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A Bowman±Birk type trypsin/chymotrypsin inhibitor isolated from

Vigna unguiculata seeds has been crystallized. Crystals were grown

using the vapour-diffusion method at pH 4.0 using citrate/phosphate

as a buffer and 30% saturated ammonium sulfate as precipitant. The

crystals belonged to the monoclinic space group P21, with unit-cell

parameters a = 32.4, b = 61.8, c = 32.9 AÊ , � = 114.5�. The Matthews

coef®cient calculated assuming two molecules in the asymmetric unit

was 1.95 AÊ 3 Daÿ1, which corresponds to a 37% solvent content. X-ray

data were collected to 2.5 AÊ resolution from a ¯ash-frozen crystal.

The structure was solved using the molecular-replacement method

using tracy soybean inhibitor structure (PDB entry 1pi2) as a model.
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1. Introduction

Protein±protein recognition is vital to many

biological processes, such as those in the

immune system, signal transduction, receptor/

activator interactions and in the regulation of

enzyme activity. Protease±protein inhibitor

complexes provide excellent models for the

study of molecular mechanisms involving

protein±protein recognition (Bode & Huber,

1992). Protease inhibitors play an important

role in plant defence mechanisms by inhibiting

various digestive proteases present in insects

and plant pathogens (Hilder et al., 1987).

Therefore, some of these inhibitors are of

interest as potential bio-pesticides.

The Bowman±Birk-type protease inhibitors

are serine-protease inhibitors (Laskowski &

Kato, 1980). The ®rst such inhibitor to be

isolated was isolated by Bowman from soybean

seeds (Bowman, 1946). Its properties were

studied by Birk et al. (1963). The Bowman±

Birk inhibitors (BBIs) differ from functionally

related Kunitz-type inhibitors by their rela-

tively small size (molecular weight 7±10 kDa)

and by the presence of seven highly conserved

disul®de bridges (Ikenaka & Norioka, 1986).

BBIs have two tandem homology domains in

the single chain, each having a protease-

binding site. BBI molecules are thus capable of

simultaneously inhibiting two protease mole-

cules (Harry & Steiner, 1970) and are termed

`double-headed' inhibitors. Usually, the reac-

tive site of the ®rst homology domain binds

trypsin and that of the second homology

domain binds either trypsin or chymotrypsin.

The amino acid at the P1 site in the ®rst

domain, which inhibits trypsin, is either argi-

nine or lysine, whereas the analogous residue

in the second domain, which inhibits the

second protease molecule, is either leucine,

phenylalanine or tyrosine (Chen et al., 1992).

BBIs are stable at cooking temperatures as

well as under the acidic conditions found in the

digestive system of higher order animals (Birk,

1987). Recent studies have shown that a high

consumption of plant seeds containing BBIs

reduces susceptibility towards breast, colon,

prostatic, oral and pharyngeal cancers (Birk,

1993; Kennedy, 1994). Because of their anti-

carcinogenic properties, plant BBIs could have

potential medical applications.

Among the reported three-dimensional

structures of BBIs are those of PI-II from tracy

soybean (Chen et al., 1992), A-II from peanut

(Suzuki et al., 1993) and a pea BBI (de la Sierra

et al., 1999) in the apo forms. The structure of

BBI from soybean meal has been determined

using both NMR (Werner & Wemmer, 1992)

and X-ray diffraction (Voss et al., 1996). The

crystal structures of BBIs from adzuki beans

(Tsunogae et al., 1986) and mung beans (Lin et

al., 1993) complexed with porcine trypsin are

also available. Only crystallization reports and

no structures are available for BBIs from horse

gram seeds (Prakash et al., 1994) and barley

seeds (Song & Suh, 1998) in the apo forms, for

soybean BBI in ternary complex with trypsin

and chymotrypsin (Gaier et al., 1981) and for

barley BBI in complex with porcine pancreatic

trypsin (Kim et al., 1999).

There have been reports on the presence of

various isoinhibitors of trypsin and chymo-

trypsin in the seeds of Vigna anguiculata

(Gatehouse et al., 1980; Vartak et al., 1980). Of

these isoinhibitors, the amino-acid sequence of

only one BBI has been reported (Morhy &

Ventura, 1987). Here, we report the puri®ca-

tion and preliminary crystallographic studies of

a BBI from V. unguiculata.
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2. Methods and materials

V. unguiculata seeds were obtained from a

local market. These seeds (1 kg) were ®rst

crushed in a grinder with 1 l of 50 mM

sodium acetate buffer pH 5.7, 100 g KCl in

2 l distilled water, 1 l of 0.6 M HCl and

180 ml 2.0 M potassium bicarbonate. The

solution was then ®ltered and centrifuged.

The inhibitor was precipitated by ammo-

nium sulfate fractionation between 30 and

90% saturation. It was further puri®ed by

ion-exchange chromatography using

DEAE-Sephadex and by gel ®ltration using

Sephadex-G50. The fraction with inhibitor

activity was ®nally applied to an FPLC

MonoQ anion-exchange column, where it

separated into six isoinhibitors, of which

there were two major ones. The purity of

each fraction was analyzed by SDS±PAGE.

