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ABSTRACT: â-Amylase (EC 3.2.1.2) is starch-hydrolyzing exo-type enzyme that can catalyze the successive
liberation ofâ-maltose from the nonreducing ends ofR-1,4-linked glucopyranosyl polymers. There is a
well-known phenomenon called multiple or repetitive attack where the enzyme releases several maltose
molecules in a single enzyme-substrate complex. In order to understand it further, we examined the
â-amylase-catalyzed reaction using maltooligosaccharides. The Monte Carlo method was applied for
simulation of theâ-amylase-catalyzed reaction including the multiple attack mechanism. Through site-
directed mutagenesis, we have successfully prepared a mutant enzyme which may be simulated as a multiple
attack action reduced one with retaining significant hydrolytic activity. From the results of X-ray structure
analysis of the mutant enzyme, it was clarified that one carboxyl residue plays a very important role in
the multiple attack. The multiple attack action needs the force of enzyme sliding on the substrate. In
addition, it is important for the multiple attack that the enzyme and substrate have the characteristics of
a stable productive substrate-enzyme complex through a hydrogen bond between the nonreducing end
of the substrate and the carboxyl residue of the enzyme.

In the case of high molecular substrates like amylose and
amylopectin, some amylases exhibit a unique hydrolytic
phenomenon called multiple attack; i.e., the enzyme releases
several products effectively from a single enzyme-substrate
complex without dissociation through multiple or repetitive
attack involving many branching reaction paths (1-7). The
same phenomenon was observed for other exo-typeâ-1,4-
D-glucanases (cellulase and chitinase) (8-11). This phe-
nomenon is important for the enzymes to attack the substrate
effectively. Similar phenomena have also been observed for
DNA-related proteins sliding on nucleotide chains (12-14).
The mechanism for DNA-related proteins is speculated to
be related to the weak electrostatic interaction between DNA
and the binding site of a protein molecule.â-Amylase (EC
3.2.1.2) is an exo-type starch-hydrolyzing enzyme that
releases maltose. The active site is located in the cleft of the
enzyme, and the substrate binding site at the nonreducing
end is blocked by a part of theâ-barrel structure of the
enzyme (15-17). Most â-amylases have the common (R/

â)8-barrel structure and some conserved amino acid residues
(18, 19). Furthermore, the structures of their active site are
similar to one another (19-21), and two conserved Glu
residues have been assigned as the catalytic residues of
â-amylase (15, 21, 22). The Monte Carlo method is a simple
and new method that can be applied for simulation and
analysis of the complicatedâ-amylase-catalyzed reaction
including the multiple attack mechanism (23, 24). In this
study, we first tried to clarify the critical amino acid residue
and elucidate the molecular mechanism of the sliding through
X-ray structural analysis and Monte Carlo simulation.

MATERIALS AND METHODS

Materials.Nativeâ-amylase (n-SBA)1 was purified from
soybeans. Main isozymes (PI) 5.22-5.32), isozyme 2 (PI
) 5.09), and isozyme 3 (PI) 4.97) were prepared as
reported previously (25, 26). Recombinant soybeanâ-amy-
lase (r-SBA) was prepared usingEscherichia coli(22, 25).
The preparation and purification of the mutant SBAs were
performed by the method previously described (22). The
substrate maltoheptaose (G7) of the enzyme was purchased
from Seikagaku Corp. (Tokyo, Japan).

Enzyme Assays.The hydrolytic activity of SBA was
examined by the method described previously (22, 25). The
activity was defined as the initial velocity of the decrease of
the substrate, G7. One unit of the enzyme is defined as the
initial velocity for an increase of 1µM maltose per 1 min.
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Analysis of the Multiple Attack Action of SBA.G7 was
used as the substrate for analysis of the multiple attack. The
enzyme reaction was carried out in 20 mM sodium acetate
buffer, pH 5.7, using 0.2% (1.74 mM) of G7 at 37°C. At
appropriate times, the reaction was stopped with 0.2 N HCl,
and the products were measured with HPLC equipped with
a TSK-Gel G-OLIGO-PW column (Toyosoda, Tokyo, Japan)
and an RID-6A refractive index detector (Shimazu, Kyoto,
Japan). Through analysis of the product from G7, the degree
of multiple attack of SBA was examined, as reported
previously (23, 24). From one molecule of G7, two molecules
of maltose (G2) and one molecule of maltotriose (G3) are
produced by SBA as the final products. G3 is not hydrolyzed
by SBA. Therefore, the degree of reaction was defined as
[G2]/2G7]0. [G7]0 is the initial concentration of G7. During
the reaction, the degree of reaction changed from 0 to 1.
The amounts of other products were expressed as normalized
values divided by the initial amount of the substrate, [G7]0.
A figure in which the abscissa and ordinate represent the
degree of reaction and the normalized amounts of products,
respectively, shows the action pattern ofâ-amylase (23, 24).
This plot is independent of the concentration of enzymes
and/or substrates.

