Yolume 309, number 1, 68-72 FEBS 11467
© 1992 Federation of European Biochemical Socicties 00145793/92/85,00

August 1992

The amino acid sequence of a 20 kDa bifunctional subtilisin/a-amylase
inhibitor from brain of rice (Oryza sativa L.) seeds

Ken-Ichi Ohtsubo® and Michael Richardson®

*Hokuriku Nationat Agricultural Experimental Station, Ministry of Agriculture Forestry and Fisherles, [nada 1:2-1, Jocisu, Niigara
943-01, Jupan and *Department of Biological Sciences, University of Durlam, Durham DHI ILE, UK

Received 20 March 1992; revised version received 15 July 1992

A 20 kDu bifunstional inhibiter of the microbial proteinase, subtilisin, and the a-amylase from the larvae of the red flour beetle (Tribolium

castaneum) was purified from brun of rice seeds by suline extraction, precipitation with ammenium sulphate, ion-cxchange chromalography on

DEAE-~Cellulose und Toyopeur! CM-650, and preparative HPLC on Vydac Ci,. The complste primary strusture was determined by automatic

degradation of the intact, redused und S-alkylated protein, and by manual DABITC/RITC micro-sequencing of peptides obtained from the protein

following separate enzymic digestions with teypsin, pepsin, chymotrypsin, slastase and the protease (rom S, aureus Y8, The protein sequence, which

contained 176 residues, showed strang homology with similar bifunctional inhibitors previously isolated from whsat and burley which are related
to the Kunitz family of proteinase inhibitors from legume seeds.

Rice bilunctional subtilisin/a-amylase inhibitor; Amino acid sequence; Momology with Kunitz inhibitor

1. INTRODUCTION

Cereal seeds huve been shown to contain a wide vari.
ety of protein inhibitors of enzymes, such as proteinases
and a-amylases, which have been assigned to at least
seven different families on the basis of amino acid se-
quence similarities, location of disulphide bridges, and
the position of reactive (inhibitory) peptide bonds (re-
viewed in [1]). The possible role of these molecules as
defensive agents against the attacks of insect and micro-
bial pests {2}, and their potentially deleterious effects in
human nutrition [3), have been a great stimulus for
much research,

Rice (Oryza sativa) is one of the threa most valuable
cereal crops grown worldwide, yet in comparison with
wheat, maize and barley from which numerous enzyme
inhibitors have been characterized (1], relatively little is
known about these important proteins in the seeds of
this species. So far the only amino acid sequences deter-
mined have been for a 15 kDa trypsin inhibitor of the
Bowman-Birk type [4], a 10 kDa putative proteinase/a-
amylase inhibitor (5], and oryzacystatin, an inhibitor of
cysteinyl proteinases [6].

In this paper we report the complete amino acid se-
quence of a rice 20 kDa bifunctional inhibitor of the
microbial proteinase subtilisin and the a-amylase from
larvac of the red flour beetle (Tribolium castaneum)
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which has high-sequence similarity with other bifunc-
tional inhibitors previously isolated from wheat {7] and
barley [8], which are related to the Kunitz family of
proteinase inhibitors from legume seeds [1].

2. MATERIALS AND METHODS

3.1, Extraction and purification

Bran was obtained from seeds of rice (Qry=a sertive L) grown in the
expsrimental paddy fields of the Hokuriku Mational Agricultural Ex-
periment Station, and polished to 90% of milling yield. 2 kg of the bran
was defutted with acelone (=20°C) and extracted (x2) for | h at 4°C
with 50 mM phosphate buffer, pH 7.5, containing 0.1 M NaCl {2 13
After centrifugation {10,000 x g, 15 min, 4°C), proteins in the superna-
tant were precipitated with ammonium sulphate (90% saturation) and
collected by centrifugation, The proteins were dissolved in distilled
water and dialyzed against 50 mM phosphate buffer, 2H 7.5, Insoluble
proteins were removed by centrifugation and the solution applied to
a column (15 x 30 cm) of DEAE~Cellulose equilibrated in the same
bulfer, The non-adsorbed fraction was collected and adjusted to pH
6.5 with HCl and applied to a column (2.6 x 40 em) of Toyopear!
CM.650 (Tosoh Lid., Tokya). The non-adsorbed fraction was col-
lected and dialyzed against 50 mM sodium citrate hulTer, pH 4.2,
Insoluble proteins were removed by centrifugation and the superna-
tant applied to a column (2.6 x 40 cm) of Toyopear] CM-650 equili-
brated in the same buffer. After washing to remove non-adsorbed
proteins the column was eluted with a linear gradient of 0~1.0 M NaCl
(200 mi of sach) in the same bufTer. The fractions containing inhibitory
activity against subtilisin svere poaled, dialyzed against distilied water
and lyophilized. 70 mg of the partially purified proteins were dissolved
in 2 ml of 0.1% aqueous TFA containing 6 M guanidine MCl, and
applied to a preparative RP-HPLC column (22 mm % 25 cm) of Vydac
C,» (218TPI022, Technicol Ltd.) which was eluted with a linezr gradi-
ent of 0-50% acetonitrile in 0.1% agqueous TFA.

