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The Bowman-Birk trypsin inhibitor (BBI) from wheat germ (I-2b) consists of 123 ami no
acid residues with two inhibitory loops. The crystal structure of a bovine trypsin-wheat
germ trypsin inhibitor (I-2b) complex (2:1) has been determined at 2.3 A resolution to a
final iJ-factor of 0.177. A distance of 37.2 A between the contiguous contact loops allows
them to bind and inhibit two trypsin molecules simultaneously and independently. Each
domain shares the same overall fold with 8 kDa BBIs. The five disulfide bridges in each
domain are a subset of seven disulfide bridges in the 8 kDa BBIs. I-2b consists of ten P-
strands and the loops connecting these strands but it hicks a-helices. The conformations
of the contiguous contact loops of I-2b are in a heart-like structure. The reactive sites in
both domains, Arg 17 and Lys 76, are located on the loop connecting anti-parallel P-
strands, [i 1/(32 and pfi/p7. Strands pi and P6 are in direct contact with trypsin molecules
and form stable triple stranded P-sheet structures via hydrogen bonds.

Key words: Bowman-Birk type inhibitor, contiguous contact loop, double-headed inhibi-
tor, trypsin inhibitor, wheat germ.

Plant seeds contain a large number of different types of
serine protease inhibitors, which block trypsin and chymo-
trypsin of animal, fungal, and bacterial origins. Among
many types of protease inhibitors from plants, Kunitz-type
and Bowman-Birk type inhibitors (BBIs) have been studied
most extensively. Members of the Kunitz-type inhibitor
family have a molecular mass of about 20 kDa and two di-
sulfide bridges, whereas those of the Bowman-Birk family
are smaller (typically - 7 or -14 kDa) and richer in disulfide
bonds at evolutionarily conserved sites (1). BBIs that spe-
cifically inhibit trypsin or chymotrypsin have attracted
much interest due to their anticarcinogenic activities (2)
and immune-stimulating properties (3). Human popula-
tions consuming a large amounts of BBI in their diet have
been shown to exhibit lower rates of colon, breast, prostate,
and skin cancers (4). BBIs are double-headed inhibitors
consisting of two domains formed by the tandem repeat of
homologous amino acid sequences.

Some trypsin inhibitors have been isolated and charac-
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terized from tissues of gramineous plants, such as barley
rootlet (5) and rice bran (6). Barley rootlet trypsin inhibitor
(BRTI, Mr = 13,826) is a double-headed inhibitor composed
of 124 amino acid residues with 10 disulfide bridges. It
shows an intramolecular sequence identity of 55% between
the N-terminal half (residues 1-62) and C-terminal half
(63—124), and each half has a reactive site suggesting that
this inhibitor may have originated from a duplicated form
of a single-headed inhibitor with a Mr of about 8,000 (5).
Rice bran trypsin inhibitor (RBTI) is also homologous to
BRTI (6) and consists of 133 amino acid residues with 9
disulfide bridges.

Two groups of trypsin inhibitor from wheat germ, Group
I (Mr=12,600, about 123 amino acid residues) and Group II
(Mr=6,500, about 61 residues) were isolated and classified
on the basis of molecular size by Odani et al. (7). Three-
dimensional structures of several Group II BBIs have been
reported, including the structures of peanut inhibitor A-II
(8), soybean inhibitor (9), and pea seed inhibitor PsTI-IVb
(10), which have been analyzed in the free form, as well as
inhibitors from adzuki bean (11) and mung bean (12),
which were determined in complex form with trypsin. How-
ever, only one crystal structure of a group I inhibitor, a 16
kDa BBI from barley seeds (BBBI) in the free form, has
been reported at 1.9 A resolution (13). Group I inhibitors
are also highly homologous to the double-headed BBIs of
leguminous plants. Group II inhibitors are single-headed
trypsin inhibitors that contain only one of the two inhibi-
tory domain structures of BBIs.

