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The stacking interaction between a tyrosine residue and the sugar ring at the cata-
lytic subsite -1 is strictly conserved in the glycoside hydrolase family 13 enzymes.
Replacing Tyr100 with leucine in cyclodextrin glycosyltransferase (CGTase) from
Bacillus sp. 1011 to prevent stacking significantly decreased all CGTase activities.
The adjacent stacking interaction with both Phel83 and Phe259 onto the sugar ring
at subsite +2 is essentially conserved among CGTases. F183L/F259L mutant CGTase
affects donor substrate binding and/or acceptor binding during transglycosylation
[Nakamura et al. (1994) Biochemistry 33, 9929-9936]. To elucidate the precise role of
carbohydrate/aromatic stacking interaction at subsites -1 and +2 on the substrate
binding of CGTases, we analyzed the X-ray structures of wild-type (2.0 A resolution),
and Y100L (2.2 A resolution) and F183L/F259L mutant (1.9 A resolution) CGTases com-
plexed with the inhibitor, acarbose. The refined structures revealed that acarbose
molecules bound to the Y100L mutant moved from the active center toward the side
chain of Tyr195, and the hydrogen bonding and hydrophobic interaction between
acarbose and subsites significantly diminished. The position of pseudo-tetrasaccha-
ride binding in the F183L/F259L mutant was closer to the non-reducing end, and the
torsion angles of glycosidic linkages at subsites -1 to +1 on molecule 1 and subsites -2
to -1 on molecule 2 significantly changed compared with that of each molecule of
wild-type-acarbose complex to adopt the structural change of subsite +2. These struc-
tural and biochemical data suggest that substrate binding in the active site of CGTase
is critically affected by the carbohydrate/aromatic stacking interaction with Tyr100
at the catalytic subsite -1 and that this effect is likely a result of cooperation between
Tyr100 and Phe259 through stacking interaction with substrate at subsite +2.

Key words: acarbose, alkalophilic Bacillus sp. 1011, cyclodextrin glycosyltransferase,
stacking interaction, X-ray crystal structure.

Abbreviations: o-CHA, a-cyano-4-hydroxycinnamic acid; CGTase, cyclodextrin glycosyltransferase; G1-CNP, 2-
chloro-4-nitrophenyl B-glucoside; G2-CNP, 2-chloro-4-nitrophenyl p-maltoside; G3-CNP, 2-chloro-4-nitrophenyl f-
maltotrioside; G4-CNP, 2-chloro-4-nitrophenyl B-maltotetraoside; GlcAcvGle, a-D-glucopyranosyl-a-acarviosinyl-
D-glucopyranose; 3KB-G5-CNP, 3-ketobutylidene-2-chloro-4-nitrophenyl B-maltopentaoside; MALDI-TOF/MS,
Matrix-Assisted Laser Desorption Ionization Time-Of-Flight Mass Spectrometry; PTS, pseudotrisaccharide or
acarviosine-glucose; Sfamy, Saccharomycopsis fibuligera a-amylase.

Cyclodextrin glycosyltransferase (CGTase) [EC 2.4.1.19]
catalyzes the conversions of starch and amylose into a
mixture of a-, B-, and y-cyclodextrins (CD) that consist of
six, seven and eight D-glucose residues, respectively.
Besides this cyclization, the enzyme also catalyzes cou-
pling (the reverse of cyclization), disproportionation
(intermolecular transglycosylation) and weak hydrolysis.
Cyclodextrins form inclusion complexes with various
molecules and alter the chemical and physical properties
of the included molecules. Therefore, CGTases are impor-
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tant enzymes with wide industrial applications. Struc-
tural studies and protein engineering approaches have
revealed that CGTase is a member of the a-amylase fam-
ily (glycoside hydrolase family 13) with four highly con-
served regions designated I, II, III and IV (I-3), and
catalytic domains that are folded into (p/a)g-barrel struc-
tures (4-9). Variations in substrate specificity and reac-
tion products of glycoside hydrolase family 13 enzymes
are associated with the fact that although their catalytic
centers are similar, their subsite structures differ (10).
To define the functional differences between CGTases
and o-amylases, we have examined the structure/func-
tion relationships of CGTase from the alkalophilic bacte-
rium Bacillus sp. 1011 (10-13) using protein engineering
approaches. The enzyme that predominantly produces -
CD has high starch-degrading activity over a wide pH
range (4.5-10.5) at 37°C. We crystallized the CGTase and
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Table 1. Partially aligned amino acid sequences in the active sites of family 13 Enzymes.

Accession number/Reference

Sequence

Enzymes
Cyclodextrin glycosyltransferase

alkalophilic Bacillus sp. 1011 P05618
Bacillus circulans strain 251 P43379
Bacillus licheniformis P14014
Thermoanaerobacterium thermo-

sulfurigenes EM1 P26827
alkalophilic Bacillus sp. 38-2 P09121
Bacillus ohbensis P27036
Bacillus circulansstrain 8 P30920

