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ABSTRACT: The crystal structure of 0.19R-amylase inhibitor (0.19 AI) from wheat kernel was determined
by the multiple-isomorphous replacement method coupled with density modification and noncrystallographic
symmetry averaging and then refined by simulated annealing using diffraction data to 2.06 Å resolution
(R) 18.7%, freeR) 22.3%). The asymmetric unit has four molecules of 0.19 AI, each comprised of
124 amino acid residues. Electron density for residues 1-4 and 69-77 is absent in all subunits, probably
because of the intrinsic flexibility of these segments. Each subunit has four majorR-helices and one
one-turn helix which are arranged in the up-and-down manner, maintaining the favorable packing modes
of theR-helices. 0.19 AI, however, has two short antiparallelâ-strands. All 10 cysteine residues in 0.19
AI form disulfide bonds (C6-C52, C20-C41, C28-C83, C42-C99, and C54-C115), consistent with
the assignments made biochemically for 0.28 AI from wheat kernel and by NMR analysis of the bifunctional
R-amylase/trypsin inhibitor from ragi seeds (RBI). The disulfide bond patterns in these AIs are similar
to those in the hydrophobic protein from soybean (HPS), which lack only the bond corresponding to
C28-C83 in 0.19 AI. Extensive interactions occurred between particular pairs of 0.19 AI subunits, mainly
involving hydrophobic residues. Comparisons of the structures of 0.19 AI, RBI, and HPS showed that
the arrangements of the majorR-helices are similar but the conformations of the remaining residues differ
markedly. The present X-ray analysis for 0.19 AI and the NMR analysis for RBI suggest that all the AIs
in this family have a common fold. TheR-amylase binding site is discussed on the basis of the tertiary
and quaternary structures of 0.19 AI together with biochemical and spectroscopic data for AIs.

Protein inhibitors ofR-amylase are found widely in
prokaryotic and eukaryotic cells and have inhibitory activity
onR-amylases, the enzymes responsible for cleavage ofR-
(1-4) glucoside bonds present in glycogen and starch. A
large number ofR-amylase inhibitors (AIs)1 have been
isolated from plants and microbial sources, and their
extensive biochemical, biophysical, and spectroscopic data
have been accumulated. About 30 proteins found in cereal
seeds, which include trypsin inhibitors as well as AIs, are
known to belong to one family on the basis of the homology
of their amino acid sequences (1, 2). They are, however,
unrelated to the AI fromStreptomyces tendaeand the
bifunctional serine protease/R-amylase inhibitor from wheat,
whose three-dimensional structures are known (3-5).
AIs of this family are composed of 120-130 amino acid

residues and have similar sequences (1, 2). Cysteine
residues, in particular, are highly conserved. Typically, AIs

have ten cysteine residues which form five disulfide bonds.
They are resistant to heat treatment and are stable at extreme
pH values (1). Circular dichroism analysis has shown that
AIs have a highR-helix content (6), unlike theR-amylase
inhibitor fromS. tendaeand the bifunctional serine protease/
R-amylase inhibitor from wheat which are composed mostly
of â-strands (3-5). The AIs of this family are present as a
monomer, homodimer, or heterotetramer. Although their
physicochemical characteristics and interaction withR-amy-
lases have been studied extensively (6-9), only limited
information is available on the tertiary and quaternary
structures of the AIs of this family. To date, only the tertiary
structure of the bifunctionalR-amylase/trypsin inhibitor from
ragi seeds (RBI) has been determined by NMR spectroscopy
(2).

The AI coded 0.19 according to its gel electrophoretic
mobility relative to bromophenol blue is one of the most
studied AIs of this family and inhibitsR-amylases from
human saliva, chick pancreas, the yellow mealworm, and
Bacillus subtilis(6, 7, 9, 10). It has 124 amino acid residues,
and its amino acid sequence (11) is 26% identical with that
of RBI (12). The known sequence of 0.19 AI and the gel
chromatography results of Silanoet al. (7) and Buonocore
et al. (9) indicate that 0.19 AI is a homodimer. To show
the structural basis for the inhibitory mechanism ofR-amy-
lase, we determined the three-dimensional structure of 0.19
AI by X-ray crystallographic analysis. The results provide
a guide for our study of the structure-function relationships
using site-directed mutagenesis and for technological studies
such as in diabetes control and nutritional and/or toxicologi-
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cal aspects of foods. We report here the tertiary and
quaternary structures of 0.19 AI and compare its tertiary
structure with the structures of RBI (2) and the hydrophobic
protein from soybean (HPS) with unknown function (13).