Model of the Multiple Attack Mechanism and Its Simula-
tion. The experimental data for product distribution from the
beginning to the end of theâ-amylase reaction were analyzed
with the Monte Carlo simulation (24). The model assumes
only a single enzyme molecule and 105 substrate molecules.
The reaction progresses with probabilities and random
numbers, as shown in Figure 1. The degree of reaction is
represented as the amount of G2 in place of the time course.
The best-fit parameters (P0 and P5/P7) were estimated by
comparison with experimental data by means of the previous
paper (24), changing independently P0 and P5/P7 values to
reach the minimum of error sum between all experimental
and theoretical values, where P0, P5, and P7 are the
probabilities shown in the legends of Figure 1. The uncer-
tainty limit was(0.01. The active site of SBA consists of
six subsites, unlike five subsites of sweet potatoâ-amylase
(1, 24). Practical procedures for computer simulation are
coded and compiled by Microsoft Visual Basic, as described
previously (24).

Crystal Structure of Mutant SBA.Crystals of the mutant
SBA was prepared at 4°C by the same method as previously
described (21). Each crystal was completely grown to a size
of about 0.06× 0.08× 0.06 mm within 60 days. The crystal
was soaked in 0.1 M sodium acetate buffer (pH 5.4)
containing 1 mM EDTA, 50% saturated ammonium sulfate,
and 20% ethylene glycol for 5 min before X-ray diffraction
data collection. The X-ray diffraction data were collected at
the beamline BL24XU in SPring8 (Harima, Hyogo, Japan).
Data were collected with a Rigaku R-AXIS4 image plate
detector at 100 K. The crystal diffracted the X-ray to 2.2 Å
resolution and was stable during 12 h for 56 oscillation
frames. The crystals belong to the space groupP3121 with
unit cell dimensions ofa ) b ) 85.05 Å andc ) 145.03 Å.
These cell parameters are different from the values of n-SBA
with 0.19% and 1.14%, respectively (16). The collected
images were processed with Rigaku Process packages. Data
from different frames were integrated separately and then
merged together (Rmerge ) 7.4%). The initial phase was
calculated using the coordinate from the protein structure of

n-SBA (1WDP) (16). The model was rebuilt using the Turbo-
Frodo program (27), and the structure was refined using the
program CNS (28). Water molecules were incorporated from
the 2|Fo| - |Fc| map interpretation. The final model contains
490 amino acids (residues 6-495) and 327 water molecules.
The finalR-factor andRfree factor calculated for the randomly
separated 5% data were 20.5% and 25.2%, respectively.
Table 3 summarizes the data collection and statistics.

RESULTS

In previous kinetical and structural studies of soybean
â-amylase (SBA), it was revealed that SBA has main six
subsites and that its active center is between subsites-1
and +1 in which active residues Glu186 and Glu380 are
located (Figure 1) (15, 16, 22). SBA has several additional
substrate binding sites around Leu383 that can bind cyclo-
dextrins (CDs). It has been speculated that this additional
binding site and the flexible loops located (96-103 and 340-
346) around the active site play an important role in the

FIGURE 1: Simulation model of the multiple attack (sliding)
mechanism of SBA. The enzyme shows the active site of SBA.
The catalytic site is indicated as a solid triangle between subsite
-1 and+1. Subsites are numbered from the catalytic site. The
nonreducing end of the substrate binding site is indicated as subsite
-2. Hexagons are glucose residues bound withR-1,4 bonds; the
shadowed hexagon is the nonreducing end glucose of the oligosac-
charides. The box at the left side of subsite-2 is the block
producing only G2 from productive binding mode. No monomer
(glucose; G) is produced from SBA. The probability of producing
G2 after rearrangement from the enzyme-product complex to the
productive complex is shown as P0. The probability of releasing
the product is 1- P0. The probability of forming a productive
complex with G5 and G7 is shown as P5 and P7, respectively (P5
+ P7 ) 1).
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multiple attack action (29-31). In the case of multiple attack
of SBA, the oligosaccharide product from the enzyme-
product (E-P) complex has to slide to the nonreducing end
substrate binding site after releasing maltose (G2) (1, 2, 24,
31), as shown in Figure 1. The enzyme and product in the
transient stable E-P complex must slide for the multiple
attack (Figure 1), as speculated previously (10, 29). Fur-
thermore, after sliding, stabilization of the productive
complex is necessary for the multiple attack (sliding pathway,
P0) (Figure 1). We assumed that Asp53 and His93 contribut-
ing the hydrogen bond between the enzyme and the nonre-
ducing end substrate as subsite-2 are important (Figure 1)
(16). In this study, we focused on the carboxyl residue of
Asp53 located at the nonreducing end of substrate binding
site. By removing and changing the position of the carboxyl
residue of Asp53 by the protein engineering method, we
examined the action pattern of native and mutant SBAs in
detail.

