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In the previous X-ray crystallographic study, it was found that p-amylase from Bacil-
lus cereus var. mycoides has three carbohydrate-binding sites aside from the active
site: two (Site2 and Site3) in domain B and one (Sitel) in domain C. To investigate the
roles of these sites in the catalytic reaction and raw starch-binding, Sitel and Site2
were mutated. From analyses of the raw starch-binding of wild-type and mutant
enzymes, it was found that Sitel contributes to the binding affinity to raw-starch
more than Site2, and that the binding capacity is maintained when either Sitel or
Site2 exists. The raw starch-digesting ability of this enzyme was poor. From inhibi-
tion studies by maltitol, GGX and o-CD for hydrolyses of maltopentaose (G5) and amy-
lose (DP, = 16) catalyzed by wild-type and mutant enzymes, it was found that ¢-CD is a
competitive inhibitor, while, maltitol behaves as a mixed-type or competitive inhibi-
tor depending on the chain length of the substrate and the mutant enzyme. From the
analysis of the inhibition mechanism, we conclude that the bindings of maltitol and
GGX to Site2 in domain B form an abortive ESI complex when amylose (DP, = 16) is
used as a substrate.

Key words: p-amylase, binding mechanism, binding site, inhibition, raw starch-binding.

Abbreviations: BCM, Bacillus cereus var. mycoides; CGTase, cyclodextrin glycosyltransferase; GGX, O-o-D-
xylopyranosyl-(1-4)-O-o-D-glucopyranosyl-(1-4)-O-a-D-glucopyranoside; MBS, maltose-binding site; SBD, starch-

binding-domain.

B-Amylase [EC 3.2.1.2] catalyzes the hydrolysis of a-1,4-
glucosidic linkages of starch, and liberates B-anomeric
maltose from the nonreducing ends of starch. It is an exo-
acting enzyme with no activity towards a-1,6-glucosidic
linkages, and is a member of family 14 of the sequence-
based classification of glycoside hydrolases (1). B-Amy-
lase is distributed in plants and microorganisms. Bacte-
rial B-amylases have raw starch-binding ability owing to
the C-terminal starch-binding-domain (SBD), which has
homology with the SBDs of cyclodextrin glucosyltrans-
ferase (CGTase) and glucoamylase. The three-dimen-
sional structures of B-amylases from plants (2) and B.
cereus (3—6) have been reported. In the crystal structure
of the catalytic site mutant E172A (Glul72—Ala) of B-
amylase from Bacillus cereus var. mycoides (BCM B-amy-
lase) complexed with maltopentaose (G5), we have found
three saccharide-binding sites apart from the active site:
Sitel in domain C and Site2 and Site3 in domain B (Fig.
1) (4). From the three-dimensional structures of B-amy-
lase/GGX and B-amylase/maltose complexes, it is known
that both GGX and maltose in substrate analogues bind
to Site2 in domain B, which is about 30 A away from the
catalytic site (6). No saccharide binding at Site3 was
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observed in wild-type/maltose and wild-type/GGX com-
plexes (3, 6). This indicates that Site3 has less affinity for
the ligand. Site2 does not show any similarity to the sac-
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Fig. 1. Surface model of the E172A-maltopentaose (G5) com-

plex (pdb code 1ITC) using Pymol (http:/www.pymol.org). A

sphere model represents G5, which binds to an active site and Sites

1-3. Three glucose residues from the non-reducing end of G5 are

buried in the active site.
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charide-binding sites of other amylases and is conserved
only in bacterial B-amylases (3), but its function is
unknown. Sitel in domain C shows structural similarity
to maltose-binding site (MBS) 1 in SBD of CGTase (8)
and glucoamylase (9), but the binding site corresponding
to MBS2 in CGTase does not exit in B-amylase (3).

In the present study, to investigate the functions of
Sitel and Site2, the raw starch-binding and digesting
abilities of wild-type and mutant enzymes were analyzed
quantitatively using various raw starches. Furthermore,
the inhibitory effects of maltitol, GGX and o-CD on the
hydrolysis of substrates with different chain lengths (i.e.
G5 and amylose with DP, = 16) were determined using
wild-type and mutant enzymes. Taking the results of
difference spectroscopic studies and evidence from X-ray
crystallographic studies into consideration, the proper-
ties of the carbohydrate-binding sites (Sitel and Site2)
are discussed.

MATERIALS AND METHODS

Media, Bacterial Strains and Plasmids—E. coli DH5a
was used as the host strain for the manipulation of the
BCM a-amylase gene. E. coli was grown at 37°C with
shaking in Luria-Bertani medium [1% (w/v) polypepton/
0.5% yeast extract/0.5% NaCl (pH 7.0)] supplemented
with 100pg/ml ampicillin when appropriate. E. coli
BL21(DE3), which was used as the host strain for expres-
sion, was grown in 2x YT medium [1.6% (w/v) polypepton/
1% yeast extract/0.5% NaCl (pH 7.0)/1% glycerol] con-
taining 100 pg/ml ampicillin. pET-21d was used as a clon-
ing and sequencing vector. pPHBCW, which bears the gene
that codes for BCM B-amylase (10), was used as a tem-
plate for PCR.