2.2, Assay of subtilisin inhibition
Inhibition of sublilisin astivily was measured by adding 50 ul of
sumple solution to 104! of subtilisin {(sublilisin Carlsberg, Sigma; 0.33
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mg/ml) in | mlof 0.1 M Tris-FHCI, pH 7.5, containing 10 mM CacCl,,
After pre-incubation for 15 min at 30°C, | miof the subsirate coniaii-
ing 0.5% (w/v) szoalbumin (Sigma) in 0.! M Tris-HCl, pH 7.5, was
added and the mixture incubated at 30°C {or | 5 min. The reaction was
stopped by the addition of 3 ml of u 5% (w/v) solution of trichle-
roacetie acid. After standing for 30 min the undigested (insoluble)
proteins were removed by centrifugation. 1 ml of 10% (w/v) NaQH
was added to 2 ml of cach supsrnatant and the absorbances meusured
at 500 am.

3.3. Assay of irypsin inhibition
Samples werc assayed for possible inhibitory activity aainst bovine
trypsin by using BAPNA as the substrate (9).

24, Assay of a-amylase inhibition

The a-amylase from Tribolium castancum was extracted from 20 g
of defatted 1yophilized larvag in 80 ml of $0 mM sodium asctate bufler,
pH 4.6, containing | mM CaCl; and 20 mM NaClat 2°C for 1 h. After
the removal of insoluble materials by centrifugation (16,000 rpm, 15
min), cold ethano! (30 m!) was added to the supernatant, and the
precipitate which {formed was removed by a further centrifugation. To
the supernatant (30 ml), 9.4% (v/v) of a 2% glycogen solution was
added and the mixture stirred for 30 min. The glvcogen—g-amylase
precipitate was removed by centrifugation, suspended in | ml of the
extraction buffer (pH 4.6) and dialyzed against the same rolution for
2 h at room temperature. After removal of the glycogen the dialysate
was used as the crude Tribolium a-amylase. Barley g-amylase was
partially purified from a commercial souree (Sigma) using the method
deseribed in [10). Assays of a-amylase activity were performed using
soluble starch as the substrate, and by following hydrolysis by the
ieding methed [11], or produstion of reducing sugurs by the Nelson
method [12).

2.5, Elecirophoresis

The molecular weights of proteins were estimaled by the SDS-
PAGE method of Laemmli [13] with 15% gels using o molegular
weight kit (Pharmacia-LKB).

2.6. Reduction and S-alkylation
Samples used for enzymatic digestions were reduced and S-<carbox-
ymethylated as described in [14).

3.7. Amino acid analysis

Samples of the reduced and S-carboxymethyluted protein, and the
peptides derived from it by enzymatic digestions, were hydrolyzed
with 5.6 M HCI containing 0.02% (v/v) cresol at 108°C for 24 h. The
amino acids in the hydrolyzates were derivatized with PITC and ana-
lyzed by HPLC using the Waters Pico-Tag methed [15).

2.8, Sequence determination

The N-terminal sequence of the protein was determined using a
model 477A automatic pulsed, liquid-phase protein sequenser (Ap-
plied Biosystems Lid.) employing a standard Edman degradation se-
quenator programme.

Samples (3-5 mg) of the reduced and S-carboxymethylated protein
were digested separately with trypsin, chymotrypsin, pepsin, clastase
and the GLU-specific protease from S. aureus V8 as deseribed in {16].
The peptides derived from these digests were purifiedd by RP-MPLC
on an analytical column (4.6 mm x 25 cm) of Vydac C,, (218TP54,
Technical Ltd.) using gradients of acetonitrile in 0.19% (v/v) agueous
TFA. The sequences of the peptides were determined using either the
manual DABITC/PITC double coupling methed [17), or the auto-
mated sequencer (for certain larger peplides).

2.5, Scquence comparisons

The amino acid sequence of the rice subtilisin/a-amylase inhibitor
was compared with those of other proteins stored in the US National
Biomedical Research Foundation Databank (1990) by computer anal-
ysis using the FASTP and RDF2 programmes [18)].
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3. RESULTS AND DISCUSSION

[on-exchange chromatography of rice bran proteins
on Toyopearl CM-650 at pH 4.2 yielded a single major
peak of inhibitory activity against subtilisin. Examina-
tion of the proteins present in this peak by SDS-PAGE
revealed the presence of four major bands with M, val-
ues of approximately 35, 20, 15 and 10 kDa. These
proteins were readily separated by RP-HPLC on a
preparative column of Vydac C,y. The second major
peak, which was eluted at an acetonitrile concentration
of 30%, was found to contain a mixture of proteins
which strongly inhibited bovine trypsin and had M,
values of about 15 kDa. The N-terminal sequences of
these proteins were shown to be MERPWK, which is
identical to the sequence previously reported for the rice
15 kDa trypsin inhibicor of the Bowman-Birk type [4].
The bulk of the inhibitory activity against subtilisin was
lacated in the third major peak (37% acetonitrile) which
was found to contain a homogeneous protein of M, 20
kDa. This protein gave 100% inhibition of subtilisin at
molar ratios of 1:1 enzyme:inhibitor, which is similar to
the results observed far related proteins from wheat,
Triticale and rye [19]. It was also a strong inhibitor of
the a-amylase from the larvae of the red flour beetle
(Tribolium castaneun), but had no detectable inhibitory
activity against barley a-amylase even when present in
large (10x) molar excess.