Product Distribution from G7 by SBA.In the case of the
native SBA (n-SBA) reaction, significant maltotriose (G3)
product was observed at the first stage of the reaction with
an oligosaccharide substrate of which chain length number
was odd. G3 is not hydrolyzed byâ-amylase. This result
shows the multiple attack action of theâ-amylase. The
mechanism was observed at first inâ-amylase from sweet
potato (2). In the case of n-BSA, multiple attack action has
been recognized qualitatively using14C-labeled maltohep-
taose (G7) (32). We examined the multiple attack action
using G7 by HPLC. Figure 2 shows the distribution of
products from G7 with n-SBA. The apparent action pattern
is the same as that observed forâ-amylase from sweet potato
(2). Any differences among n-SBAs (isozymes) and recom-
binant SBA (r-SBA) were not observed (Figure 2). On
analysis of the products, a significant multiple attack action
was confirmed for wild-type SBA (both n-SBA and r-SBA).
The values (P0 and P5/P7) which are used for estimation of
multiple attack (Figure 1) are calculated with the previous

method (Monte Carlo simulation) (Table 1) (24). The
theoretical lines from the Monte Carlo simulation were well
fitted to the observed data (Figure 2). P0 is the probability
of sliding and is estimated to be 0.55. P5/P7 is the ratio for
the probability of forming a “productive complex” with G5
and G7 (Figure 1) and is estimated to be 1.00. This value
means that the affinity of subsite+4 in wild-type SBA is
negligible.

Product Distribution from G7 by Mutant SBAs.From the
structure of the complex of SBA and maltose (17), it was
proven that Asp53 is located at the edge of the substrate
binding site (subsite-2) and contributes to the hydrogen-
bonding interaction between the residues and carbohydrate
ligand in SBA (Figure 3). Trp55 is also located near the
substrate binding site (subsite-2) and close to Asp53 (Figure
3). These residues are located about 8 Å away from the active
center. In order to determine the role of Asp53 and Trp55 at
subsite-2 for multiple attack, we prepared mutant SBAs in
which Asp53 and Trp55 were changed to Ala (D53A) and
Arg (W55R), respectively. The activities toward soluble
starch were reduced by the mutations (Table 2). However,
there was a little difference in theKm values. By changing
Asp55 to Ala (D53A), the carboxyl residue can be removed

FIGURE 2: Experimental and simulation data for the distribution
of products (G5 and G3) from G7 with n- and r-SBAs. The
horizontal coordinate is the degree of reaction defined by the relative
amount of dimer produced. The vertical coordinate is the mole ratio
normalized as to G7. Experimental points are G3 (square), G5
(circle), and G7 (triangle).0, O, and4 are the data for the main
isozyme of n-SBA (54.8 milliunits/mL).9, b, and2 are the data
for isozyme 2 of n-SBA (3.34 milliunits/mL). The half-filled square,
circle, and triangle are the data for main isozyme 3 of n-SBA (20.6
milliunits/mL). The square, circle, and triangle with a vertical line
are the data for r-SBA (54.8 milliunits/mL). Solid lines are best-
fitted simulated data using P0) 0.55 and (P5/P7)) 1.00 (Figure
1).

Table 1: Probabilities for SBAs When the Substrate Is G7a

P0 P5/P7

wild-type SBA 0.55( 0.01 1.00( 0.01
D53A 0.17( 0.01 0.79( 0.01
W55R 0.00( 0.01 0.69( 0.01

a Numerical values of P0 and P5/P7 (Figure 1) were determined with
the method described previously (24).

FIGURE 3: Overall structure of SBA and the maltose complex
(1BFN). Maltose (yellow), Asp53, and Trp55 located at the active
site are shown in ball and stick representation. The catalytic site is
located between subsites-1 and+1. Subsites are numbered from
the catalytic site.