EXPERIMENTAL PROCEDURES

Preparation of HeaVy-Atom DeriVatiVes. 0.19 AI was
purified from wheat flour by the procedure described by
Maedaet al. (11) and crystallized in the space groupP31
(subsequent analysis determined the correct enantiomer
described below) with the following unit cell constants:a
) b ) 79.3 Å and c ) 60.8 Å (14). Although one
isomorphous heavy-atom derivative was prepared by soaking
the crystal in HgCl2 solution, the electron density map based
on its single-isomorphous replacement phases could not be
interpreted (14). We therefore searched for other heavy-
atom derivatives with a procedure similar to that used for
the mercury derivative. Diffraction data for each derivative
crystal were evaluated using a difference Patterson map.
Eventually, two new heavy-atom derivatives useful in phase
determination were found.
Data Collection and Processing.Each crystal was sealed

in a glass capillary tube. Its X-ray diffraction data were
collected at room temperature. For the native, HgCl2-, and
PCMB-derivative crystals, intensity data were collected using
an R-AXIS IIc or IV instrument and CuKR radiation and
then processed and scaled using Rigaku software (15).
Diffraction data for the UAc and HgCl2 derivatives were
collected using synchrotron radiation with a screenless
Weissenberg camera for macromolecular crystals (16) at the
BL6A2 station of the Photon Factory at the National
Laboratory for High Energy Physics. The second data set
for the HgCl2 derivative was focused on the use of anomalous
phase information; therefore, the wavelength was set near
the absorption edge of the mercury atom. The radius of the
film cassette, which contained a Fuji imaging plate (IP) with
a detection area of 40 cm× 20 cm, was 429.7 mm. The
diffraction intensities recorded on each IP were read out with
Fuji BA100 for the UAc derivative and with BAS2000 for
the HgCl2 derivative. They were processed and scaled with
the WEIS program (17) for the former and with DENZO
(18) and SCALEPACK (19) for the latter. Results of the
data collection and some of the experimental conditions are
given in Table 1.
Rotation Function.It was most probable that the four 0.19

AI subunits were contained in the asymmetric unit on the
basis of theVm value (20) (2.1 Å3/Da for four subunits)
because 0.19 AI exists as a dimer. Theκ ) 180° section of
a self-rotation function using the native data is shown Figure
1. There are a major peak (P) atψ ) 90° andφ ) 3° and
two minor peaks (Q and R) atψ ) 37° andφ ) 95° andψ
) 53° andφ ) 275°, respectively. These three 2-fold axes
are perpendicular to each other. This suggests that four
subunits of 0.19 AI in an asymmetric unit are associated with
satisfying 222 symmetry.
Phase Determination and ImproVement. Major heavy-

atom sites were located in the difference Patterson maps,
and their sites and occupancies were refined with the CCP4
program suite (21). The correct space group was determined
to beP31 on the basis of the anomalous scattering data of
the HgCl2 derivative (22). The minor heavy-atom sites in
each derivative were subsequently located by difference

Fourier syntheses using the phases derived from multiple-
isomorphous replacement and anomalous scattering methods.
The phase angles and figures of merit were calculated with
MLPHARE (23). The overall figure of merit was 0.495 for
8345 reflections between 15 and 3.0 Å resolution. The
phasing results are shown in Table 1. The quality of the
electron density map was not sufficient to be able to identify
the boundary of each subunit or to trace any of the
polypeptide chains. Although we expected that the heavy
atoms would bind to equivalent sites in each subunit, we
were unable to locate the local symmetries from the heavy-

Table 1: Data Collection and Phasing Statistics

native HgCl2(1) HgCl2(2) UAc PCMB

concentration
(mM)

- 3 3 5 2

soaking time
(h)

