bound from subsitégo refinement failed. Therefore, we performed a molecular
—7, with the glucose at subsite-1l in its -anomeric replacement search with AMoRe§), using the protein
configuration. At subsite+1, an MPD molecule was coordinates of the BC251 E257Q CGTasatermediate
observed, but no sugars were bound at the acceptor sitescomplex {{) as search model, since this structure has the
Furthermore, various ligands were bound at the three maltosemost similar cell axes. The best solution was refined as
binding sites that are present in the noncatalytic domains of described above. The electron density shows the presence
CGTase 19) (Table 1). of a maltohexaose ligand in the active site, bound from
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FIGURE 2: Stereopictures of the final electron density for the ligands
bound to BC251 E257A/D229A CGTase. Thg (23) weighted

2F, — Fc OMIT (24) electron density is contoured at 0.8 times its
standard deviation. (A) Maltoheptaose (G7) bound from subsites
—1 to—7 and MPD at subsité-1. (B) Maltohexaose (G6) bound
from sites—1 to —6. This figure and Figures 4 and 5 were made
with Bobscript @7).

subsites—1 to —6 (Figure 2B). At subsite-1, a glucose
p-anomer was modeled in analogy with the CGTase
maltoheptaose complex. No ligand is bound at subsite
or +2, but various ligands are observed at the maltose
binding sites (Table 1).

The electron density showed that the compression of the
longest cell axis is due to a more compact crystal packing
at the maltose binding site near Tyr 633 and Leu 600.

Presumably, this is correlated to rearrangements in the

CGTase backbone after binding of the maltohexaose (se
below). The adaptation of crystal packing after ligand binding
has affected the crystal quality, as shown by the reduced
resolution of the data and the high overBifactor of the
structure (Table 1).

RESULTS
The structures of BC251 E257A/D229A CGTase com-

Biochemistry, Vol. 39, No. 26, 20000775

Table 2:
CGTase

Interactions of G6 and G7 with BC251 E257A/D229A

distances (A) and the glucose

atoms offering atom making the contact

(S

contacts in CGTase maltoheptaose maltohexaose

subsite+2 empty empty
subsitet1 MPD? empty
subsites-1 and—2°
subsite—3

Asn 94 @®1/Thr 95 O/ dwnt to O6 and O5

Tyr 97 Oy/His 98 Ne/

Asp 371 @1

Asp 196 @1 wm'to 06

Asp 371 &2 3.102 2.802
subsite—4

glucose atom O3 at site3 2.7 O2 2.702
subsite—5

Thr181Oand Tyr195N  wfto O3 wnf O3

glucose atom O2 at site4 2.9 O3 3.203
subsite—6

Ser 145 @ 3.104

Asn 193 Nb 3.102 3.102and

3.1083

Tyr 195 O 2.702 2.702

Asp 196 O/Ala 144 O writito O2 and O3

Gly 179 N/Tyr 167 Gy wm?to O3

Gly 180 N wnf to O5 and O6
subsite—7 empty

Ser 145 @ 2903

Asp 147 N 2903

Asp 147 &1 2.804

glucose atom O3 at6 3.002

symm.-rel. Tyr 456 @ wmd to O6

aHydrophobic interactions only.Binding contacts were identical
to those in the CGTaseamaltotriosyl covalent intermediate complex
(7); see text® Mediated by two waters! Mediated by one watef.This
contact has a close distance but bad hydrogen-bond geometry.

that these compounds bind in the active site from subsites
—1to—7 and—1 to —6, respectively, and are well-defined
(Figure 2). An overview of all interactions is given in Table

2 and Figure 3. Comparing these new structures with those
of previously determined stable states along the reaction
coordinate T, 12 gives insight into the mechanisms of
catalysis and specificity of CGTase. However, such com-
parisons need to exclude artifacts arising from experimental
differences in pH and mutations. Therefore we compared
the structures of unliganded E257A/D229A BC251 CGTase
at pH 6.1 and 10.3 with that of E257Q/D229N BC251
CGTase at pH 10.3. No differences exceeding the coordinate
error in the structures~0.2 A) were observed. Below, the
high-resolution CGTaseG7 complex is compared with the
structures of other reaction states (Figure 4). Subsequently,
the differences between the G7 and G6 complexes are
described (Figure 5).

