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ABSTRACT: Porcine pancreatic a-amylase (EC 3.2.1.1, abbreviated as PPA) hydrolyzes a-D-(1,4) glucosidic
bonds in starch and amylose at random, and the optimum pH for the substrates is 6.9. The optimum pH,
however, shifted to 5.2 for the hydrolytic reaction of low molecular weight oligosaccharide substrates such
as p-nitrophenyl a-D-maltoside, y-cyclodextrin, maltotetraitol, and maltopentaitol. The optimum pH for
the oligosaccharides consisting of more than five glucose residues, such as maltopentaose and maltohexaitol,
was 6.9. From the analysis of the hydrolysates, it was clear that the shift of the optimum pH occurred only
when the fifth subsite of PPA in the productive binding modes was occupied by a glucosyl residue of the
substrates. The value of K, was independent of pH between 4 and 10 but that of k,, was dependent on
pH. The pH profiles of k., for the above substrates did not fit a simple bell-shaped curve predicted by
a two-catalytic-group mechanism. Instead, they were well analyzed theoretically by three pK values and
two intrinsic k., values. Enthalpy changes for the three pK’s (4.90, 5.35, and 8.55 at 30 °C) were determined
from the temperature dependence of pH profiles for maltopentaitol and maltohexaitol to be 0.0, 2.87, and
7.33 kecal/mol, respectively. These results indicate that productive binding modes of the substrates directly
affect the catalytic function of the enzyme. From the present thermodynamic analysis and reported
three-dimensional structure at the active site of PPA [Buisson, G. (1987) EMBO J. 6, 3909-3916], one
can assume that a histidyl residue (101, 201, or 299) acts as a proton donor and two carboxyl groups (Asp
197, Glu 233, or Asp 300) act as proton donors or acceptors, and the productive binding mode covering
the fifth subsite changes configurations between the catalytic residues and the glucosidic bond hydrolyzed
and modulates kinetic parameters depending on pH.

Porcine pancreatic a-amylase (EC 3.2.1.1, abbreviated as
PPAY) (MW = 52000) is an endo-type amylase that contains
five subsites and catalyzes the random hydrolysis of a-D-(1,4)
glucosidic bonds in starch and amylose (Robyt & French,
1970a; Prodanov et al., 1984). Two isozymes (PPA I and II)
are known for PPA (Marchis-Mouren & Pasero, 1967). They
have the same molecular weight and the same optimum pH
for activity but differ slightly in amino acid composition and
isoelectric point (Pasero et al., 1981; Kluh, 1981). From the
primary structure (Pasero et al., 1986) and crystal structure
with 2.9-A resolution (Buisson et al., 1987), the catalytic
residues of PPA | were proposed to be the carboxyl groups
of Asp 197 and Asp 300. PPA I resembles Taka amylase A
(TAA), a fungal amylase produced by Aspergillus oryzae, in
terms of the crystal structure and sequence homology around
the active site (Matsuura et al., 1984). Unlike TAA, PPA
1 is activated by chloride ion, which binds to the catalytic site
(Buisson et al., 1987; Wakim et al., 1969). The optimum pH’s
of PPA I and TAA for the hydrolysis of soluble starch and
amylose are 6.9 (Wakim et al., 1969) and 5.5 (Matsubara et
al., 1959), respectively. Two carboxyl residues are speculated
to be the catalytic residues in both enzymes (Matsuura et al.,

! Abbreviations: PPA, porcine pancreatic a-amylase; TAA, Taka
amylase A; y-CD, y-cyclodextrin; G, glucose; G2, maltose; G3, mal-
totriose; G4, maltotetraose; G5, maltopentaose; G6, maltohexaose,
G20H, maltitol; G30H, maltotriitol; G4OH, maltotetraitol; G5OH,
maltopentaitol; G6OH, maltohexaitol; TNS, 2-p-toluidinylnaphthalene-
6-sulfonate.
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1984). However, the pH profile of the rate parameter for PPA
is not a simple bell-shaped curve expected from the two-cat-
alytic-residue mechanism. Therefore, it is important to obtain
information on catalytic residues from kinetic analysis of en-
zyme actions. The values of pK’s and enthalpy changes can
indicate probable catalytic amino acid residues. For the
analysis of pH profiles, small substrates with only one possible
cleavage site are useful because the complexity of “multiple
attack” action (Robyt & French, 1967, 1970b) on amylose
and starch and other effects due to different productive binding
modes (Robyt & French, 1970a) may be eliminated.