The two classes of inhibitors, groups I and II, show a
high degree of sequence homology despite their different
molecular sizes. The present paper describes the three-di-
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Fig. 1. The amino-acid sequence of I-2b from wheat germ. Black
letters indicate the sequences analyzed chemically (7, 23) and out-
lined letters indicate sequences determined from the electron den-
sity map at 2.3 A resolution.

mensional structure of I-2b, an important member of group
I, in complex with bovine P-trypsin determined by molecu-
lar replacement methods at 2.3 A resolution. The amino
acid sequence of I-2b and the contiguous contact positions
are shown in Fig. 1. This structure provides insight into the
interaction between I-2b and trypsin inhibitor.

EXPERIMENTAL PROCEDURES

Crystallization, Data Collection and Processing—Wheat
germs, kindly donated by Nippon Flour Mills, were defat-
ted with cold (-20°C) acetone and ground finely. Bovine
trypsin was obtained from Cooper Biomedical, USA. The
purified I-2b was obtained through affinity chromatogra-
phy and reverse phase high performance liquid chromatog-
raphy. Crystallization was carried out by the hanging-drop
vapour-diffusion method (14). Each droplet was composed
of 5 u.1 of an aqueous solution containing 20 mg/ml protein
and an equal amount of reservoir solution. Pillar-shaped
crystals as large as 0.2 x 0.2 x 1.2 mm3 were obtained
within two weeks when 50 mM sodium phosphate buffer at
pH 7—8 was used as the reservoir solution and 8-10% (w/v)
polyethylene glycol 4000 with 1-3% (w/v) 1,4-dioxane was
used as a precipitant. X-ray data were collected using a
Sakabe's Weissenberg camera (15), at the BL6A2 station at
the Photon Factory, National Laboratory for High Energy
Physics. Two X-ray data sets, collected around the c* and
b* axis, respectively, were processed using the WEIS pro-
gram system (16). Table I presents a summary of data col-
lection and processing. R^^ was 0.130 for 26,565 inde-
pendent reflections of the merged data with I > o{I), where
/,,, and Ih are the intensity and the mean, respectively, of
the i-th observation of a reflection h. The completeness of
the data set was 90.6% and that for the final resolution
shell (2.38-2.30 A) was 50.8%. The crystals belong to
orthorhombic space group P212121 with a = 73.49, b =
120.56, c = 70.04 A and V = 6.21 x 105 A3. One I-2b and two
trypsin molecules are in an asymmetric unit, producing a
Vm (17) of 2.58 A3/Da.

Molecular Replacement—The rotational (R) and transla-
tional (T) parameters of the two bovine trypsin molecules
in the unit cell were determined using the fast-rotation
function (18) and Tl function (19), respectively. Initially, the

Wavelength (A)
Oscillation angle (°)
Overlap angle (°)
Total rotation angle (°)
Exposure time (s/°)
Number of films
Resolution (A)
Total reflections
Independent reflections

with I >a(D

1.00
7-2
0.5
95
10
27
2.4

66,175
21,704

0.075

1.00
5

0.5
95

4-8
21
2.3

77,492
23,849

0.082
where 1^ and /,, are the intensity and

mean, respectively, of the i-th observation of a reflection h. The
value of i?nMrf0 for the merged data was 0.130 for 26,565 indepen-
dent reflections.

rotational and translational parameters of only one trypsin
molecule (Trypsin A) were obtained using the structure of
bovine trypsin (PDB entry 2PTN) as a search model. Data
from 6.0 to 3.5 A resolution provided the best results. An
unambiguous peak was located at <J> = 86, >\i = 198, x = 47°,
and at x = 0.184, y = 0.042, z = 0.418 in each function.
Using the amplitude,

where FcalMyimn is the calculated structure factor of the first
located trypsin molecule, and the scale factor k is estimated
using

( S l ^ l / S l F ^ ^ I ) x (Mr of trypsin/Mr of complex),

and by taking the first trypsin molecule into consideration,
the fast-rotation function showed the orientation of the sec-
ond trypsin molecule (Trypsin B) to have the highest peak
at 4> = 20, i|) = 33, and x = 210'. The height of the highest
noise peak was only 65% of the true peak. The positional
parameters of Trypsin B could be obtained uniquely at x =
0.264, y = 0.600, and z = 0.339, by applying the translation
function on this difference Patterson map.