- 4 10 2 24

wavelength
(Å)

1.5418 1.5418 0.995 1.04 1.5418

resolution
limit (Å)

2.06 2.06 3.3 2.4 3.5

measured
reflections

49 815 62 783 18 574 20 510 18 331

independent
reflections

22 687 22 834 5 906 11 154 5 347

completeness
(%)a

81.9
(67.3)

83.0
(70.0)

85.0
(73.2)

66.7
(51.0)

88.8
(92.6)

Rmerge(%)a,b 5.7
(15.0)

5.5
(24.0)

2.6
(3.3)

4.8
(8.4)

7.1
(7.0)

Riso (%)c 12.2 20.8 24.6 11.2
Rano(%)d - 4.3 - -
no. of heavy-
atom sites

8 12 7 9

resolution for
phasing (Å)

15.0-3.0 15.0-3.3 15.0-3.0 15.0-3.5

RCullis(iso)e 0.74 - 0.77 0.95
RCullis(ano)f - 0.98 - -
phasing power 1.48 1.32 0.52

aNumerals in parentheses are for the data in the highest-resolu-
tion shell.b Rmerge) ΣhΣi|Ii(hkl)-〈I(hkl)〉|/ΣhΣi〈I(hkl)〉. c Riso ) Σ|IPH-
(hkl)-IP(hkl)|/Σ|IP(hkl)|. d Rano) Σ|IPH(hkl)-IPH(-h-k-l)|/Σ|IPH(hkl)|.
e RCullis(iso) ) Σ||FPH - FP|-FH|/Σ|FPH-FP|. f RCullis(ano)) Σ||FPH-
(hkl)-FPH(-h-k-l)|-2FH′′ sin (RPH - RH)|/Σ|FPH(hkl)-FPH(-h-k-l)|.

FIGURE 1: Self-rotation function of the 0.19 AI native crystal at
theκ) 180° section calculated with POLARRFN. Data in the range
of 15.0-2.5 Å were used. The radius of integration is 15 Å.
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atom sites even in reference to their orientations derived from
the rotation function.
The phase angles were improved by density modification

using the program DM (24) which includes solvent flattening
and histogram matching. Careful inspection of the resulting
electron density map revealed severalR-helices and similar

features that may belong to different subunits. With their
arrangements as a guide, the transformations that relate the
subunits were eventually determined. Three local symmetry
operators gave significant correlations between related
electron density regions and are consistent with the results
of the rotation function.2 Use of noncrystallographic sym-

FIGURE 2: Electron densities (contoured at 1.5σ) at three different stages of the analysis superimposed on the final model: (a) the density
calculated with phases by multiple-isomorphous replacement and anomalous scattering methods at 3.0 Å resolution, (b) the density after
averaging by NCS at 2.6 Å resolution, and (c) the final 2Fo - Fc at 2.06 Å resolution. At the center of the figure Ser94 is located, where
R4 is bent. The hydrogen bonds between the pairs of atoms that are nonstandard for theR-helix are shown by dotted lines. The distances
are as follows: C115N‚‚‚A93O, 2.8 Å; S94N‚‚‚T91O, 3.1 Å; and S94Oγ‚‚‚L90O, 3.1 Å.

Structure of 0.19 AI Biochemistry, Vol. 36, No. 44, 199713505



metry (NCS) averaging for the four subunits and density
modification greatly improved the overall figure of merit to
0.712 and produced an electron density map that could be
interpreted (Figure 2).
Model Building and Crystallographic Refinement.The

map allowed the tracing of the major portion of the
polypeptide chain. A model was built for one of the four
subunits using TURBO-FRODO (26) and SGI Indigo2 XZ
with the aid of the amino acid sequence (11). The model
was fitted in the electron density for 107 of 124 residues,
but the electron density for both the terminal residues and
loop region betweenR3 andR4 was too poor to build a
model. The coordinates of this subunit were expanded by
NCS to yield those of the other three subunits.
The structure was refined by alternate cycles of simulated

annealing using the program XPLOR (27) and manual
revision of the model. Initial refinement using the diffraction
data between 10 and 2.4 Å resolution (15 440 reflections
with an F of >2σF as the work set, 91% of the available
data) reduced the crystallographicR and freeR factors to
22.2 and 26.9%, respectively. NCS restraints were applied
throughout the refinement. A 2Fo - Fc map was used to
build the model of the residues not included in the previous
cycle of refinement due to conformational uncertainty, as
well as to revise the model already built. Peaks in theFo -
Fc map greater than 2.5 times the standard deviation of the
map were identified as water molecules. Including water
molecules whose occupancy was fixed at 1.0, refinement was
continued using the diffraction data to 2.06 Å. Results of
crystallographic refinement are shown in Table 2.

