
Plant protease inhibitors continue to attract the

attention of researchers because of their increasing use in

medicine and biotechnology. Plant protease inhibitors

have been studied much less than similar proteins of ani-

mals, and their physiological role is not understood con-

clusively. We have previously obtained and described two

groups of protease inhibitors from buckwheat seeds—

anionic and cationic—based on their behavior on ion

exchangers [1]. While the anionic inhibitors suppressed

growth and development of pathogenic fungi and inhibit-

ed proteinases secreted by these fungi, the cationic

inhibitors effectively inhibited some bacterial proteinases

as well [1]. The amino acid sequence of the anionic

inhibitor BWI-1a was established [2]. Its sequence is sim-

ilar to the sequence of one of the two trypsin inhibitors

described later by Pandya et al. [3]. The amino acid

sequence of another trypsin inhibitor from buckwheat

seeds was elucidated by Park et al. [4]. In the present

paper, we report the amino acid sequence of the anionic

protease inhibitor BWI-4a from the seeds of buckwheat.

MATERIALS AND METHODS

Plant material. Dry seeds of buckwheat (Fagopyrum

esculentum Moench) cv. Shatilovskaya-5 were used.

Isolation of the inhibitor. The inhibitor was isolated

by a three-step procedure. First, the seed extract was sub-

jected to affinity chromatography on a trypsin-Sepharose

column as described previously [5]. The fraction contain-

ing the total preparation of buckwheat seed trypsin

inhibitors was further chromatographed on a Mono Q

HR 5/5 (Pharmacia, Sweden) column using an FPLC

chromatograph (Pharmacia). The sample of the

inhibitors (10 mg) was applied to the column in 20 mM

K,Na-phosphate buffer, pH 6.8. The column was then

washed with the same buffer, and the protein was eluted

with a linear NaCl gradient (0-100 mM, 1 ml/min, 25 min).

The preparation of the BWI-4a inhibitor was finally puri-

fied by reversed-phase (RP) chromatography on an

Aquapore RP-300 (4.6 × 100 mm) column (Applied

Biosystems, Inc., USA) with an acetonitrile gradient at a

flow rate of 0.5 ml/min. Solvent A: 0.1% (v/v) TFA; sol-

vent B: acetonitrile containing 0.08% (v/v) TFA.

Assay of the inhibitor activity. Five microliters of a

trypsin solution (1 mg/ml) was added to the preparation

of the inhibitor in 100 mM K,Na-phosphate (pH 6.8, 1-

10 µl) and the mixture was incubated at room tempera-

ture for 10 min. The residual trypsin activity was assayed
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Abstract—The complete amino acid sequence of the protease inhibitor BWI-4a from buckwheat (Fagopyrum esculentum

Moench) seeds has been established by automated Edman degradation in combination with MALDI-TOF mass spectro-

metry. The inhibitor molecule consists of 67 amino acid residues with a single disulfide bond. Its N-terminus is blocked by

a pyroglutamic acid residue. The reactive site of the inhibitor contains an Arg43–Asp44 bond. Mass spectrometry revealed

that inhibitor BWI-4a is present in buckwheat seeds in two isoforms differing by a single amino acid substitution of Gly40

for Ala40. Analysis of the amino acid sequence of the BWI-4a inhibitor indicates that this inhibitor is a member of the pota-

to proteinase inhibitor I family.
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according to Erlanger et al. [6] with N-benzoyl-D,L-

arginine-p-nitroanilide (0.2 mM) in 500 mM K,Na-

phosphate (pH 7.5) as a substrate. One unit of the

inhibitor activity produced a decrease in absorption of the

solution by 0.1 unit in the trypsin activity assay.

Reduction and alkylation of the protein. The inhibitor

preparation (0.5 mg) was reduced and alkylated with 4-

vinylpyridine [7]. The alkylated protein was desalted by

RP-HPLC and evaporated in a Speedvac apparatus

(Savant, USA).

Digestion of the protein by V8 protease. Reduced and

alkylated protein (300 µg) was dissolved in 100 µl of 100 mM

NH4HCO3 (pH 7.8) and digested by 2 µg of Staphylococ-

cus aureus V8 protease (Sigma, USA) for 16 h at 37°C.

The resulting peptides were separated by RP-HPLC and

the solvent evaporated using the Speedvac.

Amino acid analysis. The amino acid analysis of the

inhibitor was carried out according to a standard proce-

dure with a Hitachi 835 (Japan) amino acid analyzer.

Cysteine was determined as cysteic acid after oxidation of

the protein with a mixture of H2O2 and 88% performic

acid (1 : 9 v/v), followed by hydrolysis with 5.7 N HCl

(110°C, 22 h). Tryptophan was determined after hydroly-

sis of the protein with 4 M methanesulfonic acid contain-

ing 0.2% tryptamine.

