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The inhibitory effect of 0.19 α-amylase inhibitor (0.19 AI) from wheat kernel on the
porcine pancreas α-amylase (PPA)–catalyzed hydrolysis of p-nitrophenyl-α-D-malto-
side (pNP-G2) was examined. 0.19 AI is a homodimer of 26.6 kDa with 13.3-kDa sub-
units under the conditions used. The elution behaviors in gel filtration HPLC of PPA
and 0.19 AI indicated that a PPA molecule bound with a 0.19 AI molecule (homodimer)
at a molar ratio of 1:1. 0.19 AI inhibited PPA activity in a competitive manner with an
inhibitor constant, Ki, of 57.3 nM at pH 6.9, 30°C, and the binding between them was
found to be endothermic and entropy-driven. The activation energy for the thermal
inactivation of 0.19 AI was determined to be 87.0 kJ/mol, and the temperature, T50, giv-
ing 50% inactivation in a 30-min incubation at pH 6.9 was 88.1°C. The high inhibitory
activity of 0.19 AI against PPA and its high thermal stability suggest its potential for
use in the prevention and therapy of obesity and diabetes.
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Abbreviations: AI, α-amylase inhibitor; pNP-G2, p-nitrophenyl-α-D-maltoside; PPA, porcine pancreas α-amylase.

Plants contain a large number of inhibitors against amy-
lases and proteinases. They are present in seeds and veg-
etative organs and are believed to function in resistance
against predation by phytophagous insects (1).

Wheat (Triticum aestivum) kernel contains a number
of proteinaceous α-amylase inhibitors (AIs), which are
by-products of starch and gluten manufacture. Recently,
interest in wheat AIs has focused on their therapeutic
effects on obesity and non-insulin-dependent diabetes.
They are reported to delay postprandial carbohydrate
digestion and absorption, and lower plasma glucose lev-
els without altering pancreatic growth (2–4). These
observations strongly suggest that these untapped pro-
teinaceous resources may be applicable to the therapy of
obesity and diabetes.

Wheat AIs are classified into three families of 60, 24,
and 12 kDa (5). The 60-kDa family members exist as het-
erotetramers composed of CM proteins (6). The 12-kDa
family members, including 0.28 AI, designated according
to its electrophoretic mobility on a native gel (7, 8), exist
as monomers (9). The 24-kDa family members, including
0.19, 0.36, 0.38, and 0.53 AIs exist as dimers (2).

0.19 AI of the 24-kDa family is the major component of
wheat AIs. It inhibits α-amylases from Bacillus subtilis
(10), yellow mealworm (11), cowpea weevil, Mexican bean
weevil, bean weevil, porcine pancreas (12), chicken pan-
creas (13), and human saliva (2, 14) and pancreas (2).
0.19 AI is a homodimer of molecular weight 26,600, com-
prising two identical 13.3-kDa subunits composed of 124
amino acid residues that are associated by non-covalent
interactions (15). The X-ray crystallographic analysis of

four major α-helices, one one-turn helix, and two short
antiparalell β-strands. The subunits in a dimer are
related each other by non-crystallographic 2-fold axis,
and the interface is mainly composed of hydrophobic res-
idues (16). Although 0.19 AI has been extensively studied
with respect to its structure, properties, and inhibitory
activity (17–19), little is known about its interaction with
amylase, including the amylase-binding site and the
inhibition mechanism.

The objective of this paper is to provide some insights
into the inhibitory effect of 0.19 AI on porcine pancreas α-
amylase isomer-I (PPA) kinetically as well as its thermal
stability. It was found that a PPA molecule (E) binds a
0.19 AI homodimer (I2) to form the EI2 complex, and that
the inhibition of I2 against E is competitive.

MATERIALS AND METHODS

Materials—Pancreatin (Lot 57F-0658) was purchased
from Sigma (St. Louis, MO). A crude preparation of
wheat α-amylase inhibitor containing 0.19, 0.28, 0.36,
0.38, 0.53, and other AIs, which was prepared according
to the method reported previously (2), was a generous gift
from Nagata Sangyo (Hyogo). All other chemicals were of
reagent grade and purchased from Nacalai Tesque
(Kyoto).