Model Building and Refinement—The structures of the
two trypsin molecules were first refined by the program
PROLSQ (20) to an fl-factor of 0.310 for 11,691 reflections
[Fob. > 3<r(F)] in the resolution range of 7.0-3.0 A. A total of
5% of the measured data were marked for a test set to cal-
culate the free .R-factor. After refitting the two trypsin mol-
ecules to the electron density using the Turbo-FRODO
graphics program system (21), the R factor for the 7.0-2.5
A resolution was decreased to 0.293. However, the electron
density map synthesized using (lFotal-lP'cJ) coefficients at
this stage was still inadequate to build a model of I-2b.
Since only the N-terminal sequence was known at first,
those residues were first identified and the C-terminal half
was built as polyalanyl peptide chains. The identification of
ten disulfide bridges was helpful in connecting the second-
ary structural elements. Simulated annealing using the
standard slow cooling protocol was performed using the X-
PLOR program (22). Refinement was interlaced with the
model-building sessions using the program Turbo-FRODO.
The final model could be determined from the electron den-
sity maps at 2.3 A resolution. For the identification of sol-
vent molecules, F0—Fc difference maps were searched for
the highest peaks. A total of 223 water molecules were
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finally included.
In the final: stage of the refinement, the electron density

for the N-terminal 4 residues and the 4 residues from 101
to 104 in a surface loop region were too weak to build the
models of these two peptide segments. There might be a
possibility of breaking the chain from residues 101 to 104
when the native protein is exposed to trypsin because of
the two Arg residues (102 and 104) in that highly mobile
loop region.

In the early stages of structure solution only the 56 N-
terminal amino acid residues of I-2b were known (7). The
rest of the sequence was built from the election density
maps. Later, the sequence analysis of 107 residues became
available (Iwasaki, Y. and Yamane, T, unpublished results).
The sequences known and those determined from the elec-
tron density matched quite well. The C terminal residues
beyond 107 residues were determined very clearly from the
electron density maps taking into consideration the amino
acid composition of I-2b and the sequences of similar inhibi-
tors.

RESULTS AND DISCUSSION

Quality of the Structure—The final complex model in-
cludes 4,120 protein atoms (862 atoms for the 115 residues
of I-2b and 1629 atoms for each trypsin) and 223 water
molecules. The final working and free .R-factors were 0.177
and 0.241, respectively, for 24,253 reflections with a 3a(F)
cut-off between 9 and 2.3 A resolution. The mean B factors
for overall protein, main-chain and side-chain atoms were:
40.6, 39.3, and 42.0 A2 for I-2b; 22.0, 22.5, and 21.6 A2 for
Trypsin A; 37.1, 37.6, and 36.1 A2 for Trypsin B; 32.4, 31.9,
and 33.0 for the complex, respectively, while that of 223
water molecules was 45.7 A2. In the Ramachandran plot
(23) of the complex 86.4% of the (<\>, vj;) pairs lie in the
allowed regions and all remaining pairs lie in the addition-
ally allowed region. In the case of I2-b, out of 88 non-gly-
cine residues, 76 (86.4%) are in the most favoured regions,
11 (12.5%) are in additionally allowed regions, and 1 (1.1%)
residue in the generously allowed region, with no residues
in the disallowed region (Fig. 2). From the Luzatti plot (24),
the estimated coordinate error was found to be less than
0.28 A. The stereochemistry of the model was verified using
the software package PROCHECK (25), and no unreason-
able geometry was observed.

Overall Structure of the Complex—In the crystal, I-2b
binds with two molecules of trypsin, named "Trypsin A"
and Trypsin B," at Argl7 and Lys76, respectively. The O
backbone of the complex and the ribbon diagram (26) with
the reactive-site residues are .shown in Fig. 3.. The overall
shape of the complex looks like an elongated cylinder with
molecular dimensions of 90 x 45 x 36 A. The structure of I-
2b folds into two similar compact domains (domains N and
C), each with approximately 60 residues. The molecule is
almost symmetrical about the pseudo twofold axis passing
through the center of the loop joining domains N and C.
Two trypsin molecules are located at the end of the com-
plex molecule without any interaction between them. Inter-
estingly, the distance between the two reactive-site re-
sidues, 37.2 A, is very similar to that of the 8 kDa BBIs in
free form (36-^0 A). This enables I2-b to bind and inhibit
two trypsin molecules simultaneously and independently.