Maltoheptaose Mimics the @alent Intermediate at Sub-
site —1. The reducing-end glucose of G7 binds in the
catalytic subsite-1 in the f-anomeric state, with its ring
positioned deep into the active-site cleft in an undistorted
4C, chair conformation (Figures 3A and 4A). The position
of the glucose ring in subsitel superimposes best with
the glucose in a CGTas&ovalent intermediate compleX)(
(Figure 4B). This position is allowed by the mutation Asp
229 Ala, in the absence of which a 2.0 A van der Waals
contact between the Asp 2290 atom and the glucose C1
atom would occur. A similar ring orientation for &xano-

plexed with maltoheptaose (G7) and maltohexaose (G6) showmeric glucose at subsitel was observed in B. circulans
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Ficure 3: Scheme of all interactions oAj maltoheptaose (G7) an8) maltohexaose (G6) with BC251 E257A/D229A CGTase. Dashed

lines indicate interactions for which the distances are given in Table 2. In one case, asterisks (*) near interacting atoms replace a dashed
line. For clarity, some interactions at subsites (involving Tyr 100, Arg 227, His 327, and Asp 328) an@ (His 98 and Arg 375) have

been omitted in this figure. Within the error limits of our structures, these interactions are identical to those in the CGTase-covalent etermediat
complex ). The residues comprising subsiteéd and+2 have been incorporated for clarity. Due to its limited resolution, fewer water-
mediated interactions are visible in the G6 structure than in the G7 structure.

strain 8 D229A CGTasemaltotriose complex 1(6). The at subsite—3 has shifted 1.8 A out of the cleft formed by
interactions of the G7 ligand at subsitel are similar to Tyr 89 and Tyr 195 compared to the G9 sugar, thereby losing
those in the CGTasecovalent intermediate complex, includ-  the ability to interact with Asp 196 (Figure 4C). Furthermore,
ing hydrophobic stacking to Tyr 100, absence of a hydrogen the G7 structure has a different conformation of the flexible
bond between the sugar OH-6 group and His 140, and theloop comprising residues 83, which is part of subsite
presence of a hydrogen bond between the O1 atom and Arg—3 (Figure 4C). The 8793 loop conformation in the G7
227 (7). This latter contact stabilizes thanomeric con- complex resembles that observed in unliganded jaiog-
figuration of the C+0O1 bond in the catalytic site, which  clodextrin-liganded CGTaséZ%). These differences at subsite
mimics thej-glycosidic bond between the C1 atom and the —3 likely originate from the fact that in the G7 complex no
Asp 229 @1 atom in the intermediat&) (Figure 4B). Thus acceptor sugar has bound, whereas such a sugar is present
the binding mode of maltoheptaose at subsiferesembles  in the G9 structure (Figure 4A; see below).
that of the covalent intermediate. Maltoheptaose Binding Mode at Subsit8 Involves Asn
Maltoheptaose and Maltononaose Binding Modes Differ 94. The new sugar binding mode of G7 is stabilized in two
at Subsite—3. In previous work, we reported the structure ways. First, the position of the G7 sugar chain allows
of a maltononaose (G9) linear substrate bound to BC251 formation of a hydrogen bond between the glucose OH-2
CGTase from subsites7 to+2 (7). When the binding mode  group at subsite-4 and the glucose OH-3 group at subsite
of G7 is compared to this G9 structure, both sugar chains —5 (Figure 3A). This hydrogen bond is absent in the G9
superimpose well at subsite®? and subsites-4 to —7, but structure 12). Second, the G7 sugar at subsied is
surprisingly, differences appear at subsite. The G7 sugar  stabilized by new hydrogen bonds. The glucose OH-6 group
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Ficure 4: (A) Comparison of the G7 structure (sugar and side
chains in black, the protein backbone in white) with that of

Ficure 5: (A) Comparison of the G6 structure (sugar in black,
protein backbone in white) with the G7 structure (gray). Differences

maltononaose complexed to BC251 E257Q/D229N CGTase (G89, in sugar binding are seen at subsite3 and—6. His 233 in the

gray) (7). The G7 sugar conformation at subsit@ would clash
with the G9 protein conformation of Tyr 195, whereas the G7
conformation of Tyr 195 would bump into the G9 sugar conforma-
tion at subsitet-1. (B) Detail of subsite-1, with the BC251 E257Q
CGTase-covalent intermediate structuré) jncluded in white. The
position of the G7 glucose ring at subsitd most resembles that
of the intermediate, with its OH-1 group mimicking the absent Asp
229 )1 atom. The G7 Ala 229 side chain is hidden from view.
(C) Detail of the conformational differences at subsiteS.