Purification of PPA—One gram of pancreatin was dis-
solved in 100 ml of 15 mM Tris-HCl buffer (pH 8.3)
(buffer A). Sixty-seven milliliters of chilled acetone was
added to the solution, followed by centrifugation at
10,000 ×g for 30 min. Acetone was further added to the
supernatant to a final concentration of 67%, and the pre-
cipitates were collected by centrifugation. The precipi-
tates were then dissolved in buffer A and applied to
anion-exchange HPLC on a TSKgel Super Q-5PW column
[7.5 mm (inner diameter) × 75 mm] (Tosoh, Tokyo) equili-
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brated with the same buffer. A linear gradient was gener-
ated from 0 M to 50 mM NaCl at time 5 min over 25 min
at a flow-rate of 1 ml/min at 25°C. PPA-I and PPA-II were
eluted at 19.2 and 25.4 mM NaCl, respectively, and the
former was collected for further analysis. Hereafter, PPA-
I is abbreviated as PPA. The concentration of PPA was
determined spectrophotometrically by using the molar
absorption coefficient at 280 nm of 1.28 × 105 M–1 cm–1

calculated from the amino acid composition (20). Absorp-
tion was measured with a Shimadzu UV-2200 spectro-
photometer (Kyoto).

Purification of 0.19 AI—One gram of crude AI was dis-
solved in 100 ml of 15 mM borate buffer (pH 10.0) (7.9 mg
protein/ml) and dialyzed against the same buffer. Fifty
microliters of the solution was then applied to anion-
exchange HPLC on a TSKgel BioAssist Q column [10 mm
(inner diameter) × 50 mm] (Tosoh) equilibrated with the
same buffer. Wheat AIs were separated over 130 min at a
flow-rate of 80 µl/min at 25°C. 0.19 AI was eluted at
around 75 min, and the fraction eluted from 70 min to 80
min was collected for further analyses. The concentration
of 0.19 AI was determined by using the molar absorption
coefficient at 280 nm of 34,200 M–1 cm–1 calculated from
the amino acid composition (15).

Polyacrylamide Gel Electrophoresis (PAGE)—Native
PAGE was performed in a 7.5% gel system, and SDS-
PAGE was performed in a 15–25% gradient gel system
(PAG mini Daiichi, Lot 124RCA, Daiichi Pure Chemicals,
Tokyo) under non-reducing conditions according to the
method of Laemmli (21). A constant current of 40 mA was
applied, and proteins were stained with Coomassie Bril-
liant Blue R-250. A molecular weight marker kit consist-
ing horse muscle myoglobin II (6.2 kDa), I (8.2 kDa), I
and III (10.7 kDa), I and II (14.4 kDa), myoglobin (17.0
kDa), hen eggwhite lysozyme (14.4 kDa), soybean trypsin
inhibitor (20.1 kDa), bovine erythrocyte carbonic anhy-
drase (30.0 kDa), rabbit muscle aldolase (42.4 kDa),
bovine serum albumin (66.3 kDa), and rabbit muscle
phosphorylase b (97.4 kDa) was a product of Daiichi Pure
Chemicals.

Gel-Filtration High-Performance Liquid Chromatogra-
phy (HPLC)—Gel filtration HPLC was performed on a
TSKgel G2000SWXL column [7.8 mm (inner diameter) ×
30 cm] (Tosoh) equilibrated with 20 mM sodium phos-
phate buffer, pH 6.9 (buffer B) containing 0.3 M NaCl at a
flow-rate of 1.0 ml/min at 30°C. PPA and 0.19 AI were
incubated in buffer B containing 25 mM NaCl at 30°C for
30 min, and 200 µl of the mixture was then applied to
HPLC. Molecular weight markers used were horse heart
cytochrome c (12.4 kDa), horse muscle myoglobin (17.2
kDa), bovine erythrocyte carbonic anhydrase (30.0 kDa),
hen eggwhite albumin (45.0 kDa), and bovine serum
albumin (66.3 kDa).