Site-Directed Mutagenesis and Expression of the BCM
p-Amylase Gene—The full-length BCM B-amylase gene
was amplified by PCR using the following primers: sense
primer 5-TGACCATGGCTGTAAATGGAAAAGGAA-3' and
antisense primer 5-TTAAGCTTTTACCAACTTGTATG-
AGA-3', containing Ncol and HindIII restriction sites,
respectively, at their 5’ ends. All mutations were made by
a Quickchange™ site-mutagenesis kit (Stratagene) or
the “megaprimer” method (1) using the following muta-
genic primers: 5'-GTTCCCCATCGGCGGGTGGTAAAA-
ATT-3' for S235A; 5'-GTCTTTGCCGGCCATAGAAAGA-
TATCC-3' for Y249A; 5-GGGAATCGCGCGGAATTAG-
GAAGTNNYGACACAAAACAGTAGCC-3' and 5'-CCCT-
TAGCGCGCCTTAATCCTTCANNRCTGTGTTTTGTCAT-
CGG-3' for W449F; 5'-GGTACGGTTAAATCANNYCAA-
ACAATACAACAAAGTTGGAATCC-3" and 5'-CCATGCC-
AATTTAGTNNRGTTTGATATGTTGTTTCAACCTTAGG-
3" for W495F; 5'-CCATATCCCCCCAAAAAAAATCAA-
CTG-3' for W51F. The reaction mixture of the Quick-
change™ site-mutagenesis kit contained 50 ng of tem-
plate DNA pHBCW, 20 pmol of each mutagenic primer,
0.2 mM of each dNTP and 2.5 units of pfu DNA polymer-
ase in its recommended buffer. Amplification was obtained
by 25 cycles of 60 s at 96°C, 60s at 60°C and 10 min at
72°C. The product was digested with DPnl at 37°C for 1 h
to cut the parental supercoiled dsDNA, then transformed
into E. coli XL1-Blue competent cells. W449F, W495F
and W449F/W495F were made by this method. The other
mutants (S235A, Y249A S235A/Y249A, W51F and quad-
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ruple mutant S235A/Y249A/W449F/W495F) were made
by a megaprimer strategy. The first PCR was performed
using the mutagenic primer and the sense or antisense
primer. The cycling parameters were 25 cycles of 45 s at
94°C, 45 s at 55°C and 120 s at 72°C. The product was
purified with a Geneclean II purification kit (Biol01,
Inc.). The purified megaprimer product (200 ng) and 50
ng of template (pHBCW) were used for a second PCR
step. After five cycles of Asymmetric PCR (12) were car-
ried out with denaturation at 94°C for 1 min and exten-
sion at 72°C for 3 min, 20 pmol of the sense or antisense
primer was added; the PCR cycling parameters were
same as for the first PCR. The 1.5 kb product was puri-
fied by a Geneclean II kit, digested with the Ncol and
HindIII of restriction enzymes and ligated into a pET21-
d vector that had been digested with the same enzymes.
All mutations were confirmed by DNA sequencing (Per-
kin Elmer, Inc.).

E. coli strain BL.21 (DE3) was used for the production
of wild-type BCM B-amylase and its mutants. BL21
(DE3) transformed with the appropriate vector was
grown in 1 liter of 2x YT medium containing 100 pg/ml
ampicillin and 1% glucose. The culture was shaken at
180 rpm. and 37°C until the optical density at 600 nm
reached about 1.0. Then, 0.1 mM (final concentration)
isopropyl-B-D-thiogalactopyranoside (IPTG) was added to
the culture to induce the expression of BCM B-amylase,
and cultivation was continued for a further 40 hours at
18°C.

Purification of Recombinant BCM pB-Amylases—The
cultivated cells were collected by centrifugation, washed
once with sonication buffer [1 mM EDTA in 50 mM
sodium phosphate buffer (pH 7.0)], resuspended in the
same buffer containing 1mg lysozyme per g cells, and dis-
rupted by sonication with an ultrasonic disrupter. The
soluble fraction of disrupted cells was extracted by cen-
trifugation (4°C, 10,000 xg, 15 min). Ammonium sulfate
was added to the extract to achieve 15% saturation, and
the resulting supernatant was applied to a column of
phenyl-TOYOPEARL 650M (Tosoh Co.) equilibrated with
15% saturated ammonium sulfate in 50 mM sodium
phosphate buffer (pH 7.0). The column was washed with
300 ml of the same buffer and eluted. The resulting pro-
tein fraction was dialyzed against 50 mM Tris-HCI buffer
(pH 9.0) and loaded onto a column of DEAE-TOYOPE-
ARL 6508 (Tosoh Co.) equilibrated with the same buffer.
After washing with the same buffer, the protein was
eluted with a linear gradient from 0 to 70 mM NaCl in
the same buffer. The protein fractions were collected,
desalted and concentrated in a Centriprep (Amicon, 30
kDa cut-off filter). The purity of the enzyme preparation
was examined by polyacrylamide gel electrophoresis
(7.5%, pH 8.9) (PAGE) and SDS/PAGE (10%, pH 8.8) (13)
using Coomassie Brilliant Blue R-250 as a stain; a rabbit
anti-B-amylase polyclonal antibody was used for western
blotting. The concentrations of the pure wild-type and
mutant B-amylases were calculated from the absorbance
at 280 nm, using an absorbance of 20.8 at 280 nm for a
1% solution (Al%,) and M, = 58,300 for the wild-type
enzyme and S235A. The concentration of each mutant
protein was calculated by the same method, using A1%,g,
values calculated from the amino acid compositions (14).
The values were 20.6 for Y249A and S235A/Y249A, 19.9
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for W449F and W495F, 19.2 for W449F/W495F and 19.0
for the quadruple mutant.

