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The crystal structures of �-amylase from Bacillus cereus var. mycoides in complexes
with five inhibitors were solved. The inhibitors used were three substrate analogs, i.e.
glucose, maltose (product), and a synthesized compound, O-�-D-glucopyranosyl-
(1�4)-O-�-D-glucopyranosyl-(1�4)-D-xylopyranose (GGX), and two affinity-labeling
reagents with an epoxy alkyl group at the reducing end of glucose. For all inhibitors,
one molecule was bound at the active site cleft and the non-reducing end glucose of
the four inhibitors except GGX was located at subsite 1, accompanied by a large con-
formational change of the flexible loop (residues 93–97), which covered the bound
inhibitor. In addition, another molecule of maltose or GGX was bound about 30 Å
away from the active site. A large movement of residues 330 and 331 around subsite 3
was also observed upon the binding of GGX at subsites 3 to 5. Two affinity-labeling
reagents, �-EPG and �-EBG, were covalently bound to a catalytic residue (Glu-172). A
substrate recognition mechanism for the �-amylase was discussed based on the modes
of binding of these inhibitors in the active site cleft.

Key words: active site cleft, affinity-labeling reagent, Bacillus cereus, �-amylase, crys-
tal structure, subsite structure.

Abbreviations: �-EPG, 2,3-epoxypropyl �-D-glucopyranoside; �-EBG, 3,4-epoxybutyl �-D-glucopyranoside; BCM,
Bacillus cereus var. mycoides; GGX, O-�-D-glucopyranosyl-(1�4)-O-�-D-glucopyranosyl-(1�4)-D-xylopyranose.

�-Amylase [EC 3.2.1.2] is an exo-enzyme that catalyzes
the hydrolysis of the �-1,4-glucosidic linkage of a sub-
strate such as starch and liberates �-maltose from the
non-reducing end. It is a member of family 14 of the
sequence-based classification of glycoside hydrolases (1).
�-Amylases are only distributed in higher plants and cer-
tain bacteria, and there are some differences between
bacterial and plant �-amylases. �-Amylases from bacte-
ria have the ability to bind and hydrolyze raw starch
whereas plant �-amylases do not. This binding ability is
attributable to a starch-binding domain located at the C-
terminus of the sequence (2). Bacterial �-amylases
exhibit maximum catalytic activity at neutral pH while
plant enzymes do so under weak acidic conditions. Fur-
thermore, the intrinsic breakdown rate constant of the �-
1,4-glucosidic linkage (kint) for �-amylase from Bacillus
cereus var. mycoides (abbreviated as BCM �-amylase)
was more than five times as high as those of plant �-amy-
lases, indicating a subtle structural difference in the
active site between �-amylases from the two origins (3).

Recently, the crystal structures of several bacterial and
plant �-amylases have been determined (4–7). All �-amy-
lases possess (�/�)8 barrels in their catalytic domains,
where the active site clefts are located on the carboxyl

side of the central �-strands. The C-terminal starch-bind-
ing domains of bacterial �-amylases exhibit similar folds
to those of cyclodextrin glucosyltransferase (CGTase) (8,
9) and glucoamylase (10). Both bacterial and plant �-
amylases bind maltose molecules to the active sites with
similar binding modes, suggesting the basic conservation
of the catalytic mechanism (4–7). Mikami et al. have sug-
gested that the difference in optimum pH of the catalytic
activity between bacterial and plant �-amylases could be
due to the different locations of the amino acid residues
around the catalytic residues (4).

