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Abstract

The Kunitz-type soybean trypsin inhibitor (STI) has
played a key role in the early study of proteinases,
having been used as the main substrate in the
biochemical and kinetic work that led to the de®nition
of the standard mechanism of action of proteinase
inhibitors. A partial structure of STI complexed with
porcine trypsin has previously been reported, in which
the ®rst 93 residues of the inhibitor, including the region
of contact with trypsin, were relatively well de®ned,
whereas for the remaining part of the peptide chain only
some C� atoms were located. The structure of the
inhibitor in its free form has now been determined by
molecular replacement to 2.5 AÊ , using the coordinates
of the homologous Erythrina trypsin inhibitor as a
search model. When the re®ned atomic coordinates of
STI are compared with the partial model previously
available, the conformation of the reactive-site loop and
its position with respect to the main body of the
molecule does not change when the inhibitor interacts
with trypsin. There are instead, despite the high
similarity in the overall tertiary structure, signi®cant
differences between STI and Erythrina trypsin inhibitor
(ETI) in the region which is in contact with the enzyme
in the STI:trypsin crystal structure. Some of these
differences can explain the unique speci®city of ETI and
its ability to inhibit the ®brinolytic enzyme tissue-type
plasminogen activator.

1. Introduction

Seeds from various Leguminosae are rich sources of
inhibitors of trypsin and other proteinases. Their
physiological role is not completely understood, but it
has been proposed that they have a defensive function
by inhibiting insect proteases and may be involved in the
control of endogenous proteases during seed dormancy.

Proteinase inhibitors from soybean seeds can be
classi®ed into two different families, according to the
molecular weight and the disul®de-bridge pattern: those
of the Bowman±Birk type are small (with an Mr of about
8 kDa) with seven disul®de bridges, while those of the

Kunitz type have an Mr of about 20 kDa and two
disul®de bridges. The Kunitz-type soybean trypsin
inhibitor (STI) was ®rst isolated and characterized by
Kunitz (Kunitz, 1947a,b). It consists of 181 amino-acid
residues and can be hydrolyzed by trypsin, the cleavage
site being situated between Arg63 and Ile64 (Ozawa &
Laskowski, 1966). This inhibitor was used as the main
substrate for work that established the standard
mechanism of action of serine proteinase inhibitors
(Laskowski & Kato, 1980). The primary sequence was
®rst determined by Koide & Ikenaka (1973); later Kim et
al. (1985) identi®ed and sequenced three genetically
different variants of STI,³ designated Tia, Tib, Tic. The
sequence previously reported by Koide & Ikenaka
corresponds to the Tia variant, with two amendments.
The amino-acid sequences of a number of homologous
seed proteins are known and have been classi®ed as the
`STI family'.

The structure of the complex between STI and
porcine trypsin had previously been determined at 2.6 AÊ

resolution (Blow et al., 1974; Sweet et al., 1974), but the
quality of the diffraction data were poor and the mole-
cular model for the inhibitor was not complete. Whereas
atomic coordinates were determined and re®ned for
residues 1±93, only a partial C� tracing could be de®ned
for the remaining residues. Subsequently McLachlan
(1979) showed that the structure displayed a pseudo
threefold symmetry.

More recently the structure of one of the trypsin
inhibitors from the seeds of the Leguminosae Erythrina
caffra has been determined to 2.5 AÊ resolution by the
isomorphous replacement method and re®ned to a
crystallographic R factor of 20.8% (Onesti et al., 1989,
1991). When this structure is compared with the
incomplete STI model the two inhibitors, as could be
expected from the high sequence homology [40%
identity (Joubert & Dowdle, 1987) Fig. 1], have a similar
tertiary structure but show signi®cant differences in the
conformation of the external loops. The crystal structure
of the bifunctional �-amylase/subtilisin inhibitor from
wheat (Zemke et al., 1991) and of the chymotrypsin
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inhibitor from winged bean seeds (Dattagupta et al.,
1996) were subsequently determined by the method of
molecular replacement using the coordinates of ETI as
search model.

Crystals of the uncomplexed STI have now been
obtained and the structure determined by molecular
replacement. The structure of STI presented here shows
accurate positions for almost all the residues, with the
exception of a few disordered amino acids in two
external loops. It allows a comparison to be made of the
reactive-site loop in the complexed and uncomplexed
forms.