Unconnected white circles indicate water molecules. G7 is stabilized
by two water-mediated hydrogen-bonding networks connecting to

G6 conformation narrows subsitel. (B) Detail of subsite—3,
showing the possibility of a water-mediated hydrogen bond between
the glucose O6 and Asp 196)D in the G6 structure. (C) Detail of
subsites-6 and—7, with direct hydrogen bonds in the G6 structures
(thick dashed lines) and the G7 structure (thin dashed lines). For
water-mediated interactions, see Figure 3.

close contacts with the superimposed O6 atom (at 2.0 A)
and the C6 atom (at 2.2 A) of the G9 glucose at subsite
(Figure 4A). Thus, loop rearrangements result in a conforma-

interglycosidic hydrogen bond to subsitél. G9 is stabilized by a
direct hydrogen bond between the glucose 06 and Asp 186 O
atoms and a hydrogen bond to Asp 371 (bonds not drawn).

acceptor binding.

CGTase in the Maltoheptaose Complex Assumes a New
Conformational StateRearrangements of the flexible loops
comprising residues 8793, 175-185, and 196199 were

forms a contact (mediated by two water molecules) to the 5psenved previously for CGTase complex&®)(Until now,

Asn 94 @ atom (not shown). Furthermore, the glucose O5

two conformations of the CGTase active site were known.

atom binds to a network of three water molecules that are The first is the conformation of CGTase seen in the

trapped in a cavity formed by the Asn 94NAsp 371 @1,
Tyr 97 Oy, His 98 N, and Thr 95 backbone O atoms
(Figures 3A and 4C). This is the first time that Asn 94 is
implicated in (indirect) substrate binding, although it was
shown earlier that mutants in Asn 94 affect the catalytic
activity of CGTase 29).

Tyr 195 in the Maltoheptaose Complex Hinders Binding
of a Sugar AcceptorThe absence of bound sugars at the

unliganded 18, 19 and they-cyclodextrin-liganded 12)
complexes, and the second is the conformation of CGTase
seen in the G9 complex7). Both conformations were
observed to hinder the sugar binding mode of the other state.
The unliganded/-cyclodextrin protein backbone conforma-
tion was observed to hinder G9 binding at subsii® by

the position of the Tyr 195 carbonyl oxygen atom. The G9
protein conformation was observed to hinglecyclodextrin

acceptor subsites is a feature that the CGTase G7 complexinding by the position of Tyr 195 at subsite3 (12).

shares with the CGTas&ovalent intermediate compleX)(

The conformation of CGTase in the G7 complex shows

It indicates that the sugars in the experimental setup now, surprisingly, a third conformational state, which is
(maltoheptaose, 4-deoxymaltose) lack sufficient affinity, incompatible with the previously observed ones. The G7
which is unexpected, since kinetic experiments show that protein conformation hinders binding of a G9 sugar in subsite
maltose and maltooligosaccharides are high-affinity acceptors+1 (see above) and binding of a G7 sugar to the G9 protein
for CGTase 11). The G7 structure provides a convincing conformation is hindered by a close contact between Tyr
explanation for the absence of acceptor sugars, because th@gs and the glucose C3 atom at subsit® (2.5 A) (Figure
conformation of CGTase itself blocks acceptor binding.  4A). In addition, the G7 protein conformation hinders binding