Automated Edman degradation. Amino acid

sequences of the protein and peptides were determined

using a Model 816 Protein/Peptide Sequencer (Knauer,

Germany) equipped with a Model 120A PTH-analyzer

(Applied Biosystems). Preparations of the protein and

peptides were dissolved in 10-15 µl of 50% acetonitrile

containing 0.1% trichloroacetic acid and applied in 5 µl

portions to an Immobilone P membrane (Millipore,

USA) for sequencing.

Mass spectrometry. Mass spectra of the inhibitor and

its fragments as well as the sequences of some peptides

were determined with a MALDI-TOF Reflex II

(Brucker-Franzen Analytik GmbH, Germany) mass

spectrometer according to the protocols of the manufac-

turer.

RESULTS AND DISCUSSION

The BWI-4a protease inhibitor preparation was

obtained by a previously developed procedure that

included affinity chromatography on trypsin-Sepharose,

ion-exchange chromatography, and RP-HPLC [5]. For

determination of the sequence of the inhibitor, we took

advantage of the fact that during affinity chromatography

on trypsin-Sepharose a single peptide bond was split at its

reactive site. Such cleavage often occurs by limited prote-

olysis of protease inhibitors with trypsin at acid pH [8].

Mass-spectrometric analysis of unreduced BWI-4a

inhibitor showed the presence of two polypeptides with

masses of 7463.3 and 7482.8 daltons (table). At the same

time, the N-terminal sequence analysis of the inhibitor

preparation by automated Edman degradation revealed

only a single sequence corresponding to the N-terminal

part of the C-terminal fragment (CT) and identical to the

C-terminal part of the BWI-1a inhibitor (Fig. 1). These

data indicated, first, that BWI-4a has a blocked N-termi-

nal amino acid residue and, second, that one peptide

bond at the reactive site of the inhibitor was split, pre-

sumably at the carboxyl side of the arginine residue, dur-

ing affinity chromatography on trypsin-Sepharose, as

demonstrated earlier for the buckwheat seed BWI-1a

inhibitor [2]. Thus, the inhibitor preparation consisted of

two polypeptide chains connected by a single disulfide

bond (Fig. 1, table). Reduction and alkylation of BWI-4a

with 4-vinylpyridine resulted in formation of two frag-

ments—N-terminal (NT) and C-terminal (CT) (Fig. 1,

table)—which were separated by RP-HPLC and subject-

ed to Edman sequencing. The results of sequencing of

these fragments are presented in the table.

The N-terminal sequence of both the NT-fragment

and the intact inhibitor could not be determined by direct

Edman degradation due to the blockage of its N-terminal

amino acid residue. The mass spectra of the NT-fragment
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Fig. 1. Structure of the BWI-4a protease inhibitor from buck-

wheat seeds before (a) and after (b) reduction and alkylation.

PE, ethylpyridine.
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Summary of the structural analysis of BWI-4a inhibitor from buckwheat seeds. <E, pyroglutamic acid residue. Cysteine residues in the unreduced BWI-4a form

disulfide bonds and those of the NT- and CT-fragments are alkylated with 4-vinylpyridine. Cysteine residues and amino acid residues differing between two

inhibitor components are shown in bold. Amino acid sequences of peptides were determined by Edman degradation and mass spectrometry. The amino acid

sequences of peptides determined only by Edman degradation are underlined, and those identified only by mass spectrometry are shown in italic

Fragment Peptide Mr calculated Mr measured Mass difference Sequence

1<ECSGKQEWPELVGERGSKAAKIIENENEDVRAIVLPEGSAVPR43

44DLRCDRVWVFVDERGVVVDTPVVM67

1<ECSGKQEWPELVGERGSKAAKIIENENEDVRAIVLPEGSGVPR43

44DLRCDRVWVFVDERGVVVDTPVVM67

1<ECSGKQEWPELVGERGSKAAKIIENENEDVRAIVLPEGSAVPR43

1<ECSGKQEWPELVGERGSKAAKIIENENEDVRAIVLPEGSGVPR43

1<ECSGKQEWPE

LVGE

RGSKAAKIIE

RGSKAAKIIENENE

NEDVRAIVLPE

DVRAIVLPE

GSAVPR

GSGVPR

44DLRCDRVWVFVDERGVVVDTPVVM67

DLRCD

RVWVFVDE

DLRCDRVWVFVDE

RGVVVDTPVVM

1-67

1-43

1-10

11-14

15-24

15-28

27-37

29-37

38-43

38-43

44-67

44-48

49-56

44-56

57-67

BWI-4a

BWI-4a

NT

NS8

NS5

NS6

NS7

NS10

NS9

NS3

NS4

CT

CS2

CS4

CS5

CS3

7459.47

7445.44

4673.22

4659.19

1190.28

416.47

1072.27

1558.71

1254.41

1011.19

585.66

571.63

2804.27

619.68

1049.19

1650.86

1171.43

7477.82

7463.30

4778.58

4764.53

1295.72

416.95

1071.64

1357.80

1254.52

1011.46

585.40

571.40

2908.70

725.40

1048.59

1755.96

1170.68

18.23

17.86

105.36

105.36

105.44

0.48

0.63

0.91

0.11

0.27

0.26

0.23

105.43

105.72

0.60

105.10

0.75
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indicated the presence of two components with masses of