RESULTS AND DISCUSSION
Quality of the Model. The current model of 0.19 AI

includes 444 residues from four subunits and 264 water

molecules per asymmetric unit. In each subunit, both the
main and side chains were located for residues 5-68 and
78-124. The electron densities for residues 1-4 and 69-
77 were too weak to build a model. These residues appear
to be disordered. All the residues modeled fall within the
allowed conformation region of a Ramachandran plot (Table
2).
Tertiary Structure of the Subunit.The present crystal-

lographic analysis established the fact that the asymmetric
unit has four subunits (A-D). The secondary structures of
each subunit are identical. We describe first the tertiary
structure of the A subunit. A schematic drawing of this
subunit and the secondary structure assignment of 0.19 AI
are shown in Figure 3.
As shown by CD spectroscopy for 0.19 AI (6) and NMR

analysis for RBI (2), 0.19 AI has a highR-helix content.
0.19 AI has fiveR-helices (R1-R5), althoughR4 is bent at
Ser94 (Figure 2). Only Ser94 in the segment from residues
85 to 99 deviates from the conformation of theR-helix (φ
) -117( 1° andψ ) 16( 1°), causing the bending ofR4
and disruption of the hydrogen bonds between the carbonyl
groups of Leu90-Ala93 and the amide groups of Ser94-
Ala97. Instead, the side chain of Ser94 participates in
hydrogen bonding with the main chain carbonyl group of

2 After our crystallization of 0.19 AI was published (14), Oliva et
al. obtained crystals of this AI under different conditions, but their
crystals had the same space group as ours and the identical unit cell
dimensions (25). They suggested the presence of a local 222 symmetry
based on the self-rotation function. Our present crystallographic analysis
confirmed its presence in the 0.19 AI crystal, but the directions of two
of the three 2-fold axes (Q and R axes) that they assigned are not correct.

FIGURE 3: Structure of 0.19 AI. (a, left) Schematic drawing of the 0.19 AI subunit drawn by MOLSCRIPT (29) and RASTER3D (30).
Residues 1-4 and 69-77 are absent. The five disulfide bonds are shown in orange. (b, right) Secondary structure assignments and sequence
alignment of 0.19 AI (11) and RBI (12).

Table 2: Results of Crystallographic Refinement

resolution range (Å) 10.0-2.06
number of reflections used (F > 2σF) 20 451
number of atoms refineda 3624 (264)
crystallographic and freeR factors (%) 18.7 and 22.3
averageB factor for protein atoms (Å2) 30.6
rms deviations from ideal geometry
bonds (Å) 0.012
angles (deg) 1.4

NCS mean deviations among four subunits
coordinates (Å) 0.10-0.14
B factors (Å2) 3.4-6.6

Ramachandran plotb

residues in core regions (%) 89.4
residues in allowed regions (%) 10.6

a The numeral in parentheses is for water molecules.b PROCHECK
(28).
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Leu90 (Figure 2). Two segments, 103 and 104 and 111 and
112, form short antiparallelâ-strands (â1 andâ2).
The five helices in 0.19 AI are arranged in an up-and-

down manner, satisfying the favorable packing modes of
R-helices. The intersecting angle of the helix axes ofR1-
R2 is 48°. This is a representative helix-helix interaction
seen in globins (31). The three helices ofR3-R5 form
angles similar to those in four-helix bundle proteins, the
angles ofR3-R4, R3-R5, andR4-R5 being 30, 14, and
16°, respectively. These are in the range required for the
favorable packing of antiparallelR-helices.
All 10 cysteine residues in 0.19 AI form disulfide bonds

which occur in the pairs Cys6-Cys52, Cys20-Cys41,
Cys28-Cys83, Cys42-Cys99, and Cys54-Cys115. The
pattern of the disulfide bonds in 0.19 AI is identical with
the patterns in 0.28 AI (32) and in RBI (2). All ø3 values
(torsion angle of Câ-Sγ-Sγ-Câ) are close to 90 or-90°,
whereas mostø2 values (torsion angle of CR-Câ-Sγ-Sγ)
deviate significantly from 90 or-90°.