Table 2: Kinetic Parameters for SBAs for Reduced Soluble Starcha

kcat (s-1) Km (µM) kcat/Km (s-1 µM-1)

SBA (12( 1) × 106 770( 10 (0.16( 0.08)× 105

D53A (2.0( 0.2)× 106 1020( 130 (0.20( 0.03)× 104

W55R (4.6( 0.5)× 106 1520( 150 (0.30( 0.04)× 104

a Kinetic parameters for the hydrolytic activity of SBAs were
examined using reduced soluble starch at pH 5.7 and 40°C with the
method described previously (31).
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from Asp53. The activities of D53A and W55R toward G7
substrate were decreased to 13% and 20% of those of wild-
type SBA, respectively. Figure 4 shows action patterns of
the distribution of products from G7 with D53A (Figure 4A)
and W55R (Figure 4B). On comparison with the wild-type
SBA (Figure 2), it is clear that the production of G3 at the
first stage was decreased and the production of G5 was
increased by these mutations. The P0 and P5/P7 values for
D53A (Figure 4A) were determined to be 0.17 and 0.79,
respectively (Table 1). The P0 and P5/P7 values for W55R
(Figure 4B) were determined to be 0 and 0.69, respectively
(Table 1). This means that the multiple attack action of SBA
decreased and completely disappeared by changing Asp53
to Ala and Trp55 to Arg, respectively. It was suggested that
the carboxyl residue of Asp53 contributed to the expression
of amylase activity. The carboxyl residue of Asp53 was also
important for multiple attack action. Trp55 is not located at
the substrate binding site. Therefore, the effect of Trp55 is
not indispensable for the amylase activity but crucial for the
multiple attack action. The mutant enzyme (W55R) repre-
sents the first instance of mutation that abolished processivity
without significant impact on catalysis. The dependency of
the enzyme concentration (W55R) was not observed (Figure
4B). The result that the P5/P7 value was changed to 0.79 or
0.69 (Table 1) indicates that subsite+4 obtains some affinity
toward the substrate (Figure 1) by these mutations. In order
to understand the function of Trp55, we analyzed the crystal
structure of W55R.

Crystal Structure of W55R.In order to elucidate the
structure of the active site, we prepared a crystal and solved
the crystal structure of W55R in the resolution range of
19.96-2.2 Å. The rigid body fitting indicated that the root
mean square difference of CR atoms (residues 8-494)
between the wild-type SBA (PDB code 1WDP) and W55R
was 0.215 Å. This indicates that the wild-type SBA and
W55R have the same structure except for the mutation site.
Figure 5 provides a detailed comparison at the active site
between wild-type SBA and W55R. The carboxyl residue

of Asp53 in wild-type SBA is located at the surface of the
substrate binding site (subsite-2) and 6-9 Å away from
the active center (Glu186 and Glu380) (Figure 3). By
changing Trp55 to Arg, the direction of the carboxyl residue
of Asp53 changed. The carboxyl residue of Asp53 rotated
about 120° along the CR-Câ bond and the carboxyl O atom
of Asp53 formed a hydrogen bond with the Nε atom of
Arg55 in W55R (Figure 5). Figure 6 shows the superimposi-
tion of wild-type SBA complexed with maltose (PDB code
1BFN) and W55R at the active site. The bound maltose
molecules were found at subsites-2 to -1 and subsites+1
to +2 for wild-type SBA. The carboxyl O atom of Asp53
forms a hydrogen bond to the O4 and O6 atoms of Glc (-2)
in wild-type SBA (Figure 6). The position of Trp55 is over
3.6 Å away from the O3 and O4 atoms of Glc (-2). The
carboxyl O atom of Asp53 is difficult to make the hydrogen
bond with the O3 and O4 atoms (5.3-5.9 Å away from the
carboxyl O atom of Asp53) of Glc (-2) in W55R (Figures
5 and 6), due to forming a hydrogen bond with the Nε atom
of Arg55. The other residues in the active site were not
influenced by this mutation.