Determination of Amino Acid Sequences—The N-ter-
minal amino acid sequences of the mutant enzymes were
analyzed by a gas-phase protein sequencer (Shimadzu
PSQ-1).

Measurements of CD and Difference Spectra—The CD
and difference spectra were measured at pH 7.0 and 25°C
(25 mM sodium phosphate buffer). The CD spectra of the
wild-type and mutant enzymes were obtained with a J-
720 spectropolarimeter (Jasco Co.) using a protein con-
centration of 3 pM. All spectra were recorded from 190 to
260 nm. Difference spectra from 260 to 320 nm were
measured at pH 7.0 and 25°C (25 mM sodium phosphate
buffer) with a UV-1600PC recording spectrophotometer
(Shimazu Co.).

Enzyme Reaction—Reactions were performed at 25°C
and pH 7.0 (25 mM sodium phosphate) and the amount of
reducing sugar liberated in the reaction mixture with
time was determined by a modification of the method of
Somogyi-Nelson (15). The reaction velocity was obtained
from the initial slope of the reaction curve. Maltopenta-
ose (G5) and amylose with a number-average degree of
polymerization (DP,) of 16 were used as substrates. Cyclo-
hexaamylose (a-CD), maltitol and O-o-D-glucopyranosyl-
(1-4)-0-a-D-glucopyranosyl-(1-4)-D-xylopyranose (GGX)
were used as inhibitors. GGX was synthesized by the
method previously reported (16). The substrates and
inhibitors, except GGX, were products of Hayashibara
Biochemical Laboratories, Inc. (Japan).

Binding Assay to Raw Starch—Raw wheat, potato,
sweet potato and corn starches (Wako Pure Chemical
Industries, Ltd.) were washed with water to remove the
soluble fraction completely, and then centrifuged and
dried. The binding of the enzyme to raw corn starch was
measured at 4°C and pH 7.0 (50 mM sodium phosphate).
Wild-type or mutant enzyme was mixed with a suspen-
sion of raw corn starch, with the concentration of the raw
starch fixed at 100 mg/ml and the enzyme concentration
varied from 0.8 to 16 uM. After incubation with gentle
shaking for 1 h at 4°C and pH 7.0 (50 mM sodium phos-
phate), the mixture was centrifuged at 15,000 xg for 10
min, and the remaining enzyme activity (initial velocity)
of the supernatant was measured using 1% soluble starch
as a substrate. The enzyme activity was obtained by
measuring the initial velocity of the hydrolytic reaction.

Degradation of Raw Starch—Reaction mixtures con-
taining raw starch (wheat, corn, potato or sweet potato)
and enzyme were incubated at 25°C for 24 h under gently
shaking. For these experiments, the final concentrations
of enzyme and raw starch were fixed at 1 mg/ml and 5%,
respectively. The solvents used were phosphate buffer
(pH 7.0) for B-amylase and pullulanase and acetate
buffer (pH 5.4) for Taka-amylase A. The concentration of
reducing sugar in the supernatant was measured by a
modification of the method of Somogyi-Nelson (15).

RESULTS AND DISSCUSSIONS

Physicochemical Properties of the Recombinant En-
zymes—SDS-PAGE, native PAGE, and Western-blotting
of the wild-type and mutant enzymes (S235A, Y249A,
S235A/Y249A, W449F/W495F and S235A/Y249A/W449F/
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Fig. 2. Binding isotherms of enzymes to raw corn starch at
pH 7.0 and 4°C: wild-type enzyme (solid squares), S235A
(solid circles), Y249A (solid triangles), S235A/Y249A (open
squares), W449F/W495F (open circles) and S235A/Y249A/
W449F/W495F (open triangles). The solid lines represent the
best-fit curves obtained by the nonlinear least-squares method.

W495F) were performed. From the results, it was found
that all recombinant enzymes were purified to homoge-
neity as determined both electrophoretically and immu-
nologically. The mutant enzymes showed different mobil-
ities in native PAGE compared with wild-type enzyme
due to the substitution of one or more amino acid resi-
dues. The sequences of N-terminal five amino acids of the
mutant enzymes were the same as that of the wild-type
enzyme (AVNGK). The CD spectra of the wild-type and
mutant enzymes were the same (data not shown), indi-
cating that the secondary structures of all recombinant
enzymes are the same.