Quaternary Structure. 0.19 AI is reported to exist as a
dimer in solution (7, 9). Of the several kinds of subunit-
subunit interactions observed in the present crystal form, the
most extensive interactions are in the A-B and C-D subunit
pairs. (The C-D subunit pair is related to the A-B subunit
pair by NCS.) The sets of interactions in these pairs are
equivalent for all four subunits, and we concluded that the
A-B and C-D pairs correspond to the dimer of 0.19 AI in
solution. The arrangement of the A and B subunits is shown
in Figure 4a.

As shown in Figure 4b, the interface between the A and
B subunits (between the C and D subunits as well) is mainly
composed ofR4, the C-terminal loop (Asp110-Lys116), and
the turn (Asn29-Glu35) connectingR1 and R2. These
segments form a relatively flat surface. It is noteworthy that
most residues that make up the interface of the subunits are
hydrophobic (see Figure 5).R4, which is located in the
middle of the surface, is composed mostly of hydrophobic
residues. In addition, the side chain of Ser94 inR4 is not

a

b

FIGURE 4: Stereoviews of (a) a CR tracing of the 0.19 AI dimer (A and B subunits) and (b) a closeup view of the dimer interface viewed
along the noncrystallographic 2-fold axis: dark, A subunit; and light, B subunit. The average interatomic distances by NCS are as follows:
S31O‚‚‚Y113Oη, 2.7 Å; E35Oε1‚‚‚R100Nη2, 2.7 Å; E35Oε2‚‚‚R100Nη1, 2.9 Å; R84Nη1‚‚‚D106Oδ1, 2.8 Å; R84Nη2‚‚‚D106Oδ2, 3.1 Å; and
R84Nη2‚‚‚D110Oδ2, 3.0 Å.

Structure of 0.19 AI Biochemistry, Vol. 36, No. 44, 199713507



exposed outward because it participates in hydrogen bonding
with the main chain carbonyl group of Leu90 (Figure 2).
Several water molecules are present in the small cavities

of the interface. There are five water molecules in the cavity
formed byR4 and the C-terminal loop in the A subunit and
R4 and the turn connectingR1 andR2 in the B subunit.
Because there is a noncrystallographic 2-fold axis in the
middle of the interface, five water molecules are arranged
in the cavity on the other side of the interface in a similar
manner. Only one water molecule in each cavity, however,
connects the A and B subunits. Therefore, it appears that
hydrophobic interaction functions mainly to maintain the
dimer.
Additional interactions between subunits involveR1 of

the B and C subunits, but they appear to be less substantial.
The interface between the B and C subunits is more
hydrophilic than that between subunits of the putative dimer.

No combination of subunit pairs in the unit cell has more
extensive subunit-subunit interaction than that described
above. These observations also support the fact that the
A-B and C-D pairs correspond to the dimer of 0.19 AI.
HeaVy-Atom Binding Sites.When the 0.19 AI crystals

were soaked in the buffer containing HgCl2, mercury bound
to only one major site per asymmetric unit even though four
protein subunits are present. The environment of the major
mercury site is shown in Figure 6. It is in a shallow
hydrophilic pocket near the surface of the C subunit. The
mercury is coordinated by Gln44O, His47Nδ1, and Gln13Oε1
of the C subunit. TheFHg - Fp difference Fourier map
showed no significant electron density in the corresponding
sites of the other three subunits. The minor mercury sites
are unrelated to this major site.
Superpositioning the four subunits has shown that the side

chain of His47 of the C subunit deviates significantly from
the side chains of the other subunits. The locations and
conformations of the other residues around this site are
essentially identical among the four subunits. The side chain
of Trp51 of the other subunit (B subunit operated by
crystallographic symmetry) is near the imidazole ring of the
His47 of the C subunit. Apparently, the indole ring displaced
the imidazole ring toward Gln13Oε1 to form a pocket suitable
for mercury ion binding. Around the histidines of the other
three subunits, no residues are in close contact with them.
Comparison of the Structures of 0.19 AI and RBI.