PPA-Catalyzed Hydrolysis of pNP-G2—It is known
that pNP-G2 is hydrolyzed by PPA at one position to pro-
duce p-nitrophenol (pNP) (22). PPA-catalyzed hydrolysis
of pNP-G2 was measured in buffer B (pH 6.9) containing
25 mM NaCl, by following the increase in absorbance at
400 nm due to pNP. The amount of pNP produced was
determined by using the molar absorption coefficient of
9,470 M–1 cm–1 at pH 6.9 (23). The kinetic parameters,
the catalytic constant (kcat) and Michaelis constant (Km),

were determined by using the linear least-squares
method.

Inhibition of PPA by 0.19 AI—PPA was incubated with
0.19 AI in buffer B for 30 min at a temperature of 20–
40°C. The hydrolysis was then initiated by adding pNP-
G2 to the reaction mixture. The initial concentrations of
PPA, 0.19 AI, and pNP-G2 were 165 nM, 0–457 nM, and
4.0 mM, respectively. The standard enthalpy change
(∆H°′) for the binding of PPA with 0.19 AI was deter-
mined from the slope (∆H°′/R) of the plot of ln Ki against
1/T (Van’t Hoff plots). The standard Gibbs energy change
∆G°′ and the standard entropy change ∆S°′ for the bind-
ing of PPA with 0.19 AI were determined according to the
following equations (24):

 (1)

 (2)

Thermal Inactivation of 0.19 AI—0.19 AI was incu-
bated in buffer B containing 25 mM NaCl for a specified
period at a temperature of 50–90°C, followed by mixing
with PPA. The 0.19 AI-PPA reaction mixture was further
incubated at pH 6.9, 30°C, for 30 min, and then the
enzyme activity was measured with pNP-G2. The initial
concentrations of PPA, 0.19 AI, and pNP-G2 in the reac-
tion mixture were 165 nM, 100 nM, and 4.0 mM, respec-
tively. The concentration of the active or free 0.19 AI was
calculated from the residual inhibitory activity, and the
Ki value at pH 6.9, 30°C. The apparent first-order rate
constant (k) of the thermal inactivation was determined
by fitting to the following equation:

 (3)

where [I2]o and [I2] are the initial and active concentra-
tions of 0.19 AI (homodimer), respectively. The activation
energy (Ea) for the thermal inactivation was determined
from the slope of the Arrhenius plots of k against 1/T, and
the Gibbs energy of activation ∆G‡, the enthalpy of acti-
vation ∆H‡, and the entropy of activation ∆S‡

 were deter-
mined according to the following equations (24, 25):

(4)

(5)

where kΒ, h, and R are the Boltzman, Plank, and gas con-
stants, respectively, and T is the temperature shown in
the Kelvin unit.

RESULTS

Purification of 0.19 AI—Figure 1A shows an elution
pattern of the crude wheat AI on an anion-exchange
HPLC column, TSKgel BioAssist Q. By means of the iso-
cratic elution at a considerably low flow-rate of 80 µl/min,
wheat AIs were successfully separated, and the fraction
eluted from 70 to 80 min was collected. The purity of the
preparation was also confirmed by PAGE (Fig. 1B). The
preparation showed a single band corresponding to 13.3
kDa on the SDS-PAGE and a single band on the native
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PAGE with a mobility of 0.19 with respect to that of
bromophenol blue (BPB). By this procedure, 1.3 mg of
0.19 AI was purified to homogeneity from 3.2 mg of crude
AI.

HPLC Analysis of the Complex Formation—The elu-
tion behaviors of PPA, 0.19 AI, and the complex in a gel
filtration HPLC column, TSKgel G2000SWXL are shown
in Fig. 2. Under these conditions, PPA was eluted at 10.2
min. The molecular mass of PPA was evaluated to be 17
kDa from this elution time, although its true molecular
mass was 55.4 kDa. On the other hand, 0.19 AI was
eluted at 9.5 min, suggesting that its molecular mass
could be 24.0 kDa. When PPA (E) and 0.19 AI (dimer, I2)

were incubated at a molar ratio of 1:1, a new peak was
appeared at 8.7 min, which suggests that the molecular
mass of the protein in the peak might be 35.0 kDa. When
E and I2 were incubated at a molar ratio of 2:1, no new
peaks appeared, and the peak of the excess of free PPA
was observed at 10.2 min. These elution profiles clearly
indicated that E bound with I2 at a molar ratio of 1:1 to
form EI2 complex, and E2I2 complex was not formed,
although 0.19 AI existed as a homodimer.