Bacillus stearothermophilus P31797

90 SGVNNTAYHGYWARDFKKTNP
90 SGVNNTAYHGYWARDFKKTNP
90 SGVTNTAYHGYWARDFKKTNP

93 GG--STSYHGYWARDFKRTNP

90 SGVHNTAYHGYWARDFKKTNP
92 —=--—- TSYHGYWARDYKRTNP
97 SGVTNTAYHGYWARDFKKTNP
88 SGS--ASYHGYWARDFKKPNP

Bacillus macerans P04830 90 SGVNNTSYHGYWARDFKQTND
o-amylase

Bacillus subtilis P00691 54 SMSN--WYWLY-QPTSYQIGN

Aspergillus oryzae P10529 75 YGD---AYTGYWQTDIYSLNE

Saccharomycopsis fibuligera P21567 76 YGY---AYHGYWMKNIYKINE

Porcine pancreatic P00690 55 SR-——PWWERY-QPVSYKLCT

Barley Rogers et al. 1983 (46) 70 SVSN----EGYMPGRLYDIDA
Neopullulanase

Bacillus stearothermophilus P38940 206--——————- KYDTADYFEVDP

o-glucosidase
Bacillus sp. SAM1606
oligo-1,6-glucosidase

Bacillus thermoglucosidasius P29094

Nakao et al. 1994 (47)

72 SPND---DMGYDIRDYYKIME

56 SPND---DNGYDISDYRDIMD

Gaps are denoted by -.

determined its three-dimensional structure at 1.8 A reso-
lution (14, 15). The unit cell contained two independent
molecules related through a pseudo-twofold symmetry.
This enzyme consists of domains, A, B, C, D, and E, and
its backbone structure is similar to that of four other
homologous CGTases (8, 9, 16, 17).

Crystallographic studies of ligand-complexed CGTase
from Bacillus circulans strain 251 (18-21) and B. circu-
lans strain 8 (22, 23) revealed substrate-recognition sites
designated from +2 to —7 for binding oligosaccharides,
and subsites —4c¢, +4¢ and +3c for CD binding with a cata-
lytic site between subsites —1 and +1. The structure of the
CGTase complex with the covalently bound reaction
intermediate indicates that Tyr100 (stacking interaction)
together with Trp75 and Arg227 tightens the hydrogen
bond interaction network (20). When a linear substrate
binds to the active site of CGTase, stacking interactions
between substrate and Phel183 and Phe259 occur at sub-
site +2 (18). During CD binding, the aromatic side chain
of Phe259 stacks only onto the glucosyl unit at subsite +2
(19).

Tyr100 together with other residues of the subsite —1
architecture is highly conserved in the glycoside hydro-
lase family 13 (Table 1) and seems to play a crucial role in
the substrate binding of glycoside hydrolase family 13
enzymes (20). However, replacing Tyr83 (equivalent to
Tyrl00) on Saccharomycopsis fibuligera o-amylase
(Sfamy) with tryptophan, leucine or aspartic acid, signif-
icantly enhanced transglycosylation activity and pro-
duced a complementary decrease in native hydrolysis
activity (24). To determine the roles of carbohydrate/aro-
matic stacking interaction with Tyr100 at subsite —1 of
CGTase, we replaced Tyr100 with leucine and phenyla-
lanine using site-directed mutagenesis and characterized

purified mutants with respect to substrate binding and
activity of CGTase.

Sequence comparisons among CGTases and o-amy-
lases have revealed that Phel83 and Phe259 are highly
conserved among CGTases but are replaced with
aliphatic or aromatic residues in a-amylases. The amino
acid residue in the position equivalent to Phe259 of a-
amylases is mostly an aliphatic residue, and that equiva-
lent to Phel183 is tyrosine, tryptophan, proline, glutamine
or others. Therefore, the stacking interaction of both
Phel83 and Phe259 with bound sugar residues found
among CGTases does not arise in a-amylases. We pro-
posed that the F183L/F259L mutation in CGTase affects
donor substrate and/or acceptor binding during transgly-
cosylation (13). To investigate the effects of Leul00 and
both Leul83 and Leu259 on substrate binding of the cat-
alytic site of CGTase in the absence of stacking, we ana-
lyzed the structures of wild-type (2.0 A resolution), and
Y100L (2.2 A resolution) and F183L/F259L (1.9 A resolu-
tion) mutant CGTases complexed with the inhibitor,
acarbose.

We describe the critical importance of Tyrl100 for
CGTase to bind substrate CGTase and the features that
differ between Y100L (CGTase) and Y83L (Sfamy)
mutants due to specific stacking interaction with Phe183
and/or Phe259. Furthermore, we discuss the contribution
of the carbohydrate/aromatic stacking interaction of
Tyr100 and Phe259 to the substrate binding in the active
site of CGTase.

MATERIALS AND METHODS

Chemicals and Enzymes—All restriction and modifica-
tion enzymes used for recombinant DNA manipulations
were purchased from Takara Shuzo or Toyobo. Tetracy-
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Table 2. Statistics of data collection (A) and structure refinement (B).

Wild-type Acarbose F183L/F259L-Acarbose Y100L-Acarbose

(A) Data collection

Space group P1 P1 P1

Cell dimension

a @) 64.95 64.85 65.68

b @A) 74.49 74.53 74.47

c@) 79.10 85.19 80.10

o (deg) 85.13 85.19 85.29

B (deg) 105.02 104.19 105.59

y (deg) 101.02 101.04 100.81

Resolution range 48.55-2.00 19.80-1.91 76.77-2.01

No. unique reflections 91,157 102,881 68,926

Roerge 0.132 0.048 0.068
(B) Structure refinement

No. of atoms

Protein 10,624 10,612 10,618

Calcium 4 4 4

Acarbose 88 88 88

Solvent water 638 739 253

Resolution range 10.0-2.0 10.0-1.9 10.0-2.2

No. of reflections 82,018 (>10) 85,845 (>20) 40,829 (>20)

R-value 0.184 0.162 0.173

Rpee 0.246 0.215 0.276

RMSD bond (A) 0.013 0.014 0.009

RMSD angle (deg) 3.01 2.79 1.52

cline and ampicillin were from Wako Pure Chemical
Industry. Soluble starch was from Merck (Art. 1252).
Amylose (average degree of polymerization, 17) was a gift
from Hayashibara Biochemical Laboratories. Acarbose
(Bay-g-5421) was a gift from Drs. A. Mullen and K.
Hornberg (Bayer AG). 3KB-G5-CNP (3-ketobutylidene-2-
chloro-4-nitrophenyl B-maltopentaoside) and CNP-mal-
tooligosaccharide standards were purchased from
Toyobo. All other chemicals were of reagent grade.