When the CGTase active site in the G7 complex is
superimposed on the G9 complex, the flexible loops of
residues 196199 and 175185 appear to have shifted 0.6
A toward the+1 acceptor subsite, thereby narrowing this
subsite in the G7 complex (Figure 4A). As a result, the
centrally located residue Tyr 195 in the 19099 loop forms

of a y-cyclodextrin at subsite-1 (in a similar fashion as it
hinders G9), and binding of a G7 sugar is hindered by the
unligandedy-cyclodextrin protein conformation of CGTase
through a close contact between the Tyr 195 carbonyl oxygen
and the glucose 02 atom at subsité (2.2 A). Thus,
CGTase in the G7 complex assumes a new conformational
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state of which the protein backbone and the sugar bindingindicates that, in thex-amylase family, the catalytic site
mode are incompatible with the other known states. architecture favors the position of the intermediate glucose

Maltohexaose Binds Differently from Maltoheptaose at fing.
Subsites—3 and —6. The electron density map for the G6 Scenario for the CGTase Reaction Cycle Implies an
structure, although of lesser quality than that of the G7 Induced Fit for Sugar Acceptordhe 3D structures of G7
structure, shows binding of a maltooligosaccharide from and G6 bound to CGTase represent covalent intermediates
subsites-1 to —6 (Figure 2B). This proves that these subsites with long sugar chains bound at the donor sites but empty
can bind sugars independently, without assistance fromacceptor sites. Thereby they complete the X-ray analysis of
subsite—7, at which sugar binding is supported by a crystal four different reaction stages d. circulans strain 251
contact (L0). The overall conformation of G6 is similar to CGTase (Figure 6). The differences between these structures
that of G7 at subsites-1, —2, —4, and—5 but differs at suggest that during the catalytic cycle of CGTase substantial
subsites—-3 and—6 (Figure 5A). At subsite-3, the glucose  conformational rearrangements take place, for which a
of G6 is even further displaced (0.7 A) out of the Tyr-89  possible scenario is presented in Figure 6. This can explain,
Tyr 195 cleft (Figure 5B), and at subsites the glucose has  in part, the high transglycosylation activity of CGTase.

tilted ~40° compared to the G7 structure (Figure 5C),  |n the first step of substrate binding, CGTase changes from
forming novel contacts to the Asn 193Nand Ser 1459 ap ynliganded8) to a G9 conformation?). The presence
atoms (Table 2, Figures 3 and 5C). of glucoses at subsites1 and—6 forces Tyr 195 in the
Conformational State of CGTase in the G6 Complex direction of subsite-3, where it pushes the substrate toward
Resembles That of the G7 Complexthe G6 complex, like  the 8793 loop, which in turn changes conformation,
in that of G7, the 196199 and 175185 loops have shifted  together with the 198199 loop (Figure 6, top right). In
toward the acceptor cleft, thereby narrowing thkacceptor  earlier work this conformation of CGTase was found to be
site. However, compared to the G7 complex, both loops have activated, because in the G9 complex catalytically more
shifted more toward each other, and also the stretch of proficient conformations are observed for Asn 139 and His
residues 185190, which connects both loops, shows a clear 140 at subsite-1 (12).
displacement. These differences are probably related to the |, the next step of covalent intermediate formation,
altered crystal packing of the G6 complex near subsite  cGTase changes from a G)(to a G7 conformation.
and the Tyr 633/Leu 600 maltose binding site, since both cleayage of the scissile bond could stimulate CGTase to relax
these sites are located close to the flexible loops. from its GO state, in which the 8793 loop assumes its
Despite these differences, the G6 complex has the samepriginal orientation, thereby driving the glucose at subsite
characteristics that define the G7 complex as a separate-3 to its G7 position (Figure 6, bottom right). Molecular
conformational state. First, acceptor binding at subsile  dynamics simulations, performed before the G7 structure was
is hindered, in this case by a 0.8 A shift of His 233 toward known, corroborate such a donor-chain rearrangement at
Tyr 195 (Figure 5A). Second, when the G6 sugar ligand is subsite—3 (31). The glucose at subsite3 in turn shifts
superimposed on the protein conformations of unliganded Tyr 195 to its G7 conformation by close contacts, leading
and G9-complexed CGTase, similar close contacts as for theto a narrowing of thet-1 acceptor site and expulsion of the
G7 sugar ligand appear at subsiteé (2.0 A), and subsite leaving group (Figure 6, bottom right).
—3 (2.1 A), respectively. Thus, the G6 complex of CGTase |, e following step, an acceptor has to bind in the