2. Experimental

2.1. Crystallization

STI was obtained from Sigma Co. and was not puri-
®ed further. It was crystallized by vapour diffusion using
the hanging-drop technique, either from ammonium
sulfate or from sodium/potassium phosphate. When
phosphate was used the reservoir contained 1.4 M
KH2PO4/Na2HPO4 (K:Na = 1:1, pH = 7.0), 2.5%(v/v)

dioxane and 1.25%(v/v) PEG 400. When ammonium
sulfate was used as a precipitant the reservoir compo-
sition was 1.4 M ammonium sulfate, 0.1 M 1,3-
bis[tris(hydroxymethyl)-methylamino]-propane pH 6.8,
2.5%(v/v) dioxane and 1.25%(v/v) PEG 400. In each
case, 1 ml of reservoir solution was equilibrated with a
drop containing 2 ml of STI (15 mg mlÿ1) and 2 ml of
reservoir solution. After about 10 d large crystals of STI
appeared. Crystallization was found to be very sensitive
to small temperature variations: the best crystals were
obtained at a temperature of 291 K, when using sodium/
potassium phosphate, and at 285 K when using ammo-
nium sulfate. Orthorhombic crystals from ammonium
sulfate have also been reported (Lee et al., 1993).

2.2. Space groups and data collection

Crystals of STI show a high degree of polymorphism:
a number of different crystal forms were grown under
very similar conditions. Using ammonium sulfate as
precipitant, two different forms could be obtained: very
regular prismatic plates belonging to space group P1 and
more elongated but still regular plates of space group

Fig. 1. Sequence comparison of STI and ETI. STI, soybean trypsin inhibitor Tia (Kim et al., 1985); ETI, Erythrina caffra trypsin inhibitor DE-3
(Joubert & Dowdle, 1987). The numbering is for the amino-acid sequence of STI. Residues that belong to �-strands in the crystal structure of
STI are indicated by b. Asterisks (*) denote residues used in superposing the crystal structure of STI on to that of ETI: when the two molecules
are overlapped, these pairs of residues are separated by less than 2 AÊ . A plus (+) denotes the reactive-site P1 residues (according to the
nomenclature introduced by Schechter & Berger, 1967).
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P21212. When sodium/potassium phosphate was used
instead as a precipitating agent, irregularly shaped
plates appeared. Some of these crystals have been
characterized as belonging to space group P1 and others
to space group P212121 although it was not possible to
distinguish the crystal system from the morphology. The
two orthorhombic forms, P212121 and P21212, have very
similar cell dimensions but the distinction from axial
systematic absences between the two space groups is
unambiguous.

A data set to 2.5 AÊ resolution was collected at 291 K
on an Enraf±Nonius FAST area detector for a triclinic
crystal grown from sodium/potassium phosphate with
cell dimensions a = 39.2, b = 54.0, c = 58.3 AÊ , �= 71.7, �=
90.0,  = 83.8�. Another data set to 2.8 AÊ resolution was
collected for an orthorhombic P21212 crystal obtained
from sulfate with cell dimensions a = 58.3, b = 95.8 and
c = 39.2 AÊ . Data were evaluated with the program
MADNES (Messerschmidt & P¯ugrath, 1987),
corrected for Lorentz and polarization effects and scaled
according to the method of Fox & Holmes (1966) to
produce a set of unique structure-factor amplitudes
using the CCP4 suite of programs (Collaborative
Computational Project, Number 4, 1994). The merging
R factor for the triclinic P1 crystal form was 6.3% for the
14 369 re¯ections (93.7% completeness) up to 2.5 AÊ

resolution (18.1% for the last resolution shell, Table 1).
The Rmerge for the orthorhombic data set was 7% (17.8%
in the outer shell) to 2.8 AÊ resolution, including 4 859
re¯ections which correspond to 87.3% completeness.

2.3. Solution and re®nement of the structure

Attempts to solve ®rst the P21212 structure by mole-
cular replacement, using a hybrid model (consisting of
residues 1±93 from STI in the STI±trypsin complex and,
beyond residue 93, all corresponding ETI residues with
non-homologous side chains replaced by alanine resi-
dues) gave an unambiguous solution for the orientation
of the molecule. Nevertheless, translation-function
calculations did not give a clear maximum along the
direction of the 21 axis parallel to the a cell dimension.
Therefore, it appeared likely that only one parameter