Bacterial Strains and Plasmids—Recombinant DNA
was manipulated in Escherichia coli JM109 [recAl endAl
gyrA96 thi hsdR17 supE44 relA1A (lac proAB)/F': traD36
proAB laclt ZAM15]. Wild-type and mutant CGTases
were produced in the protease-deficient mutant, E. coli
MES8417 [lon::Tn10(tet") thr leu lacY], provided by Dr. H.
Takahashi (The University of Tokyo). Plasmid pTUE254
was constructed by inserting the 4.5 kb HindIII fragment
of pTUE217 (2), which contains the CGTase gene region
of the alkalophilic Bacillus sp. 1011, into the HindIII site
of pUC13.

Mutant CGTase Genes—Mutant CGTase genes encod-
ing either the Y100L or the Y100F mutant were obtained
by the site-directed mutagenesis of pTUE254 according
to Kunkel (25) with slight modifications as described
(13). The mutations were verified by DNA sequencing
(26). The following oligonucleotides were used to create
the mutations (underline denotes mutations and codons,
respectively):

Y100F mutant: 5'-TCACGGCTTCTGGGCCC-3'

Y100L mutant: 5'-CTTATCACGGCTTGTGGGCCCGG-3’
Clones expressing CGTase activity were scored on plates
containing Luria-Bertani medium agar with 1% soluble
starch.
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Expression and Purification of Wild-type, Y100L- and
Y100F-CGTases—Escherichia coli ME8417 transformants
carrying constructs were cultured in 1 liter of Luria-
Bertani medium [1% bacto-tryptone (Difco), 0.5% yeast
extract (Difco), and 0.5% sodium chloride], containing
250 pg/ml ampicillin and 20 pg/ml tetracycline at 37°C
for 12 h. Wild-type and mutant CGTases in the periplasm
of the cells were extracted by osmotic shock (27) and puri-
fied as described (10). F183L, F259L, and F183L/F259L
mutant CGTases were purified as described (13).

Enzyme Assay—All reactions proceeded at 37°C in 10
mM sodium phosphate buffer at pH 6.5. Starch-degrad-
ing activity and disproportionation activity between
3KB-G5-CNP and maltose were determined as described
(10, 12). The acarbose concentrations required for 50%
inhibition of the starch-degrading activity (ICj,) were
measured using the blue value method of Fuwa as
described (11).

Bond-cleavage Profiles of 3KB-G5-CNP—Bond-cleav-
age profiles were determined using a slight modification
of the transglycosylation assay as follows. Reaction mix-
tures containing 1-100 nM enzyme, 1 mM 3KB-G5-CNP
as a donor substrate and 50 mM glucose as an acceptor
were incubated at 37°C for 5-15 min. Primary products
prior to 15% conversion were identified at appropriate
intervals thereafter. The reaction was stopped by adding
20 wl of 0.2 N hydrochloric acid to 200 pl of the mixture,
and then 20 pl of 0.5 M disodium hydrogen phosphate
was added. The reaction products were quantified at
20°C by HPLC on a LiChrosorb NH, column (mean parti-
cle size, 5 um; 4 x 250 mm; Cica-Merck) and monitored
using an ultraviolet detector (Beckman System Gold) at
313 nm. The mobile phase was 80% acetonitrile at a flow
rate of 0.8 ml/min. Separated reaction products were
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Table 3. Binding modes and torsion angles for acarbose and related compounds bound to wild-type and mutant CGTases.

(A) Binding modes subsites

Enzyme complex —4 -3 -2 -1 +1 +2
Wild-type Molecule 1 G C DG G

Molecule 2 G C DG G
F183L/F259L Molecule 1 G C DG G

Molecule 2 G C DG G
Y100L Molecule 1 C DG G G

Molecule 2 C DG G G

(B) Torsion angles?
sites —4/-3 sites —3/-2 sites —2/-1 sites —1/+1 sites +1/+2

Enzyme complex o v o v ) v 6 v 6 v
Wild-type Molecule 1 149.04 -98.61 57.68 -105.02 51.27 -150.97

Molecule 2 117.08 -98.19 43.61 -103.40 85.38 -158.44
F183L/F259L Molecule 1 137.83 -90.41 98.05 -105.15 59.30 -153.08

Molecule 2 159.03 -90.88 12263 -1
Y100L Molecule 1

62.14 76.24 -132.86
30.24 -164.49 40.35 44.67 139.35 76.20

Molecule 2 147.35 -87.15 111.26 -113.10 150.70 —65.39

Abbreviations: G, a-D-glucose; C, cyclitol of acarbose; DG, 4-amino-4, -a-D-dideoxyglucose of acarbose. 2 = torsion angle O5(C7)-C1-04'(N4')-