Nitta et al. have designed and synthesized several
inhibitors for �-amylase, and kinetically characterized
them to elucidate the catalytic mechanism (11–13). 2,3-
Epoxypropyl-�-D-glucopyranoside (�-EPG) (Fig. 1d) is an
affinity-labeling reagent that irreversibly inactivates �-
amylase by making a covalent bond with a catalytic resi-
due (11). Glu-186 of soybean �-amylase has been identi-
fied as a catalytic residue affinity-labeled by �-EPG (12).
O-�-D-glucopyranosyl-(1�4)-O-�-D-glucopyranosyl-(1�4)-
D-xylopyranose (GGX) (Fig. 1c) is a compound in which
the reducing end glucose of maltotriose is replaced by
xylose (13). This compound is a specific competitive
inhibitor of soybean �-amylase and has almost the same
binding affinity as maltotriose, a substrate, and the
xylose residue in GGX has a stable C1 pyranose-ring
structure. Therefore, it was presumed that GGX is bound
at subsites 1 to 3 in a pseudo-productive manner. If so, it
is expected that the second glucose residue and the
xylose one straddle the two catalytic residues located
between subsites 2 and 3, preventing the hydrolysis
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between the second glucose and the xylose. The crystal
structures of �-amylase in complexes with such cova-
lently or strongly bound inhibitors are expected to reveal
the precise interactions between the enzyme and the
inhibitors, and thus they should be useful for under-
standing the catalytic mechanism of �-amylase. In our
previous study, we determined the three-dimensional
structure of BCM �-amylase, which consists of a single
polypeptide chain of 516 amino acids and possesses six
subsites in the active site cleft (3). In the present study,
we examine X-ray crystal structures of BCM �-amylase

in complexes with �-EPG, �-EBG, GGX, glucose and mal-
tose (Fig. 1), and analyze the substrate recognition mech-
anism of this enzyme based on the structural data
obtained.

EXPERIMENTAL PROCEDURES

Native crystals of BCM �-amylase were prepared as
described previously (5). The crystals belong to space
group C2, with unit cell constants of a = 177.9 Å, b =
112.9 Å, c = 146.2 Å, and � = 105.8�, with four enzyme

Fig. 1. Chemical structures of the substrate ana-
logs and the affinity-labeling reagents.

Table 1. Data collection and refinement statistics for the �-amylase/inhibitor complexes.

aRmerge = �hkl�i|I(hkl)i – <I(hkl)>|/�hkl�iI(hkl)i, where I(hkl)i is the·ith measurement of reflection hkl, <I(hkl)> the
mean value of equivalent reflections, and i runs through the symmetry-related reflections. bR-factor=�||Fobs| –
|Fcalc||/�|Fobs|, where |Fobs| and |Fcalc| are the observed and calculated structure factor amplitudes, respectively.
cRfree factor was calculated using 5% of the data.

Data collection statistics
Inhibitors Glucose maltose GGX �-EPG �-EBG
Soaking concentration (mM) 200 100 50 50 50
Soaking time (d) 2 2 7 2 2
No. of crystals 1 1 2 4 1
Overall resolution range (Å) 39.5–2.00 65.6–2.00 42.6–2.00 95.4–1.90 73.4–2.00
Outermost resolution bin (Å) 2.09–2.00 2.09–2.00 2.09–2.00 1.99–1.90 2.09–2.00
No. of observed reflections 243,229 223,201 322,908 365,923 257,638
No. of unique reflections overall 135,775 119,820 154,446 143,718 128,094

outermost 12,350 6,542 14,111 10,261 6,376
Completeness (%) overall 72.8 64.5 82.3 66.4 68.6