In this paper, we report the detailed analysis of pH profiles
of PPA by using low molecular substrates and the probable
amino acid residues related to the catalysis function determined
from thermodynamic data.

MATERIALS AND METHODS

Materials. PPA was purified in the crystalline state from
porcine pancreatin purchased from Sigma Chemical Co., as
described by Loyter and Shramm (1962). TSK-Gel DEAE
Toyopearl 650 S and TSK-G-2000 PW columns (7.5 X 600
mm i.d.) were purchased from Toyo Soda Manufacturing Co.,
Ltd. p-Nitrophenyl a-D-maltoside (G2-PNP) was purchased
from Calbiochem Corp. Soluble starch, amylose A (MW =
2900), maltotetraose (G4), maltopentaose (GS), maltohexaose
(G6), and vy-cyclodextrin (y-CD) were purchased from Na-
calai Tesque Ltd. Maltotetraitol (G4OH), maltopentaitol
(G50H), and maltohexaitol (G60H) were prepared by the
reduction of G4, G5, and G6 with sodium borohydride ac-
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cording to the method of Walfolm and Thompson (1963).
Other chemicals were of commercial guaranteed or reagent
grade.

Purification of PPA 1. PPA | was separated from the
crystalline preparation of PPA by using TSK-Gel DEAE
Toyopearl 650 S (Sakano et al.,, 1983). The crystalline
preparation purified from pancreatin was dialyzed against 20
mM Tris-HCI buffer (pH 8.3) containing 1 mM CaCl, and
applied on the TSK-Gel DEAE Toyopearl column buffered
with the same buffer. Only PPA I was eluted from this
column. PPA II was adsorbed. The combined fractions of
PPA I that showed a single band on polyacrylamide gel
electrophoresis (pH 9.0) (Davis, 1964) were dialyzed against
25 mM phosphate buffer (pH 6.9) containing 30 mM NaCl,
1 mM CaCl,, and 0.02% NaNj and stored at 4 °C. (PPA I
is abbreviated as PPA.)

Enzyme Assay. The hydrolytic reaction was initiated by
mixing a PPA solution with a substrate solution in a 25 mM
Tris—acetate buffer (pH 3.5-9.0) or in a 25 mM borate—
NaOH buffer (pH 9.0-11.0), containing 30 mM NaCl and
1 mM CaCl, at 30 °C. The reactions for soluble starch,
amylose, and the oligosaccharides (G5, G4OH, G50H, and
G60H) were terminated by the addition of the same volume
of 0.08 N NaOH solution. The activities for the substrates
were determined by reductometry; for soluble starch and
amylose the modified Nelson-Somogyi method (Hiromi et al.,
1963) was used, and for the oligosaccharides the method of
Dygert et al. (1965) was used. For G2-PNP, the reaction was
terminated by pouring 0.5 mL of the reaction mixture into 1
mL of the 0.01 N NaOH solution, and the activity was
measured by the 400-nm absorption of the product p-nitro-
phenol liberated within 2 min. The alkaline hydrolysis of
G2-PNP was negligible. The hydrolysis of v-CD was deter-
mined by utilizing the fluorescence of 2-p-toluidinyl-
naphthalene-6-sulfonate (TNS) (Kondo et al., 1976). Since
the fluorescence emission (450 nm) of TNS excited at 366 nm
is increased by the addition of CD, the amount of 4-CD is
measurable from the increment of the fluorescence emission
at 450 nm.

The molarity of PPA was determined from the absorbance
at 280 nm on the basis of a molecular weight of 52000 and
A'% = 24.0 (Elodi, 1972).

The kinetic parameters (k. and K) were determined by
the nonlinear least-squares method with the Taylor expansion
(Sakoda & Hiromi, 1976). In some cases, k,, was determined
under conditions where the substrate concentration was much
greater than K.

Analysis of the Products. Analysis of oligosaccharides was
carried out by using a TSK-G-2000 PW column with the
JASCO Trirotar-111 high-performance liquid chromatography
(HPLC) apparatus equipped with a differential refractometer
(Ishikawa & Hirata, 1989). Elution was performed with
distilled water at a flow rate of 1 mL/min.