Sequence alignment showed that 0.19 AI and RBI are
members of an inhibitor family, comprised of more than 20
inhibitors found in cereal seeds (1, 2). The three-dimensional
structure of RBI, which is 26% identical with 0.19 AI, has
been studied in solution using multidimensional1H and15N
NMR spectroscopy (2). The superposition of the A subunit
of 0.19 AI on RBI is shown in Figure 7a. Relative to RBI,
two short helices (R4b andR5) also are found in 0.19 AI;
R4b follows R4a, andR5 is in the C-terminal region.
Although the majorR-helices (R1-R4) of 0.19 AI can be
superimposed relatively well on those of RBI (rms deviation

FIGURE 5: Hydrophobicity of the proposed interface of the dimer.
R4 is from upper-left to lower-right of the front surface: red,
hydrophobic; and blue, hydrophilic. The figure was drawn with
Insight II (Biosym/MSI).

FIGURE 6: Environment of the major mercury site shown by a stereopair. Electron density of theFHg - Fp difference Fourier map contoured
at 5σ is superimposed on the final models of the four subunits (thick bonds, C subunit; and thin bonds, A, B, and D subunits). The phase
angles after NCS averaging were used. The distances to the mercury ion are as follows: His47Nδ1, 3.1 Å; and Gln13Oε1, 3.1 Å. The
distance between the Cδ2 atom of His47 and the plane of the indole ring of Trp51 is 2.9 Å.
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of the main chain atoms for 37 residues is 1.4 Å), the
conformations of the remaining residues differ markedly. In
particular, the characteristic protruding segment in RBI,
which includes antiparallelâ-strands betweenR3 andR4, is
absent in 0.19 AI. Most residues that correspond to this
segment in 0.19 AI are disordered. Instead, the characteristic
protruding segment that includes short antiparallelâ-strands
is present on the other side of 0.19 AI, where the C-terminal
segment is positioned in RBI. In 0.19 AI, the C-terminal
segment extends on the backside of the molecule, as shown
in Figure 7a. A comparison of the two structures suggests
that all the AIs in this family have a basic common fold but
that the conformations of their loop regions are divergent.
Although residues 5-68 and 78-124 of 0.19 AI are well-

defined and have substantially identical conformations for

the four subunits, the electron density for residues 1-4 and
69-77 is absent in all four subunits. This implies that
residues 1-4 and 69-77 of 0.19 AI have multiple confor-
mational states. In RBI, the segment corresponding to
residues 69-77 in 0.19 AI forms a loop that has short
antiparallelâ-strands. The difference between 0.19 AI and
RBI is probably due to the different features of the two
molecules rather than to the different techniques used or
differences in the molecular environments (crystal versus
solution).
Comparison of the Structures of AIs and HPS.The

automated method for comparing protein structures devel-
oped by Holm and Sander (33) found that, of the proteins
deposited in the Brookhaven Protein Data Bank, a 8.3 kDa
hydrophobic protein from soybean (HPS), whose function

FIGURE 7: Superpositions of (a) 0.19 AI (thick bonds) and RBI (thin bonds) and (b) 0.19 AI (thick bonds) and HPS (thin bonds). Residue
numbers of 0.19 AI are underlined. In each pair, the two protein structures were superimposed using the program MFIT (Y. Matsuura,
unpublished) to minimize the rms deviation of the corresponding main chain atoms.

FIGURE 8: Schematic representation of the disulfide bond patterns in (a) 0.19 AI and (b) HPS. Above the representations are the regions
of theR-helices. For the sake of clarity,R4a andR4b in 0.19 AI are shown together asR4.