C4'. y=torsion angle C1-0O4'(N4')-C4'-C5’. Torsion angles for subsite:

identified and calibrated by comparison with 1% G1-
CNP, G2-CNP, G3-CNP, and G4-CNP standards.
Thin-Layer Chromatography (TLC)—Reaction mix-
tures were analyzed by TLC using Kieselgel 60F 254
plates (Merck) and a solvent system of ethyl acetate/iso-
propyl alcohol/water (1:3:1, v/v/v). After being developed
twice, the TLC plates were dried and visualized by spray-
ing with 0.3% (w/v) N-(1-naphthyl)-ethylenediamine and
5% (viv) HySO,in methanol and heating at 120°C for 15
min. To prepare each reaction product, we incubated 10
mM acarbose solution (1 ml) with 20 mg of wild-type,
F183L/F259L, and Y100L mutant CGTases (1 ml) at
37°C for 2 weeks. The reaction mixture separated by TLC
was visualized, then each reaction product was extracted
with Milli-Q water for 1 h and lyophilized.
Matrix-Assisted Laser Desorption Ionization Time-of-
Flight Mass Spectrometry (MALDI-TOF/MS) Analysis—
The MALDI-TOF/MS spectra were collected using a Voy-
ager-DE (Applied Biosystems), and a-cyano-4-hydroxy-
cinnamic acid (a-CHCA) was used as a matrix. One
microliter of the purified sample and a-CHCA was dropped
on a sample plate and thoroughly dried. The sample plate
was placed in the Voyager-DE Biospectrometry worksta-
tion operated at an acceleration voltage of 20 kV.
Co-crystallization and Data Collection—Crystals of
wild-type and mutant CGTases complexed with acarbose
were obtained by co-crystallization for 1-2 weeks in 0.1
M sodium citrate buffer, pH 5.6 containing 1% protein, 1
mM acarbose, 20% (w/v) polyethylene glycol 3000, 20%
(v/v) 2-propanol and 0.5 mM CaCl, at room temperature.
Crystals of inhibitor complexes were isomorphous with
those of native CGTase. The space group P1 was same as
that of the native CGTase (14), and the unit cell of each
complex contained two independent molecules (V,, = 2.41
A3 Dal). X-ray diffraction data of the wild-type-acarbose
complex were collected to 2.0 A resolution on a Bruker
SMART 6000 diffractometer (50 kV, 90 mA, focal spot
size 0.3 mm). X-ray diffraction data from F183L/F259L
complexed with acarbose were collected at 1.9 A resolu-
tion on an Enraf-Nonius FAST diffractometer (40 kV, 45
mA focal spot size 0.2 mm). X-ray diffraction data from

s —4 to +2 are given.

Y100L mutant complexed with acarbose were collected at
2.2 A resolution on a Rigaku R-AXIS IIC diffractometer
(40 kV, 50 mA). Data collection statistics are summarized
in Table 2.

Structure Determination and Refinement—Structures
were determined by the molecular-replacement method
using the 1.8 A structure of wild-type CGTase (15) con-
sisting of two independent CGTases and four calcium
ions as the starting model. The crystal structures were
refined with the program X-PLOR (29), based upon
reflections in the resolution range 10-2.0 A (>10), 10-1.9
A (>20), and 10-2.2 A (>20), for wild-type, F183L/F259L
and Y100L mutant CGTases, respectively. Acarbose mol-
ecules were identified on |3F, - 2F,| and |F,— F,| elec-
tron density maps (>1.5c6) in the catalytic active site. All
stereo figures were produced using the program TURBO-
FRODO. Refinement statistics are listed in Table 2. The
qualities of the final models were checked using the pro-
gram PROCHECK (30). Atomic coordinates have been
deposited with the Protein Data Bank (entry code: wild-
type-acarbose, 1UKQ; F183L/F259L-acarbose, 1UKS;
Y100L-acarbose, 1UKT).

RESULTS

Structure Determination—We determined the crystal
structure of each CGTase-acarbose complex to compare
the modes of the acarbose binding. Table 2 summarizes
the crystallographic results. The structures of the acar-
bose complexes of wild-type, F183L/F259L, and Y100L
mutants were determined by the molecular-replacement
method using the native structure of wild-type CGTase at
1.8 A (15). Crystal structures were refined to R values of
0.184, 0.162, and 0.173 with free R values of 0.246, 0.215,
and 0.276 for wild-type and F183L/F259L and Y100L
mutants, respectively. These crystals were nearly isomor-
phous with the native crystals and the asymmetric unit
contained two CGTase molecules, two acarbose molecules
and four calcium ions. The backbone structure of each
complex was essentially identical to the structure of
native CGTase (15), and was very similar to that of other
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Table 4. Starch-degrading and disproportionation activities of wild-type and mutant CGTases?.

Starch-degrading Activity

Disproportionation Activity

Enzymes (units/mg) 3KB-G5-CNP 3KB-G5-CNP Maltose 3KB-G5-CNP
kg (s K, (mM) K, (mM) koo/Kyy (s1 mM1)

Wild-type 2,170° 203 +3b 0.16 +0.01> 0.49 + 0.02b 1,269
F183L 338b 333 +8b 0.08 + 0.01> 1.42 + 0.09b 4,111
F259L 869P 25.4+0.8> 0.48 +0.01P 1.30 +0.08P 52
F183L/F259L 79.0° 158.4 + 4b 0.24+0.02> 18.22+0.4> 660
Y100F 1,430 142+1.8 0.14 +0.06 0.05 + 0.02 101
Y100L 0.4 N.D. N.D. N.D. N.D.

aAssays were performed in 10 mM sodium phosphate, pH 6.5 at 37°C. PData already reported (13). N.D.: not deter-

mined.

CGTases (8, 9, 16, 17). All amino acid residues in direct
contact with acarbose were well defined in the electron
density maps. The largest changes in the protein back-
bone structure were in the order of 3 A. The omit |F, —
F,.| electron density maps of acarbose on wild-type,
F183L/F259L and Y100L mutants are shown in Figs. 3,
4, and 5 respectively, and the manner of acarbose binding
to each CGTase is shown in Table 3A.