DISCUSSION

In the case of the action pattern of SBA with G7 as the
substrate, the theoretical lines with P0) 0.55 and P5/P7)
1.00 were well fitted to the observed values (Figure 2). P5/

Table 3: Data Collection Statistics of the SBA Mutant (W55R)a

X-ray source BL24XU (SPring8)
detector RIGAKU R-AXIS4
temperature (K) 100
wavelength (Å) 0.835
exposure time (s) 600
resolution range (Å) 19.96-2.20 (2.23-2.20)
space group P3121
cell parameters (Å) a ) b ) 85.04,c ) 145.08
no. of observed reflections 307911 (4193)
no. of unique reflections 34130 (994)
completeness (%) 98.9 (98.9)
Rmerge

b (%) 7.4 (15.8)
protein atoms in refinement 3921
water molecules in refinement 327
averageB-factor (Å2) 11.7
bond length rmsd (Å) 0.00599
bond angle rmsd (deg) 1.30
Rc (%) 20.5
Rfree

d (%) 25.2
a The values in the shell at highest resolution are shown in

parentheses.b Rmerge) ∑h∑i|I(h)i - 〈I(h)〉|/∑h∑I(h)i, whereI(h) is the
intensity measurement of refrections and〈I(h)〉 is the mean value of
I(h)i for all i measurements.c R ) ∑h||Fo| - |Fc||/∑h|Fo|, whereFo

and Fc are the observed and calculated structure factor amplitudes,
respectively.d Rfree is calculated with 5% of the diffraction data, which
were not used during the refinement.

FIGURE 4: Experimental and simulation data of the product
distribution (G5 and G3) from D53A (A) and W55R (B). The
horizontal and vertical coordinates are defined as in Figure 2.
Experimental points are G3 (square), G5 (circle), and G7 (triangle).
0, O, and4 are the data for D53A (5.01 milliunits/mL) (A) and
W55R (15.2 milliunits/mL) (B).9, b, and2 are the data for W55R
(49.0 milliunits/mL) (B). Solid lines are best-fitted simulated data
using P0) 0.17 (A) and 0.00 (B) and (P5/P7)) 0.79 (A) and
0.69 (B), respectively (Table 1). The broken lines are theoretical
lines using the best-fit value of P0 [P0) 0.17 (A) and P0) 0.00
(B)] keeping P5/P7) 1.00, assuming that subsite+4 does not exist.
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P7 corresponds to the ratio of the binding constants of G5
and G7 (Figure 1). P5/P7) 1.00 shows that subsite+4 has
no effect on the action pattern of SBA (Figure 1). In the
action pattern of SBA with the calculated values, it is
expected that 1.55 and 2.22 molecules of G2 are released
from a single E-S complex with G7 and an infinitely long
oligosaccharide, respectively. From the highly conserved
sequence similarity and structure ofâ-amylase from plants
(19, 33), the multiple attack action must be in common for
â-amylases from plants. In the case ofâ-amylases from
microorganisms (which exhibit a little homology to those
from plants), investigation upon the multiple attack action
is not reported.

Although Trp55 is not located in the active center of SBA
(17), the action pattern of W55R completely changed. The
present finding that the theoretical lines with P0) 0.00 and
P5/P7) 0.69 for W55R were well fitted to the observed
values (Figure 4B) indicates that one point mutation leads
to extreme reduction of the multiple attack action with
significant hydrolytic activity. It was elucidated that Trp55
plays a critical role in the multiple attack mechanism.
Although there is a possibility that other factors are indis-

pensable for the multiple attack action, this residue must be
one of the important factors for the multiple attack. When
simulation of the multiple attack action for W55R was carried
out without subsite+4, the theoretical lines changing only
the parameter P0 did not fit the observed values [keeping
P5/P7) 1, as shown (Figure 4B)]. The affinity of subsite
+4 has some effect on the action pattern of SBA (Figure 1).
The different values of P5/P7 between SBA and W55R
(Table 1) suggest some correlation between subsites-2 and
+4 of the enzyme. In the case of D53A, the theoretical lines
with P0 ) 0.17 and P5/P7) 0.79 were well fitted to the
observed values (Figure 4A). These values are between those
of the wild-type SBA and W55R. It was reported that some
mutant enzymes exhibited a qualitatively decreased multiple
attack with a small hydrolytic activity (30). And it had been
speculated that the additional substrate binding at the
reducing end of the substrate or stable E-P complex was
related to the hydrolytic activity and multiple attack (10, 29,
30). But the values of W55R (Tables 1 and 2) indicate that
the enzyme without multiple attack action exhibited signifi-
cant hydrolytic activity. The effect of Trp55 is not indis-
pensable for the amylase activity but crucial for the multiple
attack action.