Evaluation of Raw Starch-Binding Ability—The
amount of adsorption (or binding ability) of the wild-type
enzyme to raw starch at pH 7.0 was almost the same irre-
spective of origin, i.e., wheat, corn, sweet potato or potato
(results not shown). In the present study, we used raw
corn starch, because over 95% of the enzyme bound to the
raw corn starch within the equilibration time of 30 min at
pH 7.0 and 4°C in reaction mixtures containing 1.6 uM
enzyme and 10% raw starch. This implies that the wild-
type enzyme has a high affinity for raw corn starch, and
the binding ability is comparable to that of CGTase (17).

The binding abilities of the wild-type and mutant
enzymes to raw corn starch were analyzed at pH 7.0 and
4°C and the results were evaluated according to Lang-
muir’s adsorption isotherm (Eq. 1).

Egmax [E¢]
E — max f.
[Eg] Ko+ [E,]

in which [E{] is the concentration of unbound enzyme,
[Eg] is the amount of enzyme bound to the raw corn
starch, Ep, .. is the maximal amount of enzyme bound to
the raw corn starch and K is the reciprocal of the adsorp-
tion equilibrium constant. [E] was calculated from the
enzyme activity in the supernatant of the reaction mix-
ture, and [Eg] was obtained by subtracting the amount of
unbound enzyme from the total amount of enzyme. The

(D
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Table 1. Binding parameters of the wild-type and mutant enzymes to raw corn starch at pH 7.0 and 4°C.

Enzyme Eg,.x (pmol/mg) Ky (uM) —AG® (kJ/mol) A(=AG®) (kJ/mol)
wild-type 16.1+0.4 0.094 £ 0.007 37.2+0.1 -

S235A 15.1+0.7 0.172 £ 0.021 35.9+0.1 1.3
Y249A 16.2£0.7 0.219 £ 0.023 35.3+0.1 1.9
S235A/Y249A 17.0£0.3 0.445 £ 0.015 33.7+0.1 3.5
W449F 15.8+1.3 2.14+£0.18 30.1+£0.1 7.1
W495F 164 +1.7 2.08 £ 0.37 30.1+£0.2 7.1
W449F/W495F 16.7+1.8 2.34+£0.21 29.8£0.1 7.3
quadruple mutant? 1.9+0.1 0.18 £ 0.04 35.7+0.2 -

*Quadruple mutant: S235A/Y249A/W449F/W495F. PA(-AG®) = (—AG®y114.4ype) — (AG® pytant)-

plots of [Eg] versus [EJ] for the wild-type and mutant
enzymes are shown in Fig. 2. Each plot was fitted to
equation 1 by the nonlinear least-squares method, and
the obtained values of K; and Ey,,, are listed in Table 1.

The Ey,,,, values of all enzymes were almost the same
except for the quadruple mutant enzyme, S235A/Y249A/
W449F/W495F. This suggests that the enzymes, except
the quadruple mutant enzyme, bind to raw starch with
the same binding mode. The Eg,,. of the quadruple
mutant enzyme (1.9 pmol/mg) is about 1/8 that of the
other enzymes, although the K, value (0.18 pM) is nearly
equal to that of S235A. The remarkable change in Eg, .
suggests that the binding mode of the quadruple mutant
enzyme differs from that of the wild-type and other
mutant enzymes.

Raw Starch-Binding at Site2 in Domain B—Maltose
binds to Site2 of the wild-type enzyme through van der
Waal’s contacts and one hydrogen bond with Tyr249, and
two hydrogen bonds with Ser235. This site is conserved
only in bacterial B-amylases (3) and is not similar to the
saccharide-binding sites of other amylases. By mutation
of Tyr249 and/or Ser235 at Site2, the Eg, ., values were
not affected but the K, values increased compared with
the wild-type enzyme. If it is assumed that the raw
starch represents a solid state and has equivalent and
independent binding sites to which the enzyme binds, the
standard Gibb’s free energy change of binding between
enzyme and binding sites on raw starch, —-AG®, is
obtained from the K, value. The values are listed in Table
1, together with the difference in —AG° between mutant
and wild-type enzymes, A(-AG°). Compared with the
wild-type enzyme, the decrease in binding affinity of
S235A, A(-AG®), was 1.3 kJ mol-!, which may correspond
to the loss of two hydrogen bonds with glucose residue at
Site2. Fersht, A.R. et al. (18) and Street, L.P. et al. (19)
have reported that the Gibb’s free energy change of a
hydrogen bond in water is generally somewhere between
2.1 and 6.3 kJ moll. Compared with those values, the
value of A(-AG®) for S235A is rather small. However, the
present results support the results of a study on hydro-
gen bonding in the interaction between a xylan binding
module and xylan by Xie, H et al. (20), who concluded
that hydrogen bonding contributes little to specificity or
affinity when the ligand is bound to the exposed surface
of the enzyme. In the case of Y249A, the A(-AG°) was 1.9
kJ mol-!, which corresponds to a loss of hydrophobic bind-
ing energy. In the case of the double mutant S235A/
Y249A, the value was 3.5 kJ mol-, which is nearly equal
to the sum of the values for S235A and Y249A. This
implies that both residues contribute independently to

the binding. Thus, we conclude that Site2 in domain B is
involved in raw starch-binding of this enzyme.