Structure of 0.19 AI Biochemistry, Vol. 36, No. 44, 199713509



is unknown (13), is significantly structurally similar to 0.19
AI. Although the fourR-helices of HPS can be superim-
posed on those of 0.19 AI with an rms deviation of the main
chain atoms for 34 residues of 1.2 Å, the lengths and
conformations of the segments connecting theR-helices differ
considerably (Figure 7b). (In the 0.19 AI-HPS pair, the
fourth helix in HPS can be superimposed onR4b better than
R4a in 0.19 AI.) HPS consists of 80 residues, shorter by 44
residues than 0.19 AI. This shortening is primarily com-
pensated for by a more direct connection betweenR3 and
R4.
The similarity in the patterns of the disulfide bonds in AIs

and in HPS is clear in Figure 8. HPS has eight cysteine
residues with the distribution ...C...C...CC...CXC...C...C... that
form four disulfide bonds. The cysteine residues corre-
sponding to the 28th and 83rd cysteine residues in 0.19 AI
are replaced by other residues in HPS. Aside from the
absence of a disulfide bond corresponding to C28-C83 in
0.19 AI, the patterns of bonds are identical. Although AIs
and HPS have similar distributions of the cysteine residues,
there is scarcely any homology between their amino acid
sequences.
It should be noted that the positions of the disulfide bonds

in the tertiary structures are not necessarily conserved. For
example, although the consecutive cysteine residues (C41
and C42 in 0.19 AI and C28 and C29 in HPS) are both
located in the secondR-helices, C52 and C54 in 0.19 AI
(the characteristic sequence of cysteine residues CXC) are
located before and at the beginning ofR3, whereas C43 and
C45 in HPS are at the middle of H3.

R-Amylase Binding Site in 0.19 AI. Stroblet al. reported
that the trypsin binding loop of RBI takes the canonical
conformation observed in many other serine protease inhibi-
tors (2). The corresponding region (the loop betweenR1
andR2) in 0.19 AI is much shorter than that in RBI (Figure
7a) and, unlike that in RBI, has neither an arginine nor a
lysine residue. These findings are consistent with the finding
that 0.19 AI has no inhibitory effect on proteases (34).
Although 0.19 AI and theR-amylases from the yellow

mealworm (Tenebrio molitorL. Larva) and chicken pancreas
are reported to form 1:1 complexes with respective dissocia-
tion constants of 0.85 and 3.7 nM (8, 9), little is known about
the R-amylase binding site. Various interpretations of the
R-amylase binding site have been proposed on the basis of
biochemical and spectroscopic data due to limited informa-
tion about its three-dimensional structure. For example,
involvement of tryptophan and tyrosine residues has been
suggested in the binding ofR-amylase and RBI (35), whereas
chemical modification experiments indicate that Lys96 in
RBI may be involved in binding to mammalianR-amylase
(36).
Alagiri and Singh (35) and Maskoset al. (37) showed that

R-amylase and trypsin bind independently to RBI. Strobl
et al. therefore supported the idea of Lys96 in RBI as an
R-amylase binding site because the CR of Lys96 is separated
by 23 Å from the CR of Arg34 in the trypsin binding loop
(2). The Lys96 in RBI corresponds to the Ser94 in 0.19 AI
that is located inR4. When the dimer of 0.19 AI is formed,
as shown in Figure 4, this residue is buried inside it.
Therefore, the region that includes Ser94 is an unlikely
candidate for theR-amylase binding site. Assignment of
the Lys96 in RBI to the binding site was based on the fact
that modification of the amino groups of RBI with 2,4,6-

trinitrobenzenesulforic acid resulted in the loss ofR-amylase-
inhibitory activity (36). Other interpretations of this result,
however, are possible; e.g., modification of the amino group
of the first residue caused a loss of activity.
Although the tryptophan and tyrosine residues in RBI are

reported to be involved in theR-amylase binding site (35),
these residues are not conserved in the other AIs, including
0.19 AI. In addition, they are involved in the stabilization
of the trypsin binding loop in RBI (2). At present, there is
definitive evidence neither for theR-amylase binding site
nor for the inhibitory mechanism of the AIs. Further
experiments, such as three-dimensional structural analysis
of theR-amylase-AI complex and site-directed mutagenesis
of the AIs of this family, are required.
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