Characterization of F183L/ F259L and Y100L Mutants—
Our previous results (I13) and Table 4 indicated that the
F183L mutantion more specifically affects the binding of
the acceptor than of the donor in the disproportionation
reaction. This is because the K, value of this mutant for
acceptor maltose increased 3-fold, whereas that for donor
3KB-G5-CNP was one half that of the wild-type. On the
other hand, the F259L mutantation affects the binding of
both the donor and the acceptor, since the K value for
donor 3KB-G5-CNP increased 3-fold and the % corre-
sponded to 12% of the wild-type value. In the double
mutant F183L/F259L, the K, for donor 3KB-G5-CNP
was intermediate between those of the F183L and F259L
mutants. The IC;, values of acarbose for F183L and
F259L mutants were 64- and 70-fold higher than that of
wild-type, respectively. In contrast, the IC;, values for the
F183L/F259L mutant increased 10,000-fold (Table 5).

Characterization of the purified Y100L and Y100F
mutants allowed a detailed comparison of their proper-
ties with those of wild-type, F183L, F259L, and F183L/
F259L mutants (Table 4). To remove the stacking interac-
tion with the sugar ring while retaining hydrophobicity
at subsite —1, we replaced phenylalanine with leucine,
which has a short aliphatic side chain. Alternatively, phe-
nylalanine was introduced to retain the aromatic side
chain and the stacking interaction with substrate.
Starch-degrading activity and cyclization efficiency of the
Y100L mutant were reduced to 0.02% and 0.01% (not
shown) of the wild-type value, respectively, and dispro-
portionation activity was undetectable. On the other
hand, the amount of starch-degrading activity and the
ko for the disproportionation reaction of the Y100F
mutant were reduced to 66% and 7% of the wild-type
value, respectively. Although the K for the donor (3KB-
G5-CNP) of the Y100F mutant did not significantly
change, that for the acceptor (maltose) decreased 10-fold
compared with the wild-type. Despite the retention of the
carbohydrate/aromatic stacking interaction at subsite —1,
the mutation of Tyr100 to phenylalanine significantly
affected CGTase activities. These characteristic differ-
ences affected the IC;, values of acarbose for starch-
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degrading activity (Table 5). The IC;, value for the Y100F
mutant was 109-fold higher than that of the wild-type,
but the value for the Y100L mutant increased over
17,000-fold. Such a high IC;, value has not been found in
other alkalophilic Bacillus sp. 1011 CGTase mutants
analyzed to date (11, 13).

Identification of the Bound Pseudo-tetrasaccharide in
Each Acarbose-Enzyme Complex—Acarbose is a pseudo-
tetrasaccharide with two glucosyl groups attached to the
reducing end of the acarviosine moiety, which is com-
posed of cyclitol and 4-amino-4, 6-dideoxy-D-glucose (6-
deoxyglucose) (Fig. 1A). The three-dimensional struc-
tures of other enzymes of the a-amylase family except for
amylomaltase from Thermus aquaticus (31) revealed that
acarbose is processed and that the inhibitory cyclitol ring
of acarbose, which mimics the half chair conformation of
the transition state, binds to catalytic subsite—1 (32—-36).

We examined the pseudo-tetrasaccharide bound to
each CGTase-acarbose complex as follows. We analyzed
the reaction products of acarbose with wild-type, F183L/
F259L and Y100L mutant CGTases by TLC and by
MALDI-TOF/MS (see “MATERIALS AND METHODS”) accord-
ing to the analytical method for a-D-glucopyranosyl-a-
acarviosinyl-D-glucopyranose (GlcAcvGle) (Fig. 1B) from
the hydrolysate of a high-molecular-weight acarbose by
Thermus maltogenic amylase (ThMA) (37).

Only three products (spots 1, 2, and 3) were apparent
from the reaction of acarbose with wild-type and F183L/
F259L mutant CGTases, whereas no products were gen-
erated from the reaction of acarbose with the Y100L
mutant CGTase (Fig. 2A). When spot 3 was incubated
with glucoamylase from Aspergillus niger, the reaction
gave spots 1 and 2 (Fig. 2B). In addition, MALDI-TOF/
MS data (not shown) for each spot suggested that spots 1,
2, and 3 corresponded to D-glucose (M), acarviosine-D-
glucose (pseudo-trisaccharide) (PTS) (M) and GlcAcvGle

Table 5. Acarbose concentrations required for 50% inhibition
of the starch-degrading activity (IC;y)2.

Enzymes 1C;, (10-5M) Ratio

Wild-type 0.33> 1
F183L/F259L 3,300 10,000
F183L 21> 64
F259L 23b 70
Y100F 36 109
Y100L >>5,600 >>17,000

2Assays were performed in 10 mM sodium phosphate, pH 6.5 at
37°C. "Data already reported (13).
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Fig. 1. Initial and processed acarbose structures. (A) Structure
of acarbose. Acarviosine moiety is composed of cyclitol
(hydroxymethylconduritol unit) and 4-amino-4,6-dideoxy-D-glucose.
PTS is composed of acarviosine and D-glucose. From the non-reduc-
ing end of acarbose, cyclitol unit is labeled C, 4-amino-4, 6-dideoxy-
D-glucose is labeled DG and D-glucose is labeled G. (B) Structure of
processing product of acarbose (GlcAcvGle).