Raw Starch-Binding at Sitel in Domain C—Maltose or
a maltose unit of maltooligosaccharide binds to Trp449
and Trp495 at the Sitel in domain C through van der
Waal’s contacts between their indole groups and the glu-
copyranose rings (3, 4, 6). In the absence of the Trp449 or
Trp495 indole group, the K, value of the mutant enzyme
increased to about 2.1 uM, which is nearly equal to that
of the double mutant W449F/W495F. The loss of binding
affinity is 7.1-7.3 kJ/mol. Thus, the contribution of Sitel
to the binding affinity is about two times as large as that
of Site2; thus, Sitel is more important for binding to raw
starch than Site2. Many cellulose-binding modules con-
tain Trp residues, and Nagy, T. et al. (21) have reported
that the lack of one Trp residue causes a reduction in
binding energy of about 8.4 kJ mol-L. From a study of the
carbohydrate-binding module of xylanase 10A, it is
known that the A(~AG®) value of Trp residue variants are
6-8 kJ mol (22). The A(-AG®) value of W449F/W495F is
within this range, and the lack of either Trp residue
causes a total loss of the binding affinity of Sitel. On the
other hand, the Eg,,. of W449F/W495F does not differ
from that of the wild-type enzyme. This indicates that
the binding capacity to raw corn starch does not change
while the binding ability of either Sitel or Site2 remains.

Degradation of Raw Starch—The raw starch-digest-
ing abilities of the wild-type and mutant enzymes were
examined using various raw starches (wheat, corn,
potato and sweet potato), and with Taka-amylase A,
which scarcely adsorbs to raw starches and digests them,
as negative control. The results for the raw corn starch
are listed in Table 2. The replacement of amino acids at
both sites reduced the hydrolytic activity compared with
the wild-type enzyme. Similar results were obtained for
the other raw starches. As B-amylase cannot cleave a-1,6-
glucosidic linkages, the hydrolysis of raw starch stops at
a-1,6-glucosidic linkage. Therefore, pullulanase was
added to the mixture of B-amylase and raw starch in
order to hydrolyze the linkages to allow the degradation
to proceed. However, no significant effect was observed
(data not shown). From these results, it was found that
BCM B-amylase hardly hydrolyzes raw starch, although
it binds to it strongly. Other amylases with binding abil-
ity to raw starch degrade the starch, so the behavior of
this enzyme is uncommon.

BCM B-amylase is composed of two functional domains,
a catalytic domain (domains A and B) and starch-binding
domain (domain C). When these functional domains are
expressed separately in E.coli, they lose both their hydro-
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Table 2. Digestion of raw corn starch by the wild-type and
mutant enzymes at pH 7.0 and 25°C.

Liberated reducing Relative digesting

Enzyme sugar (mM) ability (%)

Taka-amylase A2 3.12 100
wild-type 1.25 40
S235A/Y249A 0.61 20
W449F/W95F 0.65 21
quadruple mutant? 0.43 14

aNegative control for the digestion of raw corn starch. ®Quadruple
mutant: S235A/Y249A /W449F/W495F.

lytic activity and raw starch-binding ability (unpublished
data), which implies that the structure and function of
each domain are maintained through interdomain inter-
actions between the two domains. On the other hand, the
functional domains of glucoamylase maintain their origi-
nal functions when expressed independently (23), and
SBD of CGTase is also independent of catalytic domain
(24).

In thinking about the reason why BCM B-amylase can-
not digest raw starch, it is noted that exo-acting amy-
lases such as glucoamylase bind mainly at one point in
the raw starch and yield products successively from the
ends of the starch (25). However, in B-amylase, there is no
structural flexibility, such as a linker region of glucoamy-
lase between the catalytic domain and domain C. The
SBD of CGTase and glucoamylase have two maltose-
binding sites (MBS1 and MBS2) with different functions
and binding constants. Recent work has revealed that
MBS2 of CGTase has a role in guiding the substrate into
the groove loading to the active site (17), and that the
SBD of glucoamylase can disrupt the raw starch struc-
ture through the structural change of MBS2 (26). How-
ever, a site corresponding to MBS2 is not found in f-amy-
lase. Second, BCM B-amylase hydrolyzes raw starch to
liberate maltose, but the binding of maltose to Sitel and/
or Site2 makes the raw starch-enzyme complex dissoci-
ate. The concentration of maltose liberated from raw corn
starch by wild-type B-amylase was 1.25 mM (Table 2), but
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10 mM maltose is necessary to release the enzyme from
raw starch completely. Thus, this possibility is excluded.
The third possibility is that BCM B-amylase can disrupt
the structure of raw starch, but that hydrolysis stops at
the a-1,6-glucosidic linkages in the starch. As described
above, the digestion of raw starch did not proceed when
pullulanase was added to the reaction mixture. So, this
possibility is excluded as well. As a result, it is concluded
that the poor raw starch-digesting ability of BCM B-amy-
lase arises from a lack of structural flexibility between
catalytic domain and domain C, and from the structure of
domain C without second MBS.