Generally, an enzyme holds a substrate (or product)
through weak interactions before and after forming a stable
E-S or E-P complex (34). In the case of SBA, it is assumed
that a long-chain substrate and products can slide easily along
the catalytic binding cleft of the enzyme (2, 29, 31), since
many kinds of hydrophobic and van der Waals interactions
have been recognized in the E-S complex of SBA (17).
Before or after release of the product, there is a possibility
to form the new productive E-S complex exchanging weak
hydrophobic and van der Waals interactions. In the case of
wild-type SBA, the probability of multiple attack (P0) 0.55)
is higher than that of dissociation (1- P0 ) 0.45).
Furthermore, the data suggest that the action of multiple
attack needs the suitable stabilization of the substrate by
Asp53 through the nonreducing end of the substrate. Too
strong interactions between them inhibit the release of the
G2 product and disturb the multiple attack action as a result.
The inhibition phenomena were observed in the case of the

FIGURE 5: Stereoview (wall-eyed) of 2Fo - Fc electron density map and modeled W55R (pink and red) at subsite-2. Superimposed
wild-type SBA is shown in green. Note that the position of the carboxyl residue of Asp53 (red) is changed by Arg55 (red).

FIGURE 6: Superimposed wild-type SBA (green) and W55R (pink)
at the active site. Maltose bound to wild-type SBA at subsites-2
and -1 is represented in blue. The hydrogen bonds between the
carboxyl O atom of Asp53 and Glc (-2) in wild-type SBA are
shown as dotted lines. The distances between O atoms of C6 and
C4 in maltose and O atoms of the carboxyl residue of Asp53 in
W55R are over 5 Å.
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specific inhibitors that can bind at subsites-1 and-2 (6,
35).

Structual analysis of W55R supports that extreme reduc-
tion of the multiple attack action of W55R is mainly due to
the change in the direction of the carboxyl residue of Asp53.
The position of the carboxyl residue of Asp53 was changed
by the positively charged residue at Arg55, and the binding
affinity of subsite-2 was reduced. The phenomena of the
weak multiple attack action of D53A seem to depend on the
weak interaction, such as van der Waals, among two residues
(Ala53 and Trp55) and the substrate. Changing the direction
of the carboxyl residues is a better method for reducing the
multiple attack action in comparison with the deletion of the
target residue. At the nonreducing end binding site, Asp53
and His93 of SBA are related to the hydrogen bonding to
the O4 atom of Glc (-2) (17). However, His93 alone is not
enough for productive binding. The change in P5/P7 is due
to the change in binding free energy between glucose and
subsite+4 (Figure 1, Table 1). The finding that the binding
affinity for subsite+4 is influenced by subsite-2 (Table
1) suggests that the affinity of each subsite is not indepen-
dent. The dependency of subsites must be strongly related
to the substrate sliding into the cleft of the enzyme.

From the sequence alignment, it was clarified that the
sequence around Asp53, Trp55, and His93 is well conserved
among plants and microorganisms (19). Therefore, the roles
of these residues in the hydrolytic mechanism seem to be
common forâ-amylases. We can propose two important
factors for the multiple attack action. One of them is the
relative sliding from the nonproductive binding mode and
the other is the factor stabilizing the productive binding
mode. When the nonreducing end glucose is not stabilized
around subsite-2, the multiple attack action is disturbed.
The structure around Asp53 and His93 and the multiple
attack action ofâ-amylase must evolve to produce G2
effectively from native substrate. Other amino acid residues
stabilizing the glucose residue at subsite-2 may have a
similar function as Asp53.

The sliding or processive action of a protein along a DNA
chain seems to be a similar phenomenon to be present in
the multiple attack mechanism. The sliding has been
confirmed kinetically and visually (12-14, 36). Sliding and
dissociation are competitive pathways, as observed for
â-amylases. The main nonspecific binding, which is impor-
tant for the sliding, is thought to be an electrostatic interaction
between a protein and DNA. The hydrogen bonds between
them also play an important role in the sliding for endonu-
clease (13). But strong hydrogen bonds between DNA and
a protein inhibit the smooth sliding. The relevant combina-
tions of van der Waals interactions and hydrogen bonds
between proteins and polymer chains are important for an
effective search for its target site. In the case ofâ-amylases,
a substrate slides by just the maltose unit, and the proper
position is fixed by the hydrogen bonding, as observed in
the case of DNA binding protein. In the case of SBA, water
molecules at the active site form a hydrogen-bonding
network, and these water molecules can be replaced by the
substrate (37, 38). These many water molecules seem to play
a significant role for the polymer sliding along the cleft of
â-amylases although dynamic roles of hydrated water
molecules are not clear at present.
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