(M) (Fig. 1), because each spectrum at mass (m/z) values
of 181.37, 484.20, and 646.22 represented combination
with a proton [(M+H)*], respectively. We therefore sug-
gest that each pseudo-tetrasaccharide bound to wild-type
and F183L/F259L mutant CGTases is likely to be
GlcAcvGlc and that acarbose binds to the Y100L mutant.

Structural Characteristics of Pseudo-tetrasaccharide
Bound in the Active Site of Wild-type, F183L/F259L and
Y100L CGTases—The electron density map of the occu-
pied subsites —2 to +2 showed GlcAcvGlc in the active site
of each molecule of wild-type CGTase (Fig. 3). The carbo-
hydrate/aromatic stacking interaction was found in the
active site of GlcAcvGle-binding wild-type CGTase, in
which the side chain group of Tyr100 at subsite —1 was
approximately parallel to the plane of the cyclitol ring of
GlcAcvGle. The phenyl ring of Phe259 of molecule 1
stacked the D-glucose at subsite +2 (Fig. 3A), and the
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Fig. 2. TLC analysis of reaction products. (A) TLC of acarbose
digested with wild-type, F183L/F259L and Y100L mutant enzymes
for 2 weeks at 37°C. (B) TLC of spot 3 digested with glucoamylase
from Aspergillus niger for 24 h at 37°C. MD, maltodextrin stand-
ards (G1-G7). Lane A, reaction products of acarbose with the wild-
type enzyme; lane B, reaction products of acarbose with the F183L/
F259L mutant; lane C, reaction products of acarbose with the
Y100L mutant; lanes D and G, acarbose; lane E, intact spot 3; lane
F, reaction products of spot 3 with glucoamylase. Spot 1, glucose;
spot 2, pseudotrisaccharide (PTS); spot 3, pseudotetrasaccharide
(GlcAcvGlc). MD and spot 1 showed black. Spots for acarbose, 2 and
3 showed dark purple.

phenyl rings of both Phel83 and Phe259 at subsite +2 of
molecule 2 sandwiched the D-glucose residue (Fig. 3B).
Therefore, the interaction between each sugar ring of
GlcAcvGle and each aromatic ring of Phel83 and Phe259
at subsites +1 to +2 on molecule 1 are almost identical to
those between the corresponding sugar ring of y-CD and
the aromatic rings of Phel83 and Phe259 in the y-CD
complex (19) (Fig. 6A), in contrast, those on molecule 2
are also similar to the equivalent ones of the maltonona-
ose complex (18) (Fig. 6B).

The binding modes of GlcAcvGlc in the two independ-
ent molecules of the F183L/F259L, mutant differed from
that in the wild-type (Fig. 4 and Table 3A). That is,
GlecAcvGle bound to molecule 1 occupied subsites —3, —2,
-1, and +1, while on molecule 2 it considerably shifted
towards subsite —4 (occupying subsites —4, —3, -2, and —
1). As a result, polar contacts between the sugar residues
of GlcAcvGle and amino acid residues in the F183L/
F259L mutant significantly changed and decreased in
number (not shown). The catalytic residues Asp229 and
Glu257 of F183L/F259L mutant form hydrogen bonds
with 4-amino-4, 6-dideoxy-D-glucose and D-glucose resi-

Table 6. Bond-cleavage profiles in the disproportionation reaction of 3KB-G5-CNP by wild-type and

mutant CGTases.

Bond? 1 2 3 4 5

Wild-type 3KB-G - G - G - G - G - CNP
0 0 0.59 0.41 0

F183L 3KB-G - G - G - G - G - CNP
0 0 0.09 0.91 0

F259L 3KB-G - G - G - G - G - CNP
0 0 0.66 0.34 0

F183L/F259L 3KB-G - G - G - G - G - CNP
0 0 0 1.0 0

Abbreviations: G, a-D-glucose; 3KB-G5-CNP, 3-ketobutylidene-2-chloro-4-nitrophenyl -maltopentaoside 2Bonds 1,
2, 3, and 4 are a-1,4-glycosidic bonds, and bond 5 is a B-glycosidic bond between glucose and 1-chloro-4-nitrophenol.
The numbers indicated are normalized frequencies at each cleavage position.

oJ. Biochem.
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Fig. 3. Stereoviews of pseudotetrasaccharide bound to mole-
cules 1 (A) and 2 (B) of the wild type with omit |F - F,| elec-
tron density maps at the 1 ¢ level. Active sites of molecules 1
and 2 of wild-type CGTase are shown with amino acid residues in
contact with acarbose.

dues at subsites —1 and +1 on molecule 1 but only with
the D-glucose residue at subsite —1 on molecule 2 (not
shown). In addition, molecule 1 of the F183L/F259L
mutant indicated a linear-like mode of binding at subsite
+1 because the stacking interaction between the sugar
ring and Phe259 at subsite +2 was lost (Fig. 4A).

Because carbohydrate/aromatic stacking interaction
was absent at subsite +2, the cleavage site of 3KB-G5-
CNP was confined to bond 4, which corresponded to one
of the two cleavage sites of the wild-type. That is, the
shifts of the bond cleavage sites of 3KB-G5-CNP corre-
sponded to the altered binding mode of GlcAcvGlc on the
F183L/F259L mutant (Table 6).