Difference Spectrum Analysis—In X-ray crystallo-
graphic studies of this enzyme, Oyama (7) found that
an a-CD binds only to the active site (subsites +2 and
+3 in Fig. 3). Five amino acid residues of the MBS1 of
CGTase are conserved in Sitel of B-amylase and have
similar locations and orientations. This implies that a-
CD could bind to Sitel in similar manner to CGTase (3,
7). We measured the difference spectrum to examine
whether a-CD binds to Sitel or not. As shown in Fig. 4A,
the difference spectrum of the wild-type enzyme induced
by a-CD shows two peaks at 287 nm and 298-299 nm due
to Trp residues. The difference spectra of W449F/W495F
(mutated Sitel) and S235A/Y249A (mutated Site2)
induced by a-CD show no significant differences com-
pared to the wild-type enzyme. This indicates that the
binding of a-CD to subsites +2 and +3 causes a perturba-
tion of the environment around Trp293, yielding two
peaks at 287 nm and 298—-299 nm in the difference spec-
trum. Thus, it is concluded that a-CD binds to subsites
+2 and +3 in the active site but not to Sitel and Site2.

As shown in Fig. 4B, the difference spectra of the wild-
type enzyme, S235A/Y249A and W449F/W495F (data not
shown) induced by maltitol show a single peak at 293 nm
due to a Trp residue, but there is no significant difference
among them. The difference spectrum of W51F shows no
peaks: the peak at 293 nm disappears completely. When
maltose instead of maltitol was used as a ligand, the
same results were obtained. This indicates that when a

Fig. 3. Hypothetical binding manner of
maltopentaose (G5) in the active site of
BCM g-amylase. Numbers (-2 to +3) on the
glucopyranose of G5 indicate subsite numbers,
and the non-reducing end of G5 occupies sub-

Leus70 site —2. The catalytic residues (Glul72 and
Glu367), two Trp residues (Trp51 and Trp293)
and G5 are drawn with heavy lines.
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A)
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AAbs 0. 005
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WSIF
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Fig. 4. Difference spectra of wild-type and mutant enzymes
induced by 0-CD and maltitol at pH 7.0 and 25°C: (A) spectra
induced by ¢-CD (15 mM); (B) spectra induced by maltitol (10
mM). Enzyme concentration was 10 pM.

ligand such as maltitol or maltose binds to subsites —1
and -2 (Fig. 3), the environment of Trp51 is perturbed to
produce a difference spectrum with a peak at 293 nm (see
Fig. 4B).

Hydrolysis of Soluble Substrate—To investigate whether
Sitel and Site2 are involved in the substrate hydrolysis
or not, the kinetic parameters of the hydrolysis of a solu-
ble substrate by the wild-type and mutant enzymes were
determined and the results are shown in Table 3. For all
enzymes, the Michaelis constant, K, of amylose (DP, =
16) is almost the same. This indicates that the binding
affinity of the substrate to the enzyme is not affected by

Z.Yeet al.

mutations at Sitel and/or Site2. On the other hand, the
values of molecular activity, k,, for the mutant enzymes
decreased to 50-70% of the wild-type enzyme, and the
catalytic efficiencies of S235A/Y249A and S235A/Y249A/
W449F/W495F toward amylose (DP, = 16) and soluble
starch were about half those of the wild-type enzyme.
The result for B-amylase is opposite to the result of
CGTase, for which %, does not change and K,, increases
by mutation of the MBS (17). In the case of BCM B-amy-
lase, the mutation of carbohydrate-binding sites does not
cause a decrease in the binding affinity to the substrate,
and, therefore, it is suggested that the sites play no role
in the enhancement of the local substrate concentration.

For B-amylase, we will try to explain the above result
based on the subsite theory (27). When productive and
nonproductive binding modes are considered, &, and K
are expressed as follows.

*K
kO = kint £ (2)
ZKP + ZKq
1
T = MKk, 3)

where &, is the intrinsic rate constant of the a-1,4-gluco-
sidic bond cleavage, and is independent of the chain
length of the maltooligosaccharide. XK, and 2K are the
total association constants of the productive and nonpro-
ductive binding modes, respectively. As the K, values of
B-amylase do not vary, the sum of 2K, and 2K is constant
(Eq. 3). From equation 2, the following two cases are con-
ceivable: (1) &, is invariable and the decrease in k& is
caused by the decrease in the XK /5K ratio; (2) k;, of the
mutant enzyme decreases and XK /XK + XK is invaria-
ble. In the latter case, mutation(s) at Sitel and/or Site2
cause a change in the environment of the catalytic resi-
dues, although the two sites are located 30 A away from
active site. Case 1 is supported by the fact that the bind-
ing affinity for the productive binding mode is decreased
by mutations at Sitel and Site2, a result obtained from
the inhibition study described below.