RESULTS

Hyadrolysis of Amylose and Soluble Starch. The pH profile
for the hydrolytic activity of PPA for amylose A (MW =
2900) showed that the optimum pH is 6.9. A similar profile
was obtained with soluble starch, and the optimum pH of 6.9
was confirmed as reported by Wakim et al. (1969). However,
the pH profiles of PPA for these substrates do not reflect
exactly the initial hydrolytic activity for the cleavage of their
a-(1,4) glucosidic bonds because the multiple attack action
of PPA on these long-chain substrates depends on pH (Robyt
& French, 1967; Kondo et al., 1978). Therefore, we used
oligosaccharide conjugates with sorbitol and p-nitrophenol and
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FIGURE 1: Hydrolytic patterns of G2-PNP (A), v-CD (B), and G5
(C). Glucose residues, the reducing end of the oligosaccharide,
p-nitrophenol, and «-(1,4) glucosidic bonds are shown as G, *, PNP,
and —. The bonds cleavable by PPA are shown by arrows.
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FIGURE 2: Effect of pH on the K and k_,, of the hydrolytic reaction
of G2-PNP (A), v-CD (B), and G5 (C). The theoretical curves fitting
these data were calculated by using eq 1 and the estimated parameters
pK; = 4.90, pK, = 5.35, and pK; = 8.55 and (A) k, = 0.608 s! and
k, =0.040s7!, (B) k; = 32.6s57"and k, = 4.2 57!, and (C) k, = 368
stand k; = 1010571,

¥-CD as substrates to analyze pH profiles without multiple
attack action.

Hydrolysis of G2-PNP. G2-PNP is favorable to study the
hydrolytic activity of PPA, since it is the smallest substrate
that can be hydrolyzed at one position, shown in Figure 1A,
to give p-nitrophenol (Levitzki & Steer, 1974). The increase
of the 400-nm absorbance due to the liberated p-nitrophenol
was linear within 10% conversion. The initial rate of hydrolysis
was obtained from the slope of the linear plot. The optimum
pH of the rate constant (k) for G2-PNP was 5.2, unlike that
for soluble starch and amylose, and the value of the Michaelis
constant (K,) was 5.0 mM over the entire pH range examined
(Figure 2A). Furthermore, the pH profile of k, deviates at
around pH 7 from the theoretical profile based on the two-
ionizing-group catalysis mechanism (Dixon et al., 1979).

Hydrolysis of v-CD. y-CD was hydrolyzed at the one
cleavage position in the cyclic a-(1,4) glucosidic bonds (Figure
1B) to linear maltooctanoside, which was then decomposed
to smaller oligosaccharides by the multiple attack action of
PPA (Abdullah et al., 1966). Thus, the decreased rate of
¥-CD hydrolysis measured by the TNS fluorescence method
reflects directly the initial hydrolysis rate for y-CD within
10-20% conversion. The optimum pH of the &, for v-CD
was 5.2, in accord with that for G2-PNP, and the value of K,
was also independent of pH (Figure 2B). This pH profile also
shows deviation at around pH 7 from the theoretical curve
obtained by assuming two catalytic groups.

Hyadrolysis of G5, G4OH, G50H, and G60OH. For G5, the
hydrolysis occurred at one cleavage position without multiple
attack (Figure 1C) as reported by Robyt and French (1970a)
in the pH 4.0-9.3 region (presented at the annual meeting of
the Agriculture Chemical Society of Japan in 1989). The
initial hydrolysis rate was calculated from the slope of the
linear time course plot obtained with reductometry within
10-20% conversion. The optimum pH of k., was 6.9, identical
with those for soluble starch and amylose, and the value of
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(A) G—GiG—GOH
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FIGURE 3: Hydrolytic patterns of G4OH (A), G50H (B), and G6OH
(C). GnOH indicates the reduced oligosaccharide obtained with
sodium borohydride from Gn. The bonds cleavable by PPA are shown
by arrows.

F T ™

Ager0:0ureibpmoon] 4
o A w4 3 ) SO S
St 2 2
Tt + 1H— ] 1
3001
(A) (B)  looot ({3
Aa- 1
) 200 o
i ]
9 sw-
100 !
W+ ]
S . .. )
0= 7 s 0% 7 v T 7 9

pH

FIGURE 4: Effect of pH on the K, and k, of the hydrolytic reaction
of G4OH (A), G50H (B), and G60H (C). The theoretical curves
fitting these data were calculated by using eq 1 and the estimated
parameters pK; = 4.90, pK, = 5.35, and pK; = 8.55 and (A) k, =
6.23s and k, = 1.47 571, (B) k; = 490 s~ and k, = 98 571, and (C)
k, = 4825 and k, = 912 s7L.