The crystals analyzed here were from one of

the two major fractions. The yield of this

fraction was 16.0 mg of protein. The mole-

cular weight of the inhibitor was 15.5 kDa,

as determined by SDS±PAGE. When

considering the previous studies on BBIs

from V. unguiculata (Gatehouse et al., 1980)

and comparing with the known molecular

weights of other BBIs, the weight deter-

mined here could be associated with a dimer.

This was found to be the case by inference

from the crystal structure solution. The

association between the monomers in the

dimer seems to be very strong and in all

probability is resistant to denaturation by

boiling in the presence of SDS and

�-mercaptoethanol.

The sample used in crystallization trials

using the hanging-drop vapour-diffusion

method had a protein concentration of

50 mg mlÿ1. The well solution was prepared

by mixing 0.1 M citrate/phosphate buffer at

pH 4.0 with ammonium sulfate to obtain a

saturation of 30%. Hanging drops consisted

of 2 ml well solution and 2 ml protein solu-

tion. The drops were set up at room

temperature on siliconized glass cover slips

suspended over 1 ml well solution. It took

around three to four weeks for the crystals

to appear and grow to their ®nal maximum

size of 0.2 mm in the longest dimension.

Typically, each drop contained several tiny

crystals. The crystals for X-ray data collec-

tion were transferred directly into a cryo-

protectant comprising the well solution

supplemented with 30% glycerol. After

some 10 s in the solution, a single crystal was

mounted in a thin rayon loop and ¯ash-

frozen in a stream of boiling liquid nitrogen

at a temperature of 120 K. X-ray data were

collected from this frozen sample at the

University of York, England, using a MAR

Research imaging-plate detector mounted

on a Rigaku copper rotating-anode X-ray

generator equipped with double focusing

mirrors.

3. Results and discussion

The frozen crystals diffracted X-rays to

beyond 2.5 AÊ resolution using incident

Cu K� radiation. Data was processed using

DENZO and SCALEPACK (Otwinowski &

Minor, 1997). The diffraction data were

concordant with monoclinic space group P21

and unit-cell parameters a = 32.4, b = 61.8,

c = 32.9 AÊ , � = 114.5�. The X-ray data

statistics are summarized in Table 1. The

Matthews coef®cient calculated in the P21

unit cell with two molecules in the asym-

metric unit was Vm = 1.95 AÊ 3 Daÿ1, corre-

sponding to a crystal solvent content of 37%,

which is within the range normally observed

in protein crystals (Matthews, 1968).

The molecular-replacement method was

used to solve the structure using the mono-

meric tracy-bean inhibitor structure as a

search model. Calculations were carried out

using the program AMoRe (Navaza, 1994),

as implemented in the CCP4 program suite

(Collaborative Computational Project,

Number 4, 1994). Details of the solution are

presented in Table 2. The reported sequence

of V. unguiculata BBI (Morhy & Ventura,

1987) was assumed for the present inhibitor.

However, the unmatched residues in the

model were replaced by alanines. Two

molecules were present in the asymmetric

unit, corresponding to the two independent

solutions obtained by molecular replace-

ment (Table 2). Ten cycles of rigid-body

re®nement using 17±2.5 AÊ resolution data

improved the values of the correlation

coef®cient and R factor to 53.5 and 48.4%,

respectively. Non-crystallographic averaging

was used in the initial stages of the re®ne-

ment. Repeated cycles of re®nement were

carried out using the maximum-likelihood

method as implemented in the program

REFMAC (Murshudov et al., 1997), followed

by model ®tting in the graphics program

QUANTA. The present values of R and Rfree

are 20.0 and 30.0%, respectively. The two

molecules in the asymmetric unit were found

close to each other and formed a stable

dimer in the crystal. The packing diagram of

the molecules in the unit cell of V. ungui-

culata BBI is shown in Fig. 1. Further

re®nement and the detailed analysis of the

structure are in progress.
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Table 1
Summary of the X-ray data collected from a single
crystal of V. unguiculata BBI in the resolution range
20.0±2.50 AÊ .

Values in parentheses refer to data in the highest
resolution shell, 2.59±2.50 AÊ .

Rsym² 0.083 (0.202)
I/�(I) 13.9 (5.8)
Number of measurements 12514
Number of unique re¯ections 4072
Completeness (%) 99.0 (94.7)

² Rsym =
P

hkl

P
i jIi�hkl� ÿ hI�hkl�ij=Phkl

P
i�hkl�, where

Ii(hkl) is the intensity of the ith measurement of the hkl

re¯ection and hI(hkl)i is its mean.

Table 2
Details of the molecular-replacement calculations.

(�,�,) are Eulerian angles, (Tx, Ty, Tz) are fractional
translations and Cc is the correlation coef®cient. In the
translation-function solution, the Cc and R (R factor)
shown for S2-T are for the two solutions together.

Rotation function, resolution 10±3.0 AÊ .

Solution � (�) � (�)  (�) Cc (%)

S1 220.93 97.54 57.34 15.7
S2 160.94 100.85 32.96 15.3

Translation function, resolution 10±2.5 AÊ .

Solution Tx Ty Tz Cc (%) R

S1-T 0.4074 0.0000 0.2589 34.4 55.0
S2-T 0.9669 0.3996 0.5185 46.0 49.9

Figure 1
Stereo diagram showing the packing of the inhibitor molecules in the unit cell. The two molecules in the
asymmetric unit forming the dimer are shown in different colours. The outline of the unit cell is also shown.
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