outermost 53.1 28.3 60.4 38.1 27.4
I/sig(I) overall 17.9 9.9 19.2 17.6 9.5

outermost 3.1 1.8 2.7 2.8 1.8
Redundancy overall 1.8 1.9 2.1 2.6 2.0

outermost 1.5 1.3 1.6 1.5 1.2
Rmerge

a overall 0.062 0.073 0.060 0.064 0.087
outermost 0.214 0.226 0.217 0.288 0.247

Refinement statistics
No. of protein atoms 16,476 16,476 16,476 16,476 16,476
No. of saccharide atoms 48 184 248 64 68
No. of solvent molecules 639 310 482 432 379
Resolution range (Å) 8.0–2.1 8.0–2.2 8.0–2.1 8.0–2.0 8.0–2.1
No. of independent reflections 120,273 100,909 136,111 129,785 117,890
Completeness (%) 75.7 73.2 85.7 70.4 74.2
R-factorb/free-Rc 0.179/0.236 0.186/0.238 0.189/0.239 0.200/0.246 0.198/0.253
Average B-factor (A2) for protein atoms 23.9 20.2 27.5 17.1 21.5
saccharide atoms 25.5 27.0 46.8 16.7 20.0
r.m.s. deviations from ideality for protein
bond length (Å) 0.007 0.006 0.007 0.007 0.007
bond angle (°) 1.476 1.396 1.451 1.708 1.478
for saccharide
bond length (Å) 0.007 0.007 0.006 0.016 0.011
bond angle (°) 1.233 1.063 1.181 2.169 1.903
J. Biochem.
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molecules per asymmetric unit. Crystals of the enzyme in
a complex with each inhibitor were prepared by soaking
native crystals in artificial mother liquor comprising 50
mM Na-phosphate (pH 7.0), 15% (w/v) PEG6000, and
each inhibitor. Glucose and maltose were purchased from
Hayashibara Seikagaku Kogyo. GGX and �-EPG were
synthesized as described (13, 11). 3,4-Epoxybutyl �-D-
glucopyranoside (�-EBG) was synthesized by the same
method as that for �-EPG. X-ray diffraction data for crys-
tals of the �-EPG complex were collected at 293 K with
synchrotron radiation (SR) at the beamline BL-18B,
operated at 2.5 GeV, of the Photon Factory (PF) at the
High Energy Accelerator Research Organization, Tsu-
kuba, Japan. The X-ray beam was monochromatized to
1.0000 Å with a Si(111) monochromator and was colli-
mated with a 0.2 mm square aperture. Oscillation photo-
graphs were recorded on 200 mm � 400 mm imaging
plates mounted on a screenless Weissenberg camera for
macromolecular crystals (14) with a cylindrical cassette
of 430 mm radius. X-ray data for the other enzyme/inhib-
itor crystals were collected at 293 K with a RIGAKU R-
AXIS IIc or R-AXIS IV imaging plate diffractometer
mounted on a RIGAKU RU-200 rotating-anode generator
operated at 40 kV and 100 mA. The CuK� radiation was
monochromatized with either a graphite-monochroma-
tor (R-AXIS IIc) or a double-mirror optical system (R-
AXIS IV). All the diffraction data sets were processed
with program DENZO/SCALEPACK (15). The statistics
for intensity data sets are given in Table 1.

The crystal structure of free BCM �-amylase at pH 7.0
is essentially the same as that at pH 9.0 reported previ-
ously (5), and the structure at pH 7.0 was used as a start-
ing model for structure refinement of the enzyme/inhibi-
tor complexes. The inhibitors bound to the enzyme could

be clearly identified in (|Fobs| – |Fcalc|) difference Fou-
rier electron density maps (Fig. 2). Inhibitor models were
built manually with program O (16). The structures were
then refined with program X-PLOR (17), the prepstage,
slowcool and B-factor refinement stages being carried out
in that order with Engh and Huber parameters (18). The
crystallographic refinement and subsequent manual cor-
rections of the models were iterated until convergence of
the refinement (Table 1). Radiation damage to the crys-
tals during data collection at room temperature led to low
completeness and redundancy of each diffraction data
set. Therefore, to avoid the model bias from the starting
model and the misinterpretation of electron density
maps, the model refinement was carefully iterated using
a lot of omit electron density maps for each refinement
cycle. Analyses of the enzyme/inhibitor complexes with
program PROCHECK (19) showed that all amino acid
residues except for glycine or proline are in allowed
regions of a Ramachandron plot (data not shown).

RESULTS AND DISCUSSION

Structures of BCM �-Amylase in Complexes with Inhib-
itors—The main chain folds for the five BCM �-amylase/
inhibitor complexes are almost identical to that of the
free enzyme, which has three domains: an N-terminal
catalytic domain (domain A) with a (�/�)8 barrel at the
center of the molecule, domain B consisting of three long
loops extending from domain A, and a C-terminal domain
(domain C) with two �-sheets of almost anti-parallel
pairs of �-strands (Fig. 3a) (5). Two conserved catalytic
residues, Glu172 and Glu367, are located near subsites 2
and 3 in the active site (5). For each complex, one mole-
cule of inhibitor was bound to the active site cleft located