K, was independent of the pH examined (Figure 2C).

Next, we used some substrates without a reducing end,
G40H, G50H, and G60OH, to measure the initial rate of
hydrolysis of the a-D-(1,4) glucosidic bond at 10, 20, 30, and
37 °C by the reductometric method. For these substrates, the
initial rate of hydrolysis of the a-D-(1,4) glucosidic bond could
be measured accurately from the reductometric determination
because there was no reducing end. The hydrolysates from
these substrates were analyzed by HPLC, although reduced
oligosaccharides (GnOH) were not separated from the cor-
responding oligosaccharides with reducing ends (Gn). In the
case of G4OH, the products G2 and G20H appeared at the
same position. Similarly, the products from G60OH were G3
and G30H, which also eluted as one peak. In the case of
G5O0H, two peaks at the positions of G2 and G3 were detected.
The analysis of the products from GSOH with paper chro-
matography indicated that they were G20H and G3, since
the product at the G3 position had a reducing end but that
at G2 did not. The product analysis proved that these sub-
strates were hydrolyzed at a single cleavage site shown in
Figure 3, regardless of the pH, substrate concentration, and
reaction temperature examined. The K, values for the sub-
strates were invariable in the range of pH 4-10. The k.,
values strongly depended on the pH, and the optimum pH for
the hydrolysis of G4OH and G50H was 5.2 (Figure 4, panels
A and B), whereas that for GGOH was 6.9 (Figure 4, panel
Q).

DisCUSSION

The optimum pH for the hydrolytic activity of PPA under
physiological conditions has long been believed to be around
neutrality on the basis of the study on soluble starch and
amylose (Wakim et al., 1969). However, we found that it
shifts to 5.2 in the case of some low molecular weight sub-
strates (Figure 2) and that the shift depends on the occupancy
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(A) opt. pH= 52 (B) opt.pH =69
G—-G-PNP G-G-G—G—~G*
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FIGURE 5: Schematic representation of the active site of PPA and
the productive binding mode of substrates. Subsites per glucose residue
(G) of the substrates are numbered 1-5 from the nonreducing end.
The catalytic residue is located between subsites 3 and 4. (A)
Productive binding modes of G2-PNP, G4OH, and GSOH. Optimum
pH of the hydrolytic activity is 5.2. (B) Productive binding modes
of G5, G60H, and amylose. Optimum pH of the hydrolytic activity
is 6.9.
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9E = enzyme (PPA); S = substrate; P = product; H = proton.

of one enzyme subsite critical for the difference of only one
glucose residue in the substrates (Figure 4). Analysis of the
products from the substrates G4OH-G60H indicates that the
shift of the optimum pH from 6.9 to 5.2 occurs when subsite
5 of PPA is not occupied by a glucose residue of the substrate
in the productive binding mode (Figure 3). This rule holds
also for the other substrates (amylose, starch, G5, and G2-
PNP), as shown in Figure 5. The optimum pH for y-CD is
5.2, suggesting that subsite 5 is not occupied in the productive
binding mode.

If there are two catalytic ionization groups, the pH profiles
must be bell-shaped and the optimum pH should be sub-
strate-independent like TAA, because the fact that the K,
values of PPA are independent of pH indicates that the pK
values of the ionization groups contributing to the catalytic
function of PPA are substrate-independent. Actually, PPA
is showing a substrate-dependent shift of the optimum pH
without any change in the pK values of the catalytic groups.
The substrate-dependent shift of the optimum pH, the pH-
independent K, and the deviation of pH profiles from the
theoretical curves based on the contribution of two ionizing
groups to the catalytic activity (G2-PNP, y-CD, G40OH, and
G50H) led to the modified reaction mechanism with three
ionization groups shown in Scheme I.