Competitive Inhibition of PPA activity by 0.19 AI—
Figure 3 shows the Hanes-Woolf plots for the hydrolysis
of pNP-G2 at pH 6.9 and 30°C. The catalytic constant
(kcat) and Michaelis constant (Km) for the hydrolysis of
pNP-G2 at pH 6.9 and 30°C were determined to be (5.23 ±
0.21) × 10–2 s–1 and 4.17 ± 0.35 mM, respectively. A line

Fig. 1. Purification of 0.19 AI by anion-
exchange HPLC with TSKgel BioAssist Q.
Panel A: Separation of crude AI. A 7.9 mg/ml
solution of crude AI was dialyzed against 15
mM borate buffer (pH 10.0), and 50 µl of the
solution (containing 0.40 mg) was subjected to
the column equilibrated with the same buffer.
The elution was monitored by absorbance at
280 nm. The flow-rate was 80 µl/min. The frac-
tion eluted from 70 to 80 min was collected, and
it was shown that 0.16 mg protein was purified
in this fraction. Panel B: Polyacrylamide gel
electrophoresis of the preparation. a: SDS-
PAGE was performed in a 15–25% gradient-gel
system. Lane 1, crude AI containing 7.9 µg pro-
tein. Lane 2, the purified preparation contain-
ing 1.8 µg protein. b: Native PAGE was per-
formed in a 7.5% gel system, and the
preparation of 1.8 µg was applied to the lane.
The relative electrophoretic mobility of the
preparation was determined to be 0.19 by com-
paring the mobility of the preparation with that
of bromophenol blue.

Fig. 2. HPLC analysis of the complex formation. 0.19 AI dimer
(I2; 1.45 µM) was incubated with PPA in buffer B (pH 6.9) contain-
ing 25 mM NaCl for 30 min. Two hundred µl of the mixture was
then subjected to a TSKgel G2000SWXL column equilibrated with
buffer B containing 0.3 M NaCl. The molar ratios of PPA (E) : 0.19
AI dimer (I2) are (a) 0 : 1, (b) 1 : 0, (c) 1 : 1, and (d) 2 : 1. Accordingly,
the composition of the mixtures are (a) 1.45 µM I2; (b) 1.45 µM E; (c)
1.45 µM E + 1.45 µM I2; and (d) 2.90 µM E + 1.45 µM I2.

Fig. 3. Hanes-Woolf plots for the hydrolysis of pNP-G2. PPA
was incubated with 0 M (circles) and 117 nM 0.19 AI (triangles) in
buffer B, pH 6.9, containing 25 mM NaCl. The reaction was initi-
ated by adding substrate pNP-G2 to the reaction mixture. The ini-
tial concentration of PPA ([E]o) was 182 nM, and that of 0.19 AI
([I2]o) was 0 or 117 nM. The initial concentrations of substrate ([S]o)
were in the range of 0.9 mM to 7.2 mM. The catalytic constant (kcat)
and Michaelis constant (Km) in the absence of 0.19 AI were deter-
mined to be (5.23 ± 0.21) × 10–2 s–1 and 4.17 ± 0.35 mM, and those in
the presence of 117 nM 0.19 AI were (5.25 ± 0.21) × 10–2 s–1 and 8.93
± 0.55 mM, respectively.
Vol. 135, No. 3, 2004
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with the same slope was obtained in the presence of 117
nM 0.19 AI, and the kcat and Km values were determined
to be (5.25 ± 0.21) × 10–2 s–1 and 8.93 ± 0.55 mM, respec-
tively. These data indicated that 0.19 AI inhibited PPA
activity through an increase in Km, and the inhibition
was judged to be competitive.