On both molecules of the F183L/F259L mutant, signif-
icant conformational changes arose in the glycosidic link-
age of the D-glucose residue of GlcAcvGle at subsite +1 or
—1 as compared with the equivalent sugar residues of
GlcAcvGle on wild-type molecules 1 and 2. These confor-
mational changes were attributed to changes in the
[C1-O4’ (N4')-C4’-C5'] torsion angles of residues located
at subsites —1 to +1 of molecule 1 (-105.02° to —153.08°)
and subsites —2 to —1 of molecule 2 (—98.19° to —132.86°)
(Table 3B). The alteration in the torsion angle () on mol-
ecule 1 was larger than that on molecule 2. Thus, the
pyranose ring of GlcAcvGle was slightly more distant
from the aromatic ring of Tyr100 at subsite —1 of mole-
cule 1, and the pyranose ring of GlcAcvGlc was rather
perpendicular to the aromatic side chain of Tyr100 at
subsite —1 of molecule 2 compared with that of the wild-
type (Fig. 4).

As shown in the omit | F,— F,| electron density map of
each molecule of the mutant Y100L-acarbose complex,

Vol. 134, No. 6, 2003

Fig. 4. Stereoviews of pseudotetrasaccharide bound to mole-
cules 1 (A) and 2 (B) of the F183L/F259L mutant with omit
|F, - F,| electron density maps at the 2 ¢ level. Active site of
molecules 1 and 2 of the F183L/F259L mutant are shown with
amino acid residues in contact with acarbose.

the binding modes of acarbose on molecules 1 and 2 are
quite different from those of the wild-type and the F183L/
F259L mutant (Fig. 5). The glycosidic linkage of acarbose
between the cyclitol ring and 4-amino-4, 6-dideoxy-D-glu-
cose bound to molecule 1 was located far from Glu257 and
moved from the active center towards the side chain of
Tyr195. On molecule 2, the acarbose molecule shifted
towards the non-reducing end compared with that on
molecule 1. The glycosidic linkage between D-glucose and
the next D-glucose residue was located far from Glu257
and also moved from the active center toward the side
chain of Tyr195, as on molecule 1 of this mutant. In addi-
tion, acarbose is arc-shaped, because it is released from
the restriction imposed by the side chains of both Phe183
and Phe259.

Electron density maps alone could not strictly identify
whether GlcAcvGlc or acarbose was present in crystals of
the Y100L-inhibitor complex. However, TLC analysis of
the reaction products and kinetic data suggest that acar-
bose is present in the complex (Fig. 2 and Table 4, respec-
tively). Moreover, the high IC;, value for acarbose of the
Y100L mutant is reasonable considering that the acarbose
binding feature is located far from the active site of this
enzyme, and because changes in the ICy, correlate with
changes in the affinity of acarbose for the enzyme (13).

When the carbohydrate/aromatic stacking interaction
with Tyrl00 at subsite —1 was absent, the number of
hydrogen bonds between acarbose and the amino acid
residues in the active site of molecules 1 and 2 signifi-
cantly decreased (not shown). The D-glucose residues at
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Fig. 5. Stereoviews of acarbose bound to molecules 1 (A) and
2 (B) of the Y100L mutant with omit |F, - F,| electron den-
sity maps at the 2 ¢ level. Active sites of molecules 1 and 2 of the
Y100L mutant are shown with amino acid residues in contact with
acarbose.

subsites +1 and +2 on molecule 1 and at subsite +1 on
molecule 2 of the Y100L mutant deviated from the stack-
ing interaction with both Phel83 and Phe259. Conse-
quently, the acarbose molecule vacated the active center
and shifted to the side chain of Tyr195.

DISCUSSION

Phe259 Is Indirectly Involved in Substrate Binding at
Subsites —1 and +1 through Stacking Interaction with the
Sugar Ring at Subsite +2—The precise roles of Phel83
and Phe259 have been investigated by mutational analy-
ses of the hydrophobic amino acid residues at subsite +2
of CGTase from B. circulans strain 251 (38). These two
residues play distinct roles in transglycosylation, as
observed in the cyclization reaction of CGTase from B.
circulans strain 251 (39). In other words, Phel83 is
involved in the initial binding of the acceptor maltose,
while Phe259 is specifically important for cyclodextrin
binding and is required for interaction that results in
catalysis during disproportionation and cyclization.
These results agree with our previous mutational data
showing that Phel83 affects acceptor binding during
transglycosylation. However, the effects of Phe259 on
donor substrate binding during disproportionation and
coupling have remained controversial.

The X-ray structure of the acarbose-F183L/F259L com-
plex indicated that the binding modes of GlcAcvGle
shifted in the direction of the non-reducing end, corre-
sponding to the shifts in the binding modes of 3KB-G5-
CNP (Fig. 4 and Table 6). These data suggest that the
large ICy, value for acarbose of the F183L/F259L mutant
results from the location of the inhibitory acarviosine
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Fig. 6. Stereoviews of structures of two pseudotetrasaccha-
ride molecules bound at subsites +1 and +2 on molecules 1
(A) and 2 (B) of wild-type CGTase shown in thick lines. For
reference, structures of CGTase complexed with y-CD (A) and mal-
tononaose (B) reported by Uitdehaag et al. (18, 19) are superim-
posed in thin blue lines.

moiety far from the catalytic residues of this mutant, and
from the apparently low affinity of the mutant for acar-
bose (Figs. 1 and 4).

With the shift of the binding modes of GlcAcvGlc, the
torsion angles of glycosidic linkages significantly change
at subsites —1 to +1 of molecule 1 and at subsites -2 to —1
of molecule 2 (Table 3B). As a result, the sugar ring of
GlcAcvGle cannot normally bind at subsites —1 to +1 of
each molecule on the F183L/F259L mutant: the sugar
ring at subsite —1 of molecule 1 is a little far from Tyr100,
and the sugar ring at subsite —1 of molecule 2 is perpen-
dicular to the phenyl ring of Tyr100. We suggest that
these observations are related to the absence of the car-
bohydrate/aromatic stacking interaction brought about
by replacing Phe259 with leucine at subsite +2. Phe259 is
directly involved in two binding modes (Fig. 6), and the
K, value of the F259L mutant for donor 3KB-G5-CNP
tripled, while the %, decreased to 12% of the wild-type
value. In contrast the K, value of the F183L mutant was
decreased by half, and the %, increased to 150% of the
wild-type value (Table 4).