-The-relative- orientation of the two domains^ of I-2b -ob-

served in this structure is much different from the dimeric
arrangement in the crystal structure-ef-PsTI-IVb-(i#)r The
two contiguous regions (27) (Argl7-Serl8 and Lys76-Ser77)
are located at opposite sides of the inhibitor structure on
protruding loops between strands pi and (32 in the N
domain (p6 and p7 in the C domain).

The structures of Trypsins A and B are essentially identi-
cal with a root mean square deviation (rrnsd) of 0.32 A for
the equivalent O atoms. Interestingly, the mean B factor of
Trypsin A, 22.0 A2, is significantly smaller than that of
Trypsin B, 37.1 A2. This seems to be the primary reason
why the orientation of Trypsin A was uniquely determined,
whereas that of Trypsin B could not be determined simul-
taneously. The equivalent C" atoms of Trypsins A and B
have rmsd of 0.36 and 0.40 A, respectively, compared to
those of the initial trypsin model (PDB entry 2PTN).

Molecular Structure of I-2b—The I-2b structure with
high proportions of cysteine and proline, only one methion-
ine and no histidine residues consists of 10 p-strands and
the loops connecting these p-strands with no a-helix (Fig.
4). It folds into two compact domains (termed N and C).
The schematic diagram of I-2b shows that each domain, i.e.,
domain N (residues 1-62) and domain C (residues 63-123),
is separated into two subdomains; Nl (residues 13-25) and
N2 (residues 39-51) for domain N, and Cl (residues 72-84)
and C2 (residues 98-108) for domain C. The five disuMde
bridges in each domain (9:63, 10:25, 15:23, 32:39, 36:51 in
the N domain and 68:122, 69:84, 74:82, 91:98, 95:108 in the
C domain) are a subset of the seven disuLfide bridges in 8
kDa BBIs. Each domain consists of five P-strands. The tri-
ple stranded anti-parallel P-sheets formed by pi, p2, and
P5 in subdomain Nl and P3 and p4 in subdomain N2 have
similar conformations as the sheets formed by P6, p7, and
P10 in subdomain Cl and p8 and p9 in subdomain C2,
respectively. In addition to the hydrogen bonds between
strands pi and p2, two disulfide bridges between CyslO
and Cys25 and between Cysl5 and Cys23 provide firmness
in the sheet structure. Similarly, two disulfide bridges be-
tween Cys69 and Cys84 and between Cys74 and Cys82
firm the p6 P7 sheet. The reactive sites, Argl7 and Lys76,

Fig. 2. Ramachandran plot of I-2b. The regions A, B, and L are
most favoured, regions a, b, 1, and p are allowed, and -a, -b, -1, and
-p are the generously allowed regions. Glycine residues are repre-

-sented-as-trianglesr— — -- - ~
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Trypsin A Trypsin A

Trypain B

KAJJ

Fig. 3. (a) Stereo view of the O* back-
bone model of the 2:1 complex be-
tween trypsin and I-2b. (b) The
ribbon diagram showing the reac-
tive-site residues of I-2b and the in-
teraction with the trypsin molecules.
Arrows represent the (3-strands. Argl7
and Lys76 are shown. This figure was
drawn by MOLSCRIPT (26).

Trypsin B

(a)

Trypsin A

N terminal

Trypsin B

(b)

are located on the loops between 81 and 82 in domain N
and between 86 and 67 in domain C, respectively. Domains
N and C are covalently connected by a loop (residues 60-

Domain C

Fig. 4. Schematic drawing of I-2b showing the domains, subdo-
mains and p-strands. Residues 101-104 could not be constructed
because of the poor electron density map in that highly mobile re-
gion.

70) and a disulfide bridge between Cys9 and Cys63.
The superposition of the two domains (Fig. 5) gives an

overall rmsd of 0.92 A by a least-squares fitting of 38 com-
mon C° atoms. I-2b shows an intramolecular sequence
identity of 55% between the N and C domains. The reactive
sites superpose well, showing the high degree of similarity
between them. The largest differences were found in the
surface loops between 63 and 64 and between 68 and 69,
which also show relatively high B-factors, suggesting con-
formational flexibility in these loop regions. In the case of 8
kDa BBIs from leguminous seeds, an extra disulfide bond
reduces the flexibility of the second reactive loop. The C°
atom of ProlOO in the loop between 68 and £9 is 3.49 A
away from that of Pro41 in the superimposed structure.
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Fig. 5. Stereoview of the superposition
of.domain N (thick lines) and domain C
(thin lines). They superpose well in the
reactive-site region and deviations are ob-
served in the loop regions.