Determination of the Inhibitor Constant—Based on
the result that 0.19 AI dimer inhibits PPA competitively
at a molar ratio of 1:1, the inhibitor constant (Ki) is
defined as:

(6)

where [E], [I2], and [EI2] are the concentrations of free
PPA, 0.19 AI dimer, and the EI2 complex, respectively.
A relative activity (v/vo) can be described as:

(7)

where [E]o and [I2]o are the initial concentrations of PPA
and 0.19 AI dimer, respectively. The effect of 0.19 AI con-
centration on the relative PPA activity at two different
PPA concentrations is shown in Fig. 4A. The Ki value at
pH 6.9, 30°C was determined to be 57.3 ± 2.7 nM from Eq.
7 using non-linear least-squares regression (26). The
degree of inhibition by 0.19 AI depended on the initial
PPA concentration in this concentration range, and the
result obtained at high PPA concentration also indicated
that PPA bound with 0.19 AI dimer (I2) at a molar ratio of
1:1.

Temperature-dependence of Ki was also examined at
pH 6.9, in the temperature range of 20–40°C (Fig. 4B).
From the slope of the Van’t Hoff plots, the standard
enthalpy change (∆H°′) for the binding of PPA with 0.19
AI was determined to be 28.2 ± 3.6 kJ mol–1. The stand-
ard Gibbs energy change (∆G°′) and the standard entropy
change (∆S°′) for the formation of the EI2 complex were
determined to be –42.0 ± 0.1 kJ mol–1 and 232 ± 12 J mol–1

K–1, respectively.

Thermal Inactivation of 0.19 AI—Thermal inactivation
of 0.19 AI was observed at pH 6.9 in the temperature
range of 50–90°C (Fig. 5A). PPA activity was measured at
30°C in the presence of the heat-treated 0.19 AI and
found to increase with the increase in incubation time of
0.19 AI. The concentration of active 0.19 AI was calcu-
lated from the residual inhibitory activity using Eq. 7
with the Ki value of 57.3 nM. The inactivation followed
pseudo-first-order kinetics, and the first-order rate con-
stants, k, at 50, 60, 70, 80, and 90°C were determined to
be (1.17 ± 0.06) × 10–5, (3.42 ± 0.07) × 10–5, (9.04 ± 0.02) ×
10–5, (1.97 ± 0.03) × 10–4, and (4.18 ± 0.06) × 10–4 s–1,
respectively. Arrhenius plots of k for the thermal inacti-
vation of 0.19 AI are shown in Fig. 5B. The activation
energy for the thermal inactivation was determined to be
87.0 ± 2.4 kJ mol–1 from the slope, and the temperature,
T50, giving 50% inactivation in a 30-min incubation was
determined to be 88.1°C. Eyring plots are also shown in
Fig. 5C, and the enthalpy of activation (∆H‡) and the
entropy of activation (∆S‡) for the inactivation were
determined to be 84.2 ± 2.4 kJ mol–1 and –78.8 ± 7.0 J
mol–1 K–1, respectively. The Gibbs energy of activation
(∆G‡) at 50°C and 90°C was calculated to be 110 ± 5 and
113 ± 5 kJ mol–1, respectively.

DISCUSSION

Purification of 0.19 AI—Wheat contains a large
number of AIs, many of which have almost the same
molecular weight and similar properties. They have been
most clearly separated by reversed-phase HPLC at a
fairly high temperature, 50°C (2). In this study, the puri-
fication of the major component of wheat AIs, 0.19 AI,
was examined under milder conditions, and 0.19 AI was
successfully purified using an anion-exchange HPLC col-
umn, TSKgel BioAssist Q. This method could be suitable
for the large-scale purification of wheat AIs.