Fig. 2. Gallery of omit |Fo –
Fc| electron density maps
countered at 3 �(�). (a) Glu-
cose; (b) maltose; (c) GGX; (d)
�-EPG; (e) �-EBG. Figures
were prepared with BOB-
SCRIPT (24).
Vol. 133, No. 4, 2003
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at the carboxyl side of the central �-sheet of domain A.
Two affinity-labeling reagents, �-EPG and �-EBG, are
covalently bound to a catalytic residue Glu-172. Two
modes of local conformational changes were observed
upon the binding of inhibitors to the active site. The first
one was a large movement of the peptide segment of resi-
dues 93–97 (the flexible loop) to the active site cleft,
which was observed in the respective complexes with glu-
cose, maltose, �-EPG and �-EBG (Figs. 4 and 5). In these
complexes, the non-reducing glucose residue of the inhib-
itor was bound to subsite 1 at the bottom of the cleft. The
flexible loop moved to form a part of the substrate-bind-
ing site by changing its conformation from an open form
in the free enzyme to a closed form. Such movements
have also been seen for both bacterial and plant �-amy-
lases complexed with maltose (4, 6, 7). The second mode
of local conformation change was observed in the BCM �-
amylase/GGX complex, where two amino acid residues,
Thr-330 and Cys-331, around subsite 3 shifted greatly
from the free enzyme to interact with the non-reducing
end glucose of GGX bound at subsites 3 to 5 (Fig. 5). A
second binding site for maltose and GGX was found in
domain B outside of the catalytic cleft about 30 Å apart
from the catalytic residues (Fig. 3a). This binding site,
which is supposed to be involved in the binding of this
enzyme to raw-starch (4), seems to need a maltose unit to
interact with a saccharide, because glucose, �-EPG, and

�-EBG containing a single glucose residue were not
bound to this site. Domain C also has a maltose binding
site, in which the hydrophobic side chains of Trp-449 and
Trp-495 predominantly contribute to the interaction with
a saccharide (4). In the present study, however, no inhibi-
tors bound there. It is thought that this was because of
the steric hindrance due to the crystal packing of the
enzyme (5).

Saccharide Binding at Subsite 1—In the subsite struc-
ture of BCM �-amylase evaluated according to Hiromi’s
theory, subsites 1 and 4 exhibit great positive subsite-
affinity to glucose residues, whereas subsites 2 and 3
spanning a pair of catalytic residues exhibit negative
affinity (3) (Fig. 3b). In the complex with glucose, the
enzyme binds only one glucose molecule at subsite 1 with
the highest affinity (Fig. 4a), and the flexible loop adopts
a closed conformation, almost completely shielding the
bound glucose from the solvent. This loop is highly
ordered in the crystal as compared to that in the free �-
amylase. The glucose molecule undergoes many interac-
tions with the enzyme: a total of eight hydrogen bonds
directly with Asp-49, His-89, and Arg-397, and Asp-97,
and through a water molecule with Asn-94 and Lys-287.
The averaged temperature factor (B-factor) was low (19.8
Å). Asn-94 and Asp-97 are part of the flexible loop in the
closed form. These extensive interactions would account
for the highest affinity of subsite 1 among the six subsites.

Fig. 3. (a) Ribbon representation of BCM �-amy-
lase obtained with programs MOLSCRIPT (25)
and RATER 3D (26). The enzyme molecule is col-
oured in a rainbow gradation from blue (N-terminus)
to red (C-terminus). Saccharide binding sites are indi-
cated by arrows. Only maltose and GGX are presented
as stick models for clarity. (b) Summary of saccha-
ride binding in the active site and at domain B.
The subsite numbers run from the non-reducing end of
the substrate starting with unity. The subsite affinities
estimated by kinetic analysis are quoted from Nitta et
al. (3). Subsite 1 is located at the bottom of the active
site cleft and binds a glucose residue at the non-reduc-
ing end of oligosaccharides. The cleavage position on
the substrate between subsites 2 and 3 is indicated by
an arrowhead.
J. Biochem.
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A glucose residue in both �-EPG and �-EBG was
bound at subsite 1 and the epoxide formed a covalent
bond to the carboxyl group of Glu-172 (Fig. 4b). This
binding mode is consistent with that proposed for the
affinity-labeling of soybean �-amylase by �-EPG (12). �-
EPG and �-EBG were prepared as a racemic mixture as
to the 2�- and 3�-carbon atoms, respectively. Structure
analyses indicated that the R-stereoisomers of these
inhibitors were selectively bound to the enzyme during
soaking of the crystals. The B-factor of the flexible loop
was remarkably lower than those in the complexes with
the other inhibitors: the B-factor value of the flexible loop
in the complexes with the affinity-labeling reagent was
similar to that of the rest of the polypeptidechain,
whereas that in the other complexes was more than twice
as high as that of the rest (Table 1). This implies that the
flexible loop of the affinity-labeled enzyme has a com-
pletely closed and fixed conformation.