Inhibition by Maltitol, a-CD and GGX—The inhibi-
tion experiments were performed at 25°C and pH 7.0
using maltopentaose (G5) and amylose (DP,, = 16) as sub-
strates. When G5 was used as a substrate, the Line-
weaver-Burk plots of the inhibition of hydrolysis of the
wild-type enzyme by maltitol showed straight lines that
intersected at a single point on the vertical axis (results
not shown). This indicates that the inhibition by maltitol
is competitive. Also, the Dixson plot shows a straight
line, indicating one molecule of maltitol participates in

Table 3. Kinetic parameters of wild-type and mutant enzymes for hydrolytic activity at pH 7.0 and

25°C.
Amyloseb Soluble starch
Enzyme ko (s71) K, (mM) kyK,, (s mM1) Relative activity (%)
wild-type 1,100 + 40 0.72 £ 0.08 1,510 £170 100
S235A 1,060 £ 50 0.70 £ 0.09 1,470 £ 180 88
Y249A 1,040 £ 40 0.71 £ 0.07 1,400 = 140 80
S235A/Y249A 730 £30 0.65 £ 0.07 1,100 £ 130 63
W449F/W495F 580 £ 40 0.61 +0.06 950 + 140 61
quadruple mutant? 450 £ 30 0.60 + 0.06 740+ 80 51

aQuadruple mutant: S235A/Y249A/W449F/W495F. bYAmylose with DP, = 16.

J. Biochem.
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Table 4. Inhibitions by substrate analogs for wild-type and mutant enzyme catalyzed reactions at pH

7.0 and 25°C.

Inhibitor Enzyme Substrate K, (mM) K/ (mM) Inhibition type
ao-CD wild-type amyloseb 0.8 £0.1 - competitive
maltitol wild-type G5 3.1 £0.2 - competitive
maltitol S235A/Y249A amyloseb 5.1 +0.9 - competitive
maltitol quadruple mutant? amyloseP 5.7 +£0.7 - competitive
maltitol wild-type amyloseb 28 +£0.3 21+4 mixed-type
GGX wild-type amyloseP 0.45+0.19 0.72+0.31 mixed-type

aQuadruple mutant: S235A/Y249A/W449F/W495F. PAmylose with DP, = 16.

the inhibition. The results are listed in Table 4. On the
other hand, when amylose (DP, = 16) was used as the
substrate, the plots of the inhibition by maltitol also
showed straight lines, but they intersected at different
points on the vertical axis, as shown in Fig. 5A. The sec-
ondary plots of the slope and intercept on the vertical
axis showed straight lines (Figs. 5, B and C). These
results indicate that the inhibition by maltitol is a mixed
type and also that one molecule of maltitol relates to the
inhibition. Thus, it was found that the type of inhibition
by maltitol varies depending on the chain length of the
substrate.

1 20mM
16 o A)
14 15mM
127 10mM
»
10
s N
Z
s} 5mM
6 A
2mM
44
control
24
0 T T T T T T T T 1
0.0 05 1.0 15 20 25 30 35 490 4.5
1/ [amylose] (mM ™)
244
B) 4
@ Q
T, 2.04 5
e S
45 N’
4 o) o
% 16 Q9
Q Q
- —
ji_,) 7]
8 12 5 .
0.8+ T T T T
0 5 10 15 20

[maltitol] (mM) [maltitol] (mM)

Fig. 5. (A) Lineweaver-Burk plot of mixed type inhibition by
maltitol of the wild-type enzyme catalyzed hydrolysis of
amylose (DP, = 16) at pH 7.0 and 25°C. The reaction was carried
out in the absence (solid squares) and in the presence of maltitol at
concentrations of 2 mM (solid circles), 5 mM (solid triangles), 10
mM (open squares), 15 mM (open circles) and 20 mM (open trian-
gles). The concentration of wild-type enzyme was 2 nM. (B) The
plot of intercept versus concentration of maltitol obtained
from plot A. (C) The plot of slope versus concentration of
maltitol obtained from plot A.
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For the mixed type inhibition mechanism, the follow-
ing two models are considered (28): a random type
(Scheme A), and a mixed type including competitive and
uncompetitive inhibitions (scheme B) (Fig. 6). In the case
of the inhibition by maltitol, a Scheme B mechanism is
conceivable, while Scheme A is excluded because maltitol
can bind to the active site. The rate equation for Scheme
B is expressed as follows:

v = —— . @)