Thermal Inactivation of 0.19 AI—The T50 value
(88.1°C) of the thermal inactivation of 0.19 AI (Fig. 5)
indicates that 0.19 AI is stable against heat treatment,

Fig. 4. Inhibitory effect of 0.19 AI on PPA. Panel A: Competitive
inhibition of PPA activity by 0.19 AI. The reaction was performed in
buffer B containing 25 mM NaCl at 30°C. The initial concentrations
of 0.19 AI ([I2]o) were in the range of 0–457 nM, and that of pNP-G2
([S]o) was 4.0 mM. The initial concentrations of PPA ([E]o) were 165
nM (circles) and 1.32 µM (triangles). The activities of 4.4 and 36.4

nM/s were taken as relative activities of 1.0 at the [E]o of 165 nM and
1.32 µM, respectively. The inhibitor constant (Ki) was determined to
be 57.3 ± 2.7 nM. Panel B: Van’t Hoff plots of Ki. The standard
enthalpy change (∆H°′) for the binding of PPA with 0.19 AI was
determined to be 28.2 ± 3.6 kJ mol–1.

Ki
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and this value is in reasonable agreement with the Tm
value of 93°C reported by differential scanning calorimet-
ric studies (19). However, it should be noted that the Ea
value (87.0 ± 2.4 kJ mol–1) of the thermal inactivation is
considerably lower than those of other proteins, although
the T50 value is high (27–29). The other activation param-
eters, ∆G‡ of 110–113 kJ mol–1, ∆H‡ of 84.2 kJ mol–1, and
∆S‡ of –78.8 J mol–1 K–1, suggest that the activation proc-
ess of the inactivation of 0.19 AI is endothermic and
shifts the 0.19 AI molecule to a more energy-rich and
highly-ordered state.

HPLC Analysis of the Complex Formation—Gel-filtra-
tion HPLC was performed on TSKgel G2000SWXL equili-
brated with 20 mM sodium phosphate buffer (buffer B)
containing 0.3 M NaCl to minimize non-specific interac-
tions of proteins with chromatographic gels (30). How-
ever, PPA (E) and EI2 complex eluted at the positions
corresponding to 17.0 and 35.0 kDa, although their
theoretical molecular masses are 55.4 and 82.0 kDa,
respectively. On the other hand, 0.19 AI (I2, 26.6 kDa)
was eluted at the position corresponding to 24.0 kDa,
suggesting that I2 is eluted at almost the theoretical posi-
tion in the gel-filtration HPLC. The discrepancy between
the theoretical molecular masses and those evaluated
from the elution positions of E and EI2 suggest non-spe-
cific interaction between PPA and the matrix of TSKgel
G3000SWXL. Similar behaviors are observed in gel-filtra-
tion chromatography of α-amylases from Bacillus subtilis
(10) and Bacillus licheniformis (Inouye, K. unpublished
data). Although the estimated molecular masses of E and
EI2 are inaccurate, E, I2, and EI2 were nevertheless

clearly separated, and the binding ratio was determined
to be 1:1. When equal amounts of E and I2, were incu-
bated, a small amount of I2 was observed in the HPLC,
suggesting that the inhibitor constant was in the order of
10–8 M (Fig. 2).

Inhibition of PPA Activity by 0.19 AI—Hanes-Woolf
plots for the PPA-catalyzed hydrolysis of pNP-G2 show
the competitive inhibition of PPA activity by 0.19 AI (Fig.
3), and this indicates that 0.19 AI may bind to the
substrate-binding site of PPA. The inhibition curves
obtained with two different PPA concentrations indicated
a Ki value of 57.3 nM and also confirmed the binding
ratio of E:I2 = 1:1 (mol/mol) (Fig. 4A). Both HPLC and
kinetic analyses indicated the binding ratio of 1:1 (mol/
mol), although 0.19 AI is a homodimer composed of two
identical subunits. Similar results have been reported in
the interaction of 0.19 AI with α-amylases from yellow
mealworm (11) and chicken pancreas (13) by kinetic, dif-
ference spectral, gel-filtration and differential scanning
calorimetric studies. The Ki values for these α-amylases
have been reported to be 0.85 nM at pH 5.3 and 37°C and
3.7 nM at pH 5.8 and 37°C, respectively. On the other
hand, the α-amylase inhibitor 0.28 AI, which is a mono-
mer protein similar to the subunit of 0.19 AI in molecular
weight and amino acid sequence (14, 18), has been
reported to bind these α-amylases at a molar ratio of E:I
= 1:2 (11, 13). It is suggested that α-amylases have at
least two binding sites for 0.28 AI. These lines of evidence
suggest the following explanation for the binding ratio of
PPA to 0.19 AI. The PPA molecule has two inhibitor-bind-
ing sites. When the primary site is occupied by a 0.19 AI