Binding of Maltose and GGX in the Active Site Cleft of
the �-Amylase—In the active site cleft of the BCM �-amy-
lase/maltose complex, only one �-maltose molecule was
observed, which was bound at subsites 1 and 2 (Fig. 5a).
As for the �-amylases from soybean and Bacillus cereus
BQ10-S1 SpoII, another maltose is bound at subsites 3
and 4, and for barley �-amylase, one glucose residue is
observed at subsite 4 in addition to subsites 1 and 2 (4, 6,
7). No saccharide residue, however, was observed at sub-
sites 3 and 4 in the present enzyme/maltose complex. The
reducing end glucose (Glc2) of maltose interacts with �-
amylase at subsite 2 through mainly hydrogen bonds, as
in the case of Glc1: hydrogen bonds were observed with

the main chain atoms of Val-95 and Ala-369, and the side
chain atoms of Glu-172, Lys-287, Thr-330, and Glu-367.

In contrast to the four inhibitors described above, GGX
is bound to the active site cleft of the �-amylase at sub-
sites 3 to 5 (Fig. 5b). The glucose residue (Glc3) of GGX at
subsite 3 is bound to the enzyme through several hydro-
gen bonds. Thr-330 and Cys-331 around subsite 3 shifts
about 1.7 Å and 1.5 Å toward the active site, respectively,
upon complex formation. As a result, the side chain of
Thr-330 is involved in the polar interaction of the enzyme
with GGX. Although the �-amylase/maltooligosaccha-
ride interactions at subsite 1 to 3 are mainly polar ones,
glucose and xylose residues at subsites 4 and 5 (Glc4 and
Xyl5) in GGX interact with the enzyme mainly through
hydrophobic interactions, in particular with Tyr-186 and
Leu-370. The side chain of His-292 forms the sole hydro-
gen bond with glucose at subsite 4, while no hydrogen
bond is observed for the binding of the xylose residue at
subsite 5 (Fig. 4).

As shown in Fig. 6, we propose a productive binding
model for maltopentaose (G5) in the active site cleft
based on the binding data for maltose at subsites 1 and 2,
and GGX at subsites 3 to 5. It was built as follows:
Firstly, the C� atoms of the �-amylase/maltose complex
were least-squares fitted to those of the enzyme/GGX
complex (with a root mean square distance of 0.78 Å). In
the superimposed structure, the O4 atom of Glc3 in GGX
was 1.5 Å apart from the C1 atom of Glc2 in maltose. An
initial G5 model was built from the maltose and the GGX
by forcibly forming an �-1,4-glucosidic linkage between
Glc2 and Glc3, and then the model was refined with a
Powell minimization procedure provided by X-PLOR

Fig. 4. Close-up views of binding of (a) glucose and
(b) an affinity-labeling reagent at subsite 1. Amino
acid residues interacting with the inhibitors through
hydrogen bonds are presented as stick models. The two
catalytic residues (Glu-172 and Glu-367) are also depicted.
Oxygen, nitrogen, and carbon atoms are colored red, blue,
and yellow, respectively. Water molecules are denoted by
white spheres. The nucleophilic attacking water bound to
the Glu-367 sidechain is depicted as pink a sphere. The
flexible loop (residues93–97) with an open form in the free-
enzyme (5) in presented as a while tube. �-EBG is repre-
sented by a transparent model in (b).
Vol. 133, No. 4, 2003
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allowing movement of Glc 2 and Glc 3 using only energy
terms. The refined model produced by only slight rota-
tions of Glc2 (ca. 10�) and Glc3 (ca. 20�) from the crystal
structure led to a G5 model with good overall stereochem-
istry, but with an unfavorable dihedral angle of the �-1,4-
glucosidic linkage between the two glucose residues
implying high potential energy (20). In particular, the O2
atom of Glc2 is close to the C4 atom of the pyranose ring
of Glc3, the distance being only 2.9 Å. If substrates are
forced to adopt such an energetically unfavorable confor-
mation by binding to the catalytic site, pyranose ring dis-
tortion of the glucose at subsite 2 might be caused, as
observed in the crystal structure of maltotetraose-form-
ing exo-�-amylase in a complex with maltotetraose,
where the glucose residue of the saccharide at the cleav-
age site exhibites a half-chair conformation (21).