Fig. 6. Stereoview of the intermo
lecular interactions between do-
main N of I-2b (thick lines) and
fcrypsin A (thin lines). The interac-
tions form a triple stranded sheet
structure.

The maximum deviation of 4.68 A occurs between the O
atoms of Prol05 and Arg48. These facts suggest that the
fragment 101-104 is removed by proteolysis. The reactive
loop between Cysl5 and Cys23 has the same structure as
the other reactive loop Cys74-Cys82.

Contiguous Contact Loops—Each of the two contiguous
contact loops of I-2b is constrained by a disulfide bridge at
its extremity (Cysl5-Cys23 in the N-domain and Cys74-
Cys82 in the C-domain). The hydrogen bonding network
involving Thrl6 and Serl8 in the N-domain and Thr75 and
Ser77 in the C-domain causes the contiguous contact loop
to adopt a heart-like shape (11). The contiguous contact
loops of some protease inhibitors are relatively flexible in
the free form, but become less mobile upon binding to pro-
tease. This is reflected by the reduction of the J5-factors of
the contiguous contact loop in the complex. This scheme is
similar to those found in the other reactive site of I-2b and
in the 1:1 complex between trypsin and adzuM inhibitor
AB-I (11). Again, both the tight interaction within the
reactive loop and the formation of the triple stranded p-
sheet structure between BBI and trypsin appear to lower
the B factors of the contiguous contact loops and prevent
the necessary structural change of the inhibitor during pro-
teolysis.

A triple stranded p-sheet formed by pi, [32, and a strand
of Trypsin A (Ser414—Ser417) is clearly shown in Fig. 6.
Strand pi of I-2b, Vall3-Thrl6, is in direct contact with
trypsin at strand Ser414-Ser417. The side chain ,of the

reactive site, Argl7, appears clearly in the electron density
map and is correctly positioned in the substrate specificity
pocket of the trypsin molecule. This interaction pattern be-
tween domain C and Trypsin B is identical to that between
domain N and Trypsin A.

Comparison with Other Inhibitor Structures—Sequence
comparisons of I-2b with BBBI, BRTI, RBTI, and BBI are
shown in Fig. 7. The amino acid sequence of I-2b as par-
tially determined from the electron density map is com-
pared to those of other trypsin inhibitors of the same family
and found to show nearly 86% identity with BBBI and
BRTI and 51% with RBTI. Comparison of the known
amino acid sequence of the 56 N-terminal residues of I-2b,
a group I inhibitor, with those of the 53 N-terminal resi-
dues of group II members, revealed a high degree of se-
quence identity. This duplication of domains may be re-
garded as the evolution of the inhibitor family.

The contiguous contact loops (residues Cysl5-Cys23 and
Cys74-Cys82) are the most conserved regions of BBI
sequences. Disulfide bridges are also well conserved. It can
be seen that structure variability is greater for regions that
are not involved in protease recognition. Large deviations
in these regions (residues Gly40-Arg49 and Leu99-CyslO8
in the N and C domains, respectively) are due to the loss of
disulfide bridges and to high B-factors. Therefore, they are
more divergent in tertiary structure as well as in primary
structure among BBIs. In the surface loop of subdomain
N2, eleven residues are present between Cys39 and Cys51,

Vol. 132, No. 6, 2002
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i-2b
BBBI
BRTI
RBTI
BBI