In Scheme I, we assume that three ionization groups con-
tribute to the enzyme activity. K., K,,, and K3 are the ion-
ization constants of the enzyme at the first, second, and third
ionization stages, respectively, and K, Kesp, and Ky are those
of the enzyme—substrate complexes. K, K/, K;”, and K,”” are
the dissociation constants between the substrate and the en-
zyme in the successive ionized states E, EH, EH,, and EH,,
respectively. Hydrolysis of the substrates occurs only from
the complex EH,S and EHS with the rate constants &, and
k,, respectively. The relative values of k, and k, determine
the apparent optimum pH of the hydrolysis. When the sub-
strate is large enough to occupy subsite 5 of PPA, the complex
EHS is more active than the complex EH,S; the &, value is
greatly increased and the optimum pH shifts toward neutrality.
Thus, the substrate-dependent shift of the optimum pH ob-
served for the hydrolytic activity of PPA can be explained
quantitatively by Scheme I.
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Table I. Kinetic Parameters Computed from the Data of k,, for
G50H and G60OH*

substrate

parameter G50H G60OH
Pk, 4.90 £ 0.05
pK, 5.35 + 0.06
pK, 8.55 % 0.02
AH, (kcal/mol) 0.0 £ 0.07
AH, (keal/mol) 287 £ 0.12
AH; (kcal/mol) 7.33 £ 0.10
k) (s7Y) 490 = 37 482 £ 30
ky (s7Y) 98 £ 3.8 912 £ 14
E| (kcal/mol) 19.7 £ 0.66 195+ 1.3
E, (kcal/mol) 201 % 1.1 18.8 % 0.26

“The 14 kinetic parameters on the activity of PPA including their
standard errors were obtained from the k., values at the different pH
and temperature by using eqs 1 and 2 and a nonlinear least-squares
method with Gauss—Newton variations. The values of pX,_; and k.,
were those at 30 °C.

The fact that K, is independent of pH allows us to assume
Ks = Ks/ = Ks// = Ksm9 Kel = Kﬁl’ Ke2 = Ress and KeS = R
Then, the following rate equation (eq 1) can be derived from
Scheme 1 by use of the stationary state method.

kear =

ky k
K.,K K H +K H H? M
2, B2 = a4+
H2 H Kel H Kez KelKeZ

Here K.;, K.5, K3, k|, and k, are functions of temperature as
shown:

pK,-; = -log K, 5

d(pK,_
AH_ = 2.3RE((})17173)2
E = -Rd In k,_, 2
R TVZ )

Here AH,, AH,, and AH, are enthalpy changes for pK), pK,
and pK,, E, and E, are activation energies for k; and k,, and
R and T are the gas constant and temperature, respectively.

The kinetic constants and their standard errors can be
calculated by using eqs 1 and 2 and a nonlinear least-squares
method “program system SALS” with Gauss—Newton varia-
tion (Nakagawa & Oyanagi, 1982). The rate parameters pKj,
pK,, pKs, k,, and k,, the enthalpy changes for pK;, pK,, and
pK,, and the activation energies for k; and k, are determined
most accurately by using the pH profile data for G6OH and
G50H at 10-37 °C since they are the substrates with different
optimum pH’s and rather small differences between their k,
and k, values. The values of pK|, pK,, and pKj;, based on the
dissociation constants of the free enzyme itself, are independent
of substrates. Therefore, we must obtain the following 14
parameters, pK,, pKs, pK;, AH, AH,, AH,, and k;, k,, E,,
and E, for GSOH and G60OH, from the temperature-de-
pendent pH profile data for GSOH and G60H at 10, 20, 30,
and 37 °C by using eq 1 in which eq 2 is substituted. As a
result of the computer analysis of the pH profiles, we obtained
the above parameters for GSOH and G60OH shown in Table
1. The experimental data and theoretical line computed from
eqs 1 and 2 with the parameters (Table I) are shown in Figure
6. The values of k; and k, for other substrates at 30 °C can
be determined by using these same values of pK,_;. As shown
in Figures 2 and 4, theoretical curves (solid lines) (values of
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FIGURE 6: Effect of temperature on pH profiles of &, for GSOH
(A) and G60H (B). The experimental points (@, 10 °C; 4, 20 °C;
|, 30 °C; and O, 37 °C) were determined at substrate concentrations
much greater than the value of K. The theoretical curves fitting
these data were calculated by using eqs 1 and 2 and the parameters
estimated (Table I).