assumes the same conformational state as the G7 Complexﬂarrowed subsité-1 (Figure 1). When a cyclization reaction

occurs, CGTase moves from a G7 to a cyclodextrin-liganded

DISCUSSION conformation {2). Departure of the donor chain, which
Subsite—1 Prefers To Bind Glucose in an Intermediate- functions as acceptor, from subsit® could allow the 19¢

like Position The complexes oB. circulansstrain 251 199 loop to relax and subsitel to open (Figure 6, bottom
E257A/D229A CGTase with maltoheptaose and malto- left). When a disproportionation reaction occurs, binding of
hexaose show that both sugars bind with their reducing end@ frée sugar acceptor at subsitd would move CGTase
in subsite—1. The—1 sugar is not fixed in its position by ~again from a G7 to an activated G9 conformation (Figure 6,
a covalent bond to a glucose at subsite (as in a bound  tOP right). In contrast, when a hydrolysis reaction occurs,
substrate) or to Asp 229 (as in an intermediate). Therefore binding of a water molecule as acceptor will probably not
it is relatively free to assume the most favorable position in induce these conformational rearrangements because it has
this subsite. The fact that the glucose ring takes a covalentsufficient space. This suggests an induced-fit mechanism in
intermediate-like position shows that the architecture of Which binding of a free sugar acceptor specifically acti-
subsite—1, in the absence of the catalytic residues Glu 257 Vates CGTase, which can explain why CGTase has a much
and Asp 229, is optimal for intermediate binding, as has beenhigher transglycosylation (disproportionation) than hydrolysis
suggested earlier?). In substrate complexes of anamylase activity.
with an intact nucleophile (Asp 229), van der Waals Site-Directed Mutagenesis Studies Confirm the Reaction
repulsions between the Asp 229 Datom and the C1 atom  Cycle Model An important element of this scenario is that
of a free sugar at subsitel prevent the sugar ring from close contacts between Tyr 195 and the glucoses at subsites
occupying this favorable positiorBQ). A similar sterical —6, —3, and +1 modulate the reaction cycle. This is
clash is also observed when the structures of wild-type substantiated by biochemical data. For instance, CGTase
CGTase and the maltoheptaose complex are superimposedorocesses maltopentaoses but not maltotetra@&psSince
However, this clash will be absent when the covalent maltotetraose binds from subsité¢® to —2, and maltopen-
intermediate is formed. Therefore, the structural evidence taoses fromt+2 to —3 (18), this implies that CGTase has a
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Ficure 6: Possible scenario for the structural rearrangements during the CGTase reaction cycle. The top left shows a diagram of CGTase
in its unliganded state, based on the 2.2 A BC251 wild-type structure at 128)KThe top right diagram represents the linear substrate-

bound state, based on the 2.1 A BC251 E257Q/D229N CGTase structure complexed to maltononaose 3t T2@ Kdttom left diagram

shows the cyclodextrin-bound state, as based on the 1.8 A BC251 E257Q/D229N CGTase structure compleyelddextrin at 120 K

(12). On the bottom right, the intermediate state has been reconstructed by a combination of the G7 and G6 structures, and the 1.8 A BC251
E257Q CGTase covalently bound maltotriose intermediate, at 100).Kfie pictures in clockwise order show a cyclization reaction cycle,

and in counterclockwise order a coupling reaction cycle (Figure 1). The hydrolysis and disproportionation cycles (Figure 1) follow top left
— top right— bottom right— top right— top left. Small labels indicate amino acid position; labels in italic type indicate flexible loops
mentioned in the text. The black arrows represent the series of van der Waals repulsions that in part explain the observed conformational
rearrangements (see text). The white arrows represent a simplified view of the CGTase backbone conformation, as compared to its unliganded
state.

higher activity when substrates bind at subsit® which in Veen, unpublished result). These results indicate that the role

our model is important for activation of CGTase. of these residues is not increasing the acceptor affinity, in
Investigations of the accceptor specificity of CGTase which case mutants would have shown highgr values,

showed that the OH-2, OH-3, and OH-4 hydroxyl groups of but increasing the catalytic efficiencyk:§), which is

a glucose acceptor are essential for binding but that the OH-6consistent with our model in which acceptor binding activates

group adds to the efficiency of acceptor process8g) 89. the reaction cycle.