4764.5 and 4778.6 daltons, differing in mass by 14.1 dal-

tons. To determine the structure of the NT-fragment, it

was subjected to digestion by V8 protease. As a result, 8

peptides (NS3, NS4, NS5, NS6, NS7, NS8, NS9, and

NS10) were obtained (table), separated by RP-HPLC

(Fig. 2), and analyzed. The sequences of peptides NS3,

NS4, NS5, NS6, NS9, and NS10 were determined by

Edman degradation in combination with mass spectro-

metry, and the structure of peptides NS7 and NS8 by

3
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Fig. 2. RP-HPLC elution profiles of peptides obtained after hydrolysis of BWI-4a inhibitor by V8 protease: а)  peptides obtained after

hydrolysis of the N-terminal fragment; b) peptides obtained after hydrolysis of the C-terminal fragment.
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Fig. 3. Comparison of amino acid sequences of buckwheat seed protease inhibitors BWI-4a and BWI-1a and potato proteinase inhibitor PI-

IA [12]. Identical amino acids in the sequences are boxed. The arrow indicates the amino acid residue at the P1 position at the active site.

<E, pyroglutamyl.
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mass spectrometry only. Mass-spectrometric analysis of

the structure of peptide NS8 revealed that its N-terminal

residue was the pyroglutamic acid residue. It is notewor-

thy that the presence of a pyroglutamic amino acid

residue at the N-terminus of protease inhibitors was

reported previously for carboxypeptidase inhibitors from

potato [9] and tomato [10]. It was established that two

peptides, NS3 and NS4, differed by only one amino acid

residue (Ala for Gly, respectively). This was in good

agreement with the results for mass analysis of peptides

NS3 and NS4, which differed in mass by 14.00 daltons,

corresponding to the mass difference between Ala and

Gly.

To determine the sequence of the CT-fragment (24

residues) of the BWI-4a inhibitor, it was subjected to

automated Edman degradation, and the amino acid

sequence from Asp44 to Val59 was established. To deter-

mine the complete structure of the CT-fragment, it was

hydrolyzed with V8 protease, and the resulting peptides

CS2, CS4, CS3, and CS5 were separated by RP-HPLC

(Fig. 2). Amino acid sequences of these peptides were

established by direct Edman degradation in combination

with mass spectrometry. Analysis of the sequences of all

of the peptides resulted in the determination of the com-

plete sequence of the CT-fragment of BWI-4a inhibitor

(table).

Thus, determination of the amino acid sequence of

the NT- and CT-fragments of BWI-4a protease inhibitor,

carried out by automated Edman degradation and mass

spectrometry, revealed that the molecule of the inhibitor

consists of 67 amino acid residues. The N-terminus of the

molecule is blocked by a pyroglutamic acid residue. The

BWI-4a inhibitor is present in buckwheat seeds in two

isoforms, BWI-4a′ and BWI-4a′′, differing in the nature

of the amino acid residue at position 40 (table).

Computer analysis of the amino acid sequence of the

BWI-4a buckwheat seed protease inhibitor revealed its

homology with potato proteinase inhibitor PI-IA and

buckwheat seed inhibitor BWI-1a (Fig. 3). These data

indicate that BWI-4a is also a member of the potato pro-

teinase inhibitor I family, based on the structure of pro-

teinase inhibitors PI-I from potato [11]. According to

homology of proteinase inhibitors of this family and BWI-

4a inhibitor, it can be concluded that the reactive site of

BWI-4a contains the Arg43–Asp44 amino acid residues

(Fig. 3). The inhibitor molecule is stabilized by a single

disulfide bond formed between Cys2 and Cys47.

It has been demonstrated previously that buckwheat

seed BWI-4a protease inhibitor is able to suppress the

activity of trypsin only, whereas BWI-1a inhibitor inhibits

both trypsin and chymotrypsin [5]. Based on the data

obtained in the present work, it can be proposed that the

inability of BWI-4a inhibitor to inhibit chymotrypsin

results from the difference in the N-terminal parts of

these inhibitors, expressed in the absence of Leu and Arg

and the presence of a pyroglutamic acid residue at the N-

terminus of BWI-4a.
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