pKi, pKs, pK;, k|, and k, are described in the figure legends)
fit in well with the experimental values. Scheme I and Table
I show that a catalytic residue of pK = 8.55 acts as a proton
donor in PPA. However, we cannot determine the residue that
acts as a proton acceptor because of the small difference be-
tween the values of pK; and pK,. The amino acid sequences
at the active site of PPA and TAA are quite similar, and the
amino acid residues near the catalytic site of PPA are com-
pared to the three-dimensional structure of TAA (Buisson et
al., 1987, Matsuura et al., 1984). Comparison of TAA with
PPA indicates that the three His residues (101, 201, and 299
in PPA) and three carboxyl residues (197, 233, and 300 in
PPA) are close enough to form hydrogen-bonding pairs. The
enthalpy changes of the pK’s and the information of the
three-dimensional structure strongly suggest that the residues
with pK values of 4.9 and 5.35 are carboxylates (Asp 197 or
300), and His, Cys, and Tyr are candidates for the residue with
the pK value of 8.55. However, the most probable residue is
His, since Cys and Tyr residues are probably not located in
the catalytic site of PPA (Buisson et al., 1987).

PPA whose five His residues were modified chemically by
diethyl pyrocarbonate at pH 6.0 (Nakatani, 1988; Ishikawa
et al., 1989) showed a decrease in amylase activity and an
increase in maltosidase activity. If the catalytic residue with
the pK value of 8.55 is His, it cannot be modified by the
reagent, since the chemical modification reagent is specific
for the deprotonated His residue at pH 6.0; normal His res-
idues (pK = 6-7) can be modified but the catalytic one with
pK = 8.55 must be practically unmodified at pH 6.0.
Therefore, steric hindrance around the His residue (one of the
catalytic residues) may reduce the reactivity with the modi-
fication reagent.

The optimum pH of PPA for soluble starch shifted from
6.9 to 5.5 when the chloride ion bound to PPA was eliminated,
although the enzyme activity was much lowered (Wakim et
al., 1969). Therefore, chloride ion also affects the relative
values of the two parameters k, and &, in Scheme I. Since
the chloride ion binding site is near the active site (Buisson
et al., 1987), far from subsite 5, the molecular mechanism for
the optimum pH shift due to the chloride ion may be different
from that in the substrate effect; chloride ion binding is an
additional indispensable factor for optimum pH being around
7. Drastic differences in the k; and k, values and the optimum
pH’s between maltopentaitol and maltopentaose (Figures 2
and 4) suggest that the binding modes are not the same despite
the fact that the substrates are quite similar in structure.
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Subtle differences in the end group of these substrates and of
glucose and sorbitol, as well as the binding of chloride ion, have
a pronounced influence on the catalytic mechanism.

TAA shows a simple bell-shaped pH profile with the op-
timum pH around 5.5, regardless of the character of substrates
(Matsubara et al., 1959); its catalytic residues are composed
of two carboxyl groups, a donor and an acceptor (Matsuura
et al., 1984). The present data and analysis show that the
catalytic function of PPA consists of at least three ionizable
residues. Previously proposed catalytic mechanisms that as-
sume only two catalytic residues (Thoma, 1968; Buisson et
al., 1987) should be extended so as to include an additional
modulation factor. The residue of pK; acting as a proton donor
is His, and the other two residues of pK,_, are probably car-
boxyl residues acting as a proton acceptor and its modulator.
Therefore, the catalytic mechanism of PPA should be con-
structed including an additional modulation mode to distin-
guish characters of substrates in the productive binding mode
by protonation and deprotonation of the probable carboxyl
residue at the active site. Our data and X-ray structure suggest
that the proton donor for the catalysis of PPA is a His residue,
either His 101, 201, and 299, and the active carboxyl residues
are two of the three residues Asp 197, Glu 233, and Asp 300.
To clarify the detailed catalytic mechanism of PPA, further
structural and biochemical investigations are necessary.

Furthermore, it has been found that binding of a glucose
residue to subsite 5 in the productive binding mode affects the
transition state of hydrolysis at the catalytic site (Figure 5).
It is reasonable to assume that the interaction between each
subsite and a glucose residue in the enzyme—substrate complex
is not rigid and not independent in PPA but flexible, especially
at subsites 3 and 4, in which the catalytic site is located. The
productive binding mode covering subsite 5 with a glucose
residue must change configurations between the catalytic
residues and the glycosidic bond hydrolyzed. If some pentamer
substrates containing glucose analogues at the reducing end
are used for pH profile determination, more information will
be obtained about relationships between the binding site and
the catalytic site.
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