;
AGKKRPWKCCD--EA\^CTRSIPP!CTCMDE-VF-ECPKTCKSGGP
ADKKRPWKCCD—EAVCTRSIPPICTCMDE-VF-ECPKTCKSCFIP

^IEEPWKCAD^^:KRLPTKPDPP<>(RCNDELEPSQETAACKSERE
DDESSKPCCD—QCACTKSNPPQCRCSIM-RLNSCHSACKSC

I - § - I

I-2b SVG-DPSRRVCQDQYVG-DPGPIC--RPWE-CCDSPTCTKSNPPT
BBBI SMG-DPSRRIC^IX?YVG-DPGPIC--RPVffi-CCDKAICTRSNPPT
BRTI M-G-DPSRRICOlX?^/G-DPGPIC--RPWE-CCDKAICTRaiP.PT
RBTI APGPFPGKLICCTIYWGADPGPFCITRPWGDCCIIKAFa«MNPPT
BBI ICALSYPAQ

I - 2 b CRCGDEVDKCAPTCKTCLP (.,-i4—) PSRCAPSYFGPFPPAgPPR
BBBI CRCVDEVT^OVPTCKTCLPSRSR-PSRRVCIDSYFGPVPPRCTPR
BRTI CRCVKEVKKaVPTCWTCLPSRSR-PSRRVCIDSYFGPVPPRCTPR
RBTI CRCM)EVKEaU^GKIX^RvESSEP-RWCKDRFrGHPGPVCKPR
BBI CFCVDITDFCYEPCKPSEDDKEN

-I

Fig. 7. Comparison of the amino acid sequences of I-2b, Bow-
man-Birk trypsin inhibitor from barley seeds (BBBI), barley
rootlet trypsin inhibitor (BRTI), rice bran trypsin inhibitor
(RBTI), and soybean Bowman-Birk type proteinase inhibitor
(BBI). Residues that coincide to those of I-2b at each position are
shaded. Underlined positions indicate unknown sequences of I-2b.
Symbols * and § denote reactive sites and reactive loops, respec-
tively. Soybean BBI is a trypsin-chymotrypsin inhibitor.

whereas only nine residues are present between Cys98 and
CyslO8 in domain C. In the case of BBBI, BRTI, and RBTI,
there are eleven residues in the corresponding loop region,
Cys98-Cysl08,ofI-2b.

Structural Comparison of I-2b with BBBI—I-2b and
BBBI, the only 16 kDa inhibitor solved in free form by X-
ray crystallography, have a structural identity of more than
86%. Both structures consist of only ^-sheets with no a-
helix. The dimensions of I-2b are 52 x 50 x 25 A. The
superposition of the two molecules and the N and C
domains are shown in Fig. 8. In both structures, the contig-
uous contact loops and disulfide bonds are conserved. The
contiguous contact loop of a protease inhibitor is relatively
flexible in its free state and becomes less mobile upon bind-
ing to target proteases. However, it should be noted that
this is not accompanied by any significant structural
change in the contiguous contact loop. The overall B-factor
of the contiguous contact loops of BBBI is relatively low
even in the free state. This may be partly due to the stabili-
zation of the contiguous contact loops through intermolecu-
lar contacts with the symmetry-related molecules in the
crystal.

Structural studies of I-2b and BBBI confirm and extend
the early observations that all inhibitors have a largely
exposed combining loop surrounding the PI and P2 resi-
dues (27). The torsion angles of the combining loops are
common to the inhibitors and remain the same in the com-
plexes as well. [<KPD = -107 (-87); »|i(Pl) = 36 (79); ̂ PIO =
-86 (-144); 4<P10 = 172 (164) and 4>(P2) = -99 (-87); vKP2)
= 36 (-5); iKP20 = -89 (-70); 4<P20 = 165 (160), Pl=Argl7
(Argl7); P2 = Lys76 (Arg76), PI ' and P2/ = Serl8 and
Ser77 for I-2b and BBBI; the values in parentheses are for

(a)

(b)

(c)

Fig. 8. The superposition of (a) N and (b) C domains and (c) I-2b
(thick) and BBBI (thin) molecules. Stereoviewa

BBBI and the others are for I-2b]
The modelling simulation of BBBI indicates that each of

the two exposed contiguous contact loops readily slots into
the active-site cleft of bovine pancreatic trypsin. In that
model of the 1:2 complex, the bound trypsin molecules
come very close, making van der Waals contacts with each
other. This is in contrast with the I-2b complex where there
is no interaction between the two trypsin molecules. The
trypsin molecules are approximately 35 A apart, thereby
allowing the contiguous contact loops to bind and inhibit
independently.
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