Substrate Recognition Revealed by the Binding Modes
of GGX and Maltose—Based on the subsite structure of
BCM �-amylase (Fig. 3b), it is expected that glucose and
maltose should be also bound at subsites 3 and/or 4. We
compared the five enzyme/inhibitor complexes and a free
form of BCM �-amylase together with the previously
reported �-amylase/maltose complexes (4, 6, 7). However,
we could not find any structural evidence that could
account for the absence of maltose and glucose at sub-
sites 3 and 4 in the present structures. The soaking con-
ditions for maltose and glucose in the crystals might be
unsuitable for their binding at subsites 3 and 4. On the
other hand, in the �-amylase/maltose complex and the �-
amylase/GGX complex, which were prepared under simi-
lar conditions, the maltose and GGX were bound at dif-
ferent places in the active site. Nitta et al. have inferred

from the results of an inhibition study that �-amylase
binds GGX at subsites 1 to 3 in the active site (12). How-
ever, contrary to expectation, structural analysis
revealed that GGX is bound at subsites 3 to 5. The bind-
ing mode of GGX indicates strongly that the �-amylase
strictly recognizes the glucose residue at subsite 3, specif-
ically the hydroxyl group at C-6 of glucopyranose, and
that subsite 5 with lower affinity than those of subsites 1
and 4 (Fig. 3b) (2) contributes significantly to the sub-
strate binding.

In the �-amylase/GGX complex, the C-6 hydroxyl
group of the glucose residue at subsite 3, which exhibits a

Fig. 5. Close-up views of the enzyme-saccharide
interaction of maltose (a) and GGX (b) in the active
site cleft. A maltose molecule is bound at subsites 1 and 2,
and a GGX at subsites 3 to 5. Each saccharide residue was
named according to the subsite number. For comparison of
the binding sites, maltose and GGX are shown paler in (b)
and (a), respectively. In (b), Thr-330 and Cys-331 in the
structure of the free �-amylase are presented as white
sticks to show the notable shifts toward the cleft on the
binding of GGX.

Fig. 6. Schematic representation of the putative binding
mode of a substrate, maltopentaose, based on the crystal
structure. Water molecules are presented as gray spheres. Possible
hydrogen bonds are shown by dashed lines.
J. Biochem.
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negative subsite affinity (Fig. 3b), forms hydrogen bonds
with the side chain atoms of Glu-172 (OE2), Arg-174
(NE1), and Tyr-178 (OH), suggesting the importance of
the hydroxyl group for the saccharide binding to the
enzyme. The reducing end xylose of GGX lacks the
CH2OH group at the C-5 position of glucose. This lack of
the hydroxyl group is supposed to prevent the binding of
a xylose residue to subsite 3 because of insufficient
contact with the enzyme, and hence the GGX cannot
occupy subsites 1 to 3. The fact that only one molecule of
maltose is bound to subsites 1 and 2 is consistent with
the above consideration. Nitta et. al. have reported that
other than GGX, O-�-D-xylopyranosyl-(1�4)-O-�-D-glu-
copyranosyl-(1�4)-D-glucopyranose (XGG), O-�-D-gluco-
pyranosyl-(1�4)-O-�-D-xylopyranosyl-(1�4)-D-glucopyra-
nose (GXG), and O-�-D-glucopyranosyl-(1�4)-O-�-D-xyl-
opyranosyl-(1�4)-O-�-D-xylopyranosyl-(1�4)-D-glucopyr-
anose (GXXG) are not hydrolyzed by soybean �-amylase,
and do not inhibit the enzyme activity (12). They have
pointed out that a CH2OH group at the C-5 position of the
glucopyranose in a substrate plays a very important role
in the catalytic action and the binding to the active site.
Considering their results and the present X-ray crystallo-
graphic results together, it is suggested that (i) �-amylase
recognizes a substrate in a maltose unit from the reduc-
ing end, and (ii) if at least one of the three glucose resi-
dues from the nonreducing end of a maltooligosaccharide
is replaced by xylose, it cannot bind to the active site at
subsites 1 to 4.