This is rewritten as

1o (Ke, Kl (1, 1)
v_(V+VKils+ vV VK ®
where v, s and i are the initial velocity and the concentra-
tions of substrate and inhibitor, respectively. V, K; and K}’
represent maximum velocity and inhibitor constants,
respectively. According to equation 4, the K; and K}’ val-
ues of maltitol for the hydrolysis of amylose (DP, = 16) by
the wild-type enzyme were determined using the nonlin-
ear least-squares method, and these are listed in Table 4.
Next, assuming that Sitel or Site2 is a binding site other
than the active site, the inhibition experiment of the
hydrolysis of amylose (DP, = 16) by maltitol was per-
formed for the mutant enzymes S235A/Y249A and S235A/
Y249A/W449F/W495F. The Lineweaver-Burk plots of the
inhibition are shown in Fig. 7. The results indicate that
inhibitions of hydrolysis of both mutant enzymes by
maltitol are competitive, although the wild-type shows a
mixed type inhibition. These results are also listed in
Table 4. Thus, it is concluded that the mutant enzymes

Product Product
k k
S S
E ES E ES
K K
1| & K \I I K K|l
K
El ESI EI ESI
S
Scheme A Scheme B

Fig. 6. Mixed-type inhibition scheme: (A) random type model
(B) mixed-type model comprising competitive and uncom-
petitive inhibitions.
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Fig. 7. Lineweaver-Burk plot of competitive inhibition by
maltitol for S235A/Y249A/W449F/W495F catalyzed hydrolysis
of amylose (DP, = 16) at pH 7.0 and 25°C. The reaction was car-
ried out in the absence (solid squares) and in the presence of malti-
tol at concentrations of 5 mM (solid circles), 10 mM (solid triangles),
15 mM (open squares) and 20 mM(open circles). The concentration
of the mutant enzyme used was 4 nM.

lose their ability to bind maltitol at Site2, so that the
abortive ESI complex in scheme B is not formed and the
inhibition changes to a competitive type. Thus we con-
clude that maltitol inhibits hydrolysis according to the
mechanism of scheme B.

The K, values of maltitol for S235A/Y249A and S235A/
Y249A/W449F/W495F are about twice that for the wild-
type enzyme. This suggests that a mutation at Site2
causes the decrease in the affinity (1.5-1.8 kJ/mol) for
the productive binding of substrate, because maltitol can
bind to subsites —1 and —2. The results support the
hypothesis that the decrease in the K /K ratio caused
by mutations at Sitel and Site2 results in the invariable
K, and the decrease in &, for the hydrolysis of amylose (DP,,
=16).

The inhibitory effect of a-CD on the hydrolysis of the
amylose (DP, = 16) catalyzed by the wild-type enzyme
was examined by the same method (data not shown). The
inhibition type and K; are listed in Table 4. In contrast to
maltitol, the inhibition by a-CD is competitive. X-ray
crystallographic analysis of the wild-type enzyme com-
plexed with a-CD has revealed that o-CD binds only to
the subsites +2 to +3, with no a-CD binding observed at
Site2 (7). So, the results of the inhibition by a-CD are
consistent with the results of X-ray crystallographic
analysis.

GGX is a compound in which the reducing end glucose
of maltotriose is replaced by D-xylose. From X-ray crys-
tallographic studies (6), we have found that two mole-
cules of GGX bind to the enzyme, one to subsites +1 to +3
and another to Site2. The inhibition by GGX is a mixed-
type for the hydrolysis of amylose (DP, = 16) catalyzed by
wild-type enzyme (data not shown). So, the mixed-type
inhibition of GGX can be understood by the mechanism of
scheme B. The inhibitor constants are listed in Table 4.
Thus, Scheme B explains the mechanisms of the mixed-
type inhibition by maltitol and GGX. K; and K| are the
dissociation constants for the EI complex in the active

Z.Yeet al.

site and ESI complex at Site2, respectively. The K, values
of GGX and maltitol are 0.45 mM and 2.8 mM, respec-
tively. The binding affinity of GGX to subsites +1 to +3 is
larger than that of maltitol to subsites —1 and —2. On the
other hand, in the three-dimensional structures of f-
amylase complexed with GGX and maltose, the two glu-
cose residues of GGX or maltose at Site2 have the same
interaction with the enzyme, and the xylose ring of GGX
interacts with GIn239 and Asn243 through hydrogen
bonds (6), implying that the binding affinity of GGX to
Site2 is larger than that of maltose. In addition, the open-
ring structure of the reducing end of maltitol may further
decrease the binding affinity to Site2. This explains why
the K, value of maltitol is 30 times larger than that of
GGX.

In previous X-ray crystallographic studies of enzyme-
ligand complexes, we observed that the non-reducing
ends of sugars bound to sites other than the active site do
not directly face to the active cleft (4, 6). As B-amylase
catalyzes the hydrolysis of starch from the non-reducing
end, it is implied that the binding sites do not play the
important role observed for MBS2 in CGTase, which is
considered to guide the substrate into the groove loading
to the active site (17). In the present study, we found the
additional fact that an inhibitor (substrate analogue)
forms an abortive ESI complex by binding at Site2, thus
affecting the catalytic action of the enzyme when a long
chain-length substrate is used. We conclude that Site2 is
involved in the hydrolysis of amylose catalyzed by BCM
B-amylase, although the particular role of the site
remains unknown.

We thank Hayashibara Biochemical Laboratories, Inc. for
donating the various saccharides.
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