The amino acid sequence of this bifunctional subtili-
sin/a-amylase inhibitor from rice (RASI) which was de-
termined by a combination of automated and manual
sequencing incthods is shown in Fig. 1. The sequence
was in agreement with the results of amino acid analyses
(not shown), and the M, value of 18,745 calculated from
the sequence is close to the estimate of 20 kDa made
from the results of SDS-PAGE. Low levels of micro-
heterogeneity were detected in positions 69 (traces of A
in place of 8) and 83 (traces of P in place of F), and a2
minor form of the protein was present in which one of
the R residues normally found in positions 37 and 38
was deleted.

The sequence shown for RASI in Fig. 1 is identical
with the first 24 amino acids previously reported as the
N-terminal sequence ol . rise subtilisin inhibitor [20],
except in positions 9 (E in place of Q) and 12 (E in place
of Q). Similar bifunctional inhibitors of subtilisin and
a@-amylase with M, vaiues of 19-20 kDa have also been
reported previously from other cereals, such as barley
(8,21,22], wheat {7,23] and rye [24], but it should be
noted that these inhibitors appeared to be specific for
the endogenous plant a-amylases and none were re-
ported to inhibit an enzyme from an inszct such as
Tribolium. Comparison of the RASI sequence with
those of the wheat (WASI) [7] and barley (BASI) [8]
inhibitors (Fig. 2) reveals that the three proteins are
clearly homologous and have approximately 60% se-
quence identities. This finding is somewhat surprising
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Fig. 1. The amino acid sequence of the bifunctional inhibitor of subtilisin and Tribolium castaneun a-smylase from seeds of rice (Oryza sative).

Dotied lines indicate peptides oblained from digestions with trypsin (T), pepsin (P), chymotrypsin (C), the V8 proteuse from S. aureus (V) and

clastuse (E) which were sequenced by the manual DABITC/PITC method or by automated means. Arrows (=) indicate residues determined by
automatic degradation of the intact reduced and S-curboxymethylated protein,

as Weselake et al. [25] were unable to detect any protein
with immunological identity to the BASI inhibitor when
they analyzed extracts of rice seeds by the Quchterlony
double-diffusion method.

A computer search of the US National Biomedical

70

Research Foundation Databank also revealed that
RASI has statistically significant (z values >15) se-
quence identities with a number of Kunitz-type pro-
teinase inhibitors from different legume seeds [26-30],
and similarities to a nodulin protein from senescent
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Fig. 2. Comparison of the amino acid sequenses of the rice bifunctional inhibitor of subtilisin und a@-amyluase (RASI) with WASI, the subtilisin/
a-amylase inhibitor from wheat {7] and with BASI, the barley subtilisin/a-amyluse inhibiter (8). The numbering of residues refers only to RASI
=, indicates deletions inserted in sequences to maximize homology. *, indicates residues which are invariant in uli sequences shown.

nodules of winged bean (Psophacarpus tetragonolobus)
(31], an albumin from cocoa seeds (Theobroma cacao)
{32], a cathepsin D inhibitor from potatoes [33]. the
taste-modifying protein, miraculin [34], and sporamin
from sweet potato {35].

Other inhibitors of a-amylases from insect pests have
been previously reported from other cereal seeds, such
as barley [36], maize [37], wheat [38,39], sorghum [40.41]
and Job's Tears (Coix lachryma-jobf) [42). However,
none of these proteins appears to be structurally related
to the rice 20 kDa RASI protein, the majority belonging
to the cercal superfamily of 12~-13 kDa inhibitors [1].

The precise function(s) of RASI and the structurally
related WASI and BASI proteins in the seeds of rice,
wheat and barley remains unclear. The fact that they are
strong inhibitors in vitro of microbial enzymes, such as
subtilisin and the proteinases from Aspergillus spp. [19]
suggests that they may act in the defence of the seeds
against invasion by microorganisms. Similarly as the
rice RASI protein inhibits the a-amylase of Tribolium
larvae, it is tempting to speculate that it may also be
involved in defence against insect predation [1,2], Some
research has suggested that the levels of a-amylase in-
hibitors in wheat seeds may represent a valid measure
of resistance to post-harvest insects [43), However, it
should be noted that although the 13 kDa a-amylase
inhibitors from wheat [38,39] were found to be potent
in vitro inhibitors of the gut enzymes from the larvae of
both insect species, Tribolium confusam and Calloso-
bruchus maculatus, when incorporated into artificial
diets they only inhibited larval development and in-
creased larval mortality in T, confiesanz {44).
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