Fig. 5. Thermal inactivation of 0.19 AI. Panel A: Time-
dependence of the thermal inactivation of 0.19 AI. 0.19 AI was
incubated in buffer B containing 25 mM NaCl at 50 (open cir-
cles), 60 (open triangles), 70 (open diamonds), 80 (open squares),
and 90°C (solid circles) for the time indicated. The apparent
first-order rate constants (k) for the thermal inactivation at pH
6.9, at 50, 60, 70, 80, and 90°C were determined to be 1.17 × 10–5,
3.42 × 10–5, 9.04 × 10–5, 1.97 × 10–4, 4.18 × 10–4 s–1, respectively.
Panel B: Arrhenius plots of k. The activation energy for the ther-
mal inactivation at pH 6.9 was determined to be 87.0 ± 2.4 kJ
mol–1. Panel C: Eyring plots. The enthalpy of activation and the
entropy of activation at pH 6.9 were determined to be 84.2 ± 2.4
kJ mol–1 and –78.8 ± 7.0 J mol–1 K–1, respectively.
Vol. 135, No. 3, 2004
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molecule (I2), a second I2 molecule cannot bind to the sec-
ond site, probably because of the bulkiness of the inhibi-
tor. In the same way, when one of the subunits of 0.19 AI
binds PPA, the other subunit cannot bind a second PPA
molecule, probably because of the bulkiness of the PPA
molecule. We have found that 0.19 AI inhibits PPA com-
petitively, suggesting that the primary inhibitor-binding
site on PPA is at the active site and the secondary one
might be far from the active site. If a monomer form of
0.19 AI (I) could be prepared by modifying the subunit-
interacting area, it is possible that a ternary complex
(IEI) might be formed. The structural and functional
relationship between the two inhibitor-binding sites on
PPA is of great interest.

Thermodynamic analysis has demonstrated that the
binding of PPA with 0.19 AI is endothermic and gives a
large positive ∆S°′, indicating that the binding is driven
by a large increase in entropy. Unfortunately, the PPA-
binding site on 0.19 AI has not yet been identified, but
this large increase in entropy suggests that hydrophobic
interaction may play a significant role in the binding of
PPA with 0.19 AI. An X-ray crystallographic study of the
PPA-0.19 AI complex is currently under way. The signifi-
cance of the dimer structure of 0.19 AI is not known.
Recently, we have evaluated the subunit-exchange rate of
bovine erythrocyte superoxide dismutase (BESOD) com-
posed of two identical 16-kDa subunits and estimated the
physicochemical nature of the subunit interaction (31). It
is suggested that if the subunit-exchange rate for 0.19 AI
could be determined, the kinetic and thermodynamic
information for the subunit interaction could be obtained.

Certain α-amylase inhibitors have been shown to have
adverse effects on nutrition due to their inhibition of
digestive amylase enzymes. On the other hand, the inhi-
bition has been proposed for application in obesity and
diabetes (32). Naturally occurring proteinaceous α-amy-
lase inhibitors are classified into seven types according to
similarities in sequence and three-dimensional struc-
tures (1, 32). Their Ki values are in the range of 10–6–10–12

M, and the Ki value of 0.19 AI against PPA is almost com-
parable to the values of the strongest inhibitors. Their
thermal stability and physicochemical properties are not
known. Synthetic and low-molecular-weight inhibitors,
such as acarbose and glucopyranosylidene-spiro-thiohy-
dantoin, have also been extensively studied, but some
demerits for therapeutic use have been reported (33, 34).
We have demonstrated in this paper the high thermal
stability of 0.19 AI as well as its high inhibitory activity
against PPA. These observations suggest that 0.19 AI
has potential for use in the prevention and therapy of
obesity and diabetes.
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