This notion is further supported by the fact that 1-
deoxynojirimycin, a pseudo-monosaccharide that is a
potent inhibitor of glucoamylase (40), is not stacked by
Tyr100 at subsite —1 of CGTase from alkalophilic Bacil-
lus sp. 1011 (41). This indicates that the binding of a
pyranose ring at the catalytic subsite —1 requires the
support of cooperative carbohydrate/aromatic interaction

oJ. Biochem.

2702 ‘62 Joquieides uo [eridsoH uensLyD enybuey) e /Hlo'seulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Carbohydrate/ Aromatic Stacking Interaction with Tyr100 and Phe259 889

and hydrogen-bonding contacts with the adjacent amino
acid residues. We analyzed the role of Phe283, which is
an essentially conserved aromatic residue among
CGTases (13). The X-ray structures of the F283L mutant
and its acarbose complex indicate that Phe259 is
involved in stabilizing the structures at subsites +1 to +3
through hydrophobic interaction with Phe283, which is
located under Phe259 and indirectly affects the orienta-
tion of the side chain of Glu257 (Kanai et al., unpub-
lished). These results may be explained by the high K,
which represents an alteration of the ground state bind-
ing, and the low &,/ K, value of the F259L mutant in the
disproportionation reaction of SKB-G5-CNP (Table 4).

All of these observations imply that Phe259 cooperates
with Tyr100 in substrate binding at subsites —1 to +1 by
controlling the conformation of the sugar residues at sub-
sites —1 to +1 through the carbohydrate/aromatic stack-
ing interaction at subsite +2.

Tyr100 Is of Critical Importance for Substrate Binding
in the Active Site of CGTase—Replacing Tyr100 with leu-
cine remarkably increased the ICy, for acarbose and com-
pletely diminished the CGTase activities without struc-
turally changing the active site (Tables 4 and 5; Fig. 5).
The three-dimensional structure of the wild-type in the
complex with acarbose has shown that Tyr100 stacks the
cyclitol ring of GlcAcvGlc at subsite —1 but does not form
hydrogen bonds with cyclitol, which is in hydrogen-bond
contacts with Glu257, Asp229, Asp328, His327, and
Arg375, as it is in other family 13 enzymes complexed
with acarbose (32-36). Furthermore, multiple contacts
support the binding of sugar residues of acarbose at other
subsites of the wild-type. Nevertheless, the sugar resi-
dues of acarbose bound in the stackless mutant Y100L
had lost almost all hydrogen-bond contacts, and the gly-
cosidic linkage of acarbose at subsites —1 to +1 of each
molecule was located far from Glu257 because it had
moved towards the side chain of Tyr195.

On the other hand, the Y100F mutant presumably
retains the carbohydrate/aromatic stacking interaction
with acarbose at subsite —1, since its K, for 3KB-G5-CNP
was similar with that of the wild-type (Table 4). In con-
trast, the &, for 3KB-G5-CNP significantly decreased (to
7% of the wild-type value). The hydroxyl group of Tyr100
forms a hydrogen bond with the side chain of His327
(molecules 1 and 2) and also contacts Arg227 (water-
mediated on molecule 1), Aspl35 (water-mediated on
molecule 2), and Glu257 (water-mediated on molecule 1),
which constitutes the catalytic subsite —1 of the wild-type
enzyme complexed with acarbose. Therefore, the muta-
tion of Tyrl00 to phenylalanine may affect the proper
conformations of side chains of these residues, which are
critically important for the catalytic activity of CGTase
(42). Observations of the alkalophilic Bacillus sp. I-5
CGTase have shown that the Y100S mutant has no
detectable starch-degrading or B-CD forming activities,
and that the mutation significantly affects coupling
activity (43).

The stacking interaction between Tyr100 and the
sugar ring is of particular importance for the substrate
binding of CGTase, even though many interactions pro-
ceed through hydrogen bonds between the sugar residues
of acarbose and subsite —1. Many highly refined X-ray
structures of ligand forms of carbohydrate-binding pro-
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tein have indicated that several hydrogen bonds are the
key factors related to the specificity and affinity of pro-
tein/carbohydrate interaction (44, 45). However, the
absence of a stacking interaction with Leul00, Leul83,
and Leu259 might affect the binding mode and alter
hydrogen-bond contacts between acarbose and mutant
enzymes.

The role of the carbohydrate/aromatic stacking inter-
action with Tyr100, Phe259, and Phel83 seems to fix the
pyranose ring of substrates in appropriate positions and
to determine their orientation, thus stabilizing interac-
tions between sugar substrates and subsites. On the
other hand, hydrogen bonds play a major role in transi-
tion state stabilization, but their high flexibility might
prevent them from playing a key role in positioning.
These characteristic differences between stacking inter-
actions and hydrogen-bonding contacts could explain our
present results.

The significant differences between the mutational
analyses of Y100L and Y83L (equivalent to Tyr100)
mutants from Sfamy (24) seem ascribable to aromatic
residues such as Phel83 and Phe259 at subsite +2, which
are suitable for the successive and varied reactions cata-
lyzed by CGTases. Therefore, these residues might con-
stitute a key factor with which to determine functional
differences between CGTases and a-amylases.
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