This supports the idea that the acceptor—@81-6 moiety G7 and G6 Binding at the Donor Subsites:.Rals o/f-
displaces Tyr 195 from subsitel and can thereby induce Cyclodextrin SpecificityWhereas acceptor binding deter-
an activated conformation of CGTase. mines the high transglycosylation activity of CGTase, donor

Furthermore, site directed mutagenesis data indicate thatsugar binding is important for the cyclodextrin size specific-
replacing the amino acid at position 195 in a series of Gly, ity. These latter subsites determine the size of the linear
Phe, Tyr, and Trp results in a proportional increasdcin substrate that is bound at the start of the reaction and thus
(andk.a{Ky) for disproportionation1). Thus, a larger side  also the size of the product. Therefore, the G6 and G7
chain at position 195 enhances the efficiency of the process-complexes should give insight into the determinantsofor
ing of linear sugars. Such a larger side chain is also more andj-cyclodextrin specificity, respectively.
likely to have close contacts to sugar ligands at subsitgs Since structural differences between G6 and G7 binding
and+1, which in our model lead to activation of CGTase. occur at subsites-3, —6, and—7 (Figure 5), changes at

At the acceptor subsites, mutagenesis of His 233 at subsitethese subsites that favor one binding mode over the other

+1 in CGTase results in a 680 times decreaseki for will result in changes ir/f-cyclodextrin size specificity.
hydrolysis and coupling (cyclodextrin degradation by trans- At subsite—7, a mutation S146P that blocks sugar binding
glycosylation), and an unchangkg for those reactions35). shows a specific decrease in the initial rat@afyclodextrin
Mutants of residues Phe 259 and Phe 183 at subyitehow formation (L3). Also theA(145-151) deletion mutant dB.

an increase in affinity for maltose as acceptor (low&s) circulansstrain 8 CGTase, which removes most interactions

and a decrease i for disproportionation (B. A. van der  at subsite-7, shows a reduced production@tyclodextrin
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(16). At subsite—3, mutants in Tyr 89 and Asp 196 that
stimulate binding of substrate in an orientation that resembles 8.

the G6 binding mode show an enhanced ratexafyclo-

dextrin formation 13, 3§. On the other hand, mutation of
Asn 94, a residue that specifically stabilizes the G7 binding 1.

mode, results in a decreas@dayclodextrin productionZ9).

Of subsite—6, no mutagenesis studies are known. These
results support the view that differences in the binding mode 11.

of G6 and G7 reveal determinants @f3-cyclodextrin size

specificity. The conclusion that these determinants are located ;.
at subsites-3, —6, and—7 is in agreement with comparisons
of natural CGTases with different size specificities that show

the highest sequence variation in subsitesand—7 (12).

CONCLUSIONS

Maltoheptaose (G7) and maltohexaose (G6) bind to
E257A/D229A CGTase at the donor subsites and leave the 15.
acceptor sites empty. At subsitel, these sugars occupy a
position that is similar to that of the covalent intermediate,
suggesting that this is the favored binding mode in that
subsite. At the other donor subsites, the sugar residues 1g
assume a conformation which is different from that in
previously determined CGTase complexes. This induces a
conformation in CGTase that hinders sugar binding in the 19
acceptor sites. An analysis of the CGTase reaction cycle
based on the known structures of reaction stages suggests,q
that binding of a sugar acceptor to the G7 and G6 complexes
will induce structural rearrangements that activate catalysis. 21.
By such an induced-fit mechanism, the preference of CGTase
for transglycosylation rather than hydrolysis can be ex-

plained.
Since CGTase will forma-cyclodextrin from G6 and

f-cyclodextrin from G7, differences between the binding of
G7 and G6 give insight into the factors that determine
cyclodextrin product size specificity. The conformations of

G6 and G7 are most different at subsite3, —6, and—7,

and mutagenesis studies confirm that favoring one sugar
binding mode over the other at these subsites alters the

cyclodextrin size specificity in a predictable fashion.
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