The maltose moiety of GGX could occupy subsites 3
and 4, but maltose did not bind there. Considering GGX
is a derivative with a xylose moiety at the reducing end of
maltose, additional binding affinity for the xylose residue
may be responsible for the binding of GGX at subsites 3
to 5. The xylose residue at subsite 5 predominantly
undergoes hydrophobic interactions with Leu-370 (Fig.
5b). If a glucose moiety instead of a xylose one is bound at
subsite 5, the hydroxyl group at the C-6 position of the
glucose moiety would not interact with the subsite.
Therefore, the mode of binding of GGX is considered to
correspond to a non-productive binding of maltotriose.

Irreversible Inactivation of the �-Amylase by Affinity-
Labeling Reagents—Nitta et al. (12) proposed an irre-
versible inactivation mechanism for soybean �-amylase
with �-EPG, as follows: Firstly, the protonated (acid) cat-
alyst donates a proton to the epoxyl oxygen of the inhibi-
tor. The activated epoxide undergoes nucleophilic attack
by the carboxylate anion of the deprotonated (base) cata-
lyst, by which its ring is opened. The reaction is com-
pleted by the covalent bond (esteric bond) formation
between the inhibitor and the deprotonated catalyst. The
contribution of the two catalytic residues to the inactiva-
tion was estimated from the pH-dependency of the inacti-
vation velocity, which is remarkably similar to that of the
catalytic activity (11). Based on this reaction scheme
(termed “Scheme I”), Glu-186 of soybean �-amylase,
which formed the covalent bond to �-EPG, was inferred
to be the deprotonated catalyst. The present structure
analysis showed that Glu-172 of BCM �-amylase, which
corresponds to Glu-186 of soybean �-amylase, forms a
covalent bond to both �-EPG and �-EBG. On the con-
trary, Mikami et al. (6) suggested opposite roles for the
glutamic acid residues based on the results of their struc-

ture analysis of the soybean �-amylase/maltose complex:
Glu-186 and Glu-380 (corresponding to Glu-367 of BCM
�-amylase) would act as protonated and deprotonated
catalysts, respectively. Considering the catalytic mecha-
nism of �-amylase, i.e. that the �-anomeric configuration
of the glucosidic linkage of a substrate is inverted to the
�-anomeric one in the product (maltose), the latter pro-
posal for the catalytic residues seems to be more proba-
ble.

Another inactivation mechanism different from
Scheme I may be possible: the carboxyl group of Glu-
172 donates a proton to the epoxyl oxygen of an affinity-
labeling reagent and becomes a carboxylate anion. Next,
the activated epoxide undergoes nucleophilic attack by
the carboxylate anion, and its ring is opened and the
reaction is completed through an esteric bond formation.
Such unique inactivation mechanism has been previ-
ously proposed in the case of endo-1,4-xylanase from Tri-
choderma ressei (22). In the xylanase/epoxyalkyl xyloside
complexes, two inhibitors (4,5-epoxypentyl �- D-xyloside,
X-O-C5, and 4,5-epoxypropyl �- D-xyloside, X-O-C3) were
covalently bound to the nucleophile (Glu-86), which sup-
ported a reaction scheme proposed for the xylanase (23)
similar to Scheme I. On the other hand, 3,4-epoxybutyl �-
D-xyloside (X-O-C4) formed a covalent bond with the acid/
base catalyst (Glu-177), suggesting that the glutamic
acid residue has dual roles of proton-donation and nucle-
ophilic attack in the inactivation reaction. In the �-amy-
lase, Glu-367 of the possible deprotonated catalyst pos-
sesses a nucleophilic water at the tip of its side chain,
which is observed in the complex with an affinity-labe-
ling reagent (Fig. 4), and therefore it does not seem to
interact directly with a substrate nor an affinity-labeling
reagent during hydrolysis or the inactivation reaction.
Glu-367 might play a role in controlling the relative dis-
tance and orientation between �-EPG and the deproto-
nated Glu-172, in a pH-dependent manner. To confirm
this hypothetical mechanism, further study on the rele-
vancy of Glu367 to the inactivation is currently under-
way, using site-directed mutants as to the catalytic resi-
dues.
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tory Program Advisory Committee (Proposal No. 98G064).
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1J12 for the structures of the complexes with glucose, mal-
tose, GGX, �-EPG, and �-EBG, respectively. We are grateful to
Drs N. Watanabe, M. Suzuki, N. Sakabe, and N. Igarashi for
the technical assistance at the Photon Factory.
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