out of the six derived from the molecular replacement
method, a translation along a 21 axis parallel to the a
axis, was not determined. The orthorhombic structure
was abandoned at that stage but that partial result was
used to solve the triclinic structure. The conservation in
the triclinic cell of the arrangement of the two molecules
along the 21 axis was suggested by the relationship
between the cell parameters of the two crystal forms and
was consistent with the fact that a self-rotation function
(Crowther, 1972) calculated using the triclinic data
clearly indicated that the two independent molecules
were related by a twofold rotation parallel to the
triclinic 58.3 AÊ c axis. The coordinates of a second
molecule were generated by applying a rotation of
180� and a translation of 29.1 AÊ . A cross-rotation func-
tion was then performed using these two molecules as a
search object in the triclinic cell. Triclinic structure
factors were calculated for the two molecules placed in a
large orthogonal cell of dimensions 100 � 70 � 80 AÊ .
The cross-rotation function was calculated as a function
of the Eulerian angles on a 5� grid using data between 11
and 3.5 AÊ and Patterson radial limits of 7 and 25 AÊ . The
highest interpolated peak corresponding to the solution
had a value 6.2 times the r.m.s. level and was 2.2 times
higher than the next highest peak.

This model was then re®ned against the triclinic
diffraction data in the resolution range 15±2.5 AÊ with the
program X-PLOR (BruÈ nger et al., 1987). A random
sample containing 5% of the data was excluded from the
re®nement and the agreement between calculated and
observed structure factors for those re¯ections (R free)
was used to monitor the course of the re®nement
(BruÈ nger, 1992). The model was restrained with Engh
and Huber stereochemical parameters (Engh & Huber,
1991). Low-resolution data to 15 AÊ were included and a
bulk solvent correction applied throughout the re®ne-
ment procedure.

Model building was carried out using the program
FRODO (Jones, 1978). Residues 21±25 and 83±85 had to
be rebuilt and the order Gly26±Phe27 and Pro60±Ser61
reversed with respect to the original STI structure,
according to the revised sequences (Kim et al., 1985). A
few residues in external loops appeared to be comple-
tely disordered and the chain could not be traced in the
electron-density maps. The missing residues are 124±128
(loop B5±C1), 139±144 (loop C1±C2) and the C-terminal

Table 1. Data collection and processing for the triclinic
P1 crystal from Na/K phosphate

Resolution
(AÊ )

Observed
re¯ections

Completeness
(%) I=� Rmerge (%)

6.32 690 95.0 11.0 7.3
5.00 949 96.7 11.1 6.0
4.26 1147 95.7 10.9 5.4
3.78 1341 97.2 10.7 5.2
3.43 1468 96.5 10.3 4.9
3.16 1593 96.5 9.8 6.1
2.95 1696 94.4 8.9 8.3
2.77 1717 92.5 7.9 10.9
2.63 1804 89.9 6.9 13.7
2.50 1914 88.6 6.1 18.1

Table 2. Re®nement statistics

Resolution (AÊ ) R factor R free

15.0±4.95 0.144 0.198
4.95±3.95 0.107 0.174
3.95±3.46 0.139 0.242
3.46±3.14 0.162 0.189
3.14±2.92 0.191 0.237
2.92±2.75 0.216 0.306
2.75±2.61 0.249 0.331
2.61±2.50 0.282 0.293
15.0±2.50 0.160 0.223
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residues 177±181 in molecule I, and residues 125±127,
139±142 and 177±181 in molecule II. Some disordered
side chains on the surface of the molecule could not be
located and have, therefore, been omitted from the
model. The ®nal crystallographic R factor is 16.0% for
14 369 unique re¯ections between 15 and 2.5 AÊ (Table
2). The r.m.s. deviations from ideality for bond lengths
and angles are 0.007 AÊ and 1.42�, respectively. A total of
157 ordered water molecules have been assigned to
peaks larger than 3� in the difference Fourier map when
the putative molecule could make at least one good
hydrogen bond to the protein. All residues have their
main-chain torsion angles within or close to allowed
regions of the Ramachandran plot (Laskowski et al.,
1993; Fig. 2). Fig. 3 shows a region of the electron-
density map calculated with coef®cients (3Fobs ÿ 2Fcalc;
�calc) and the corresponding re®ned model. This and
subsequent ®gures were generated using the program
MOLSCRIPT (Kraulis, 1991) as modi®ed by Esnouf
(1997). Structure factors and atomic coordinates have
been deposited in the Protein Data Bank.²

3. Results and discussion

3.1. The structure

The STI molecule consists of 12 antiparallel �-strands
separated by irregular loops. Six of the strands form an
antiparallel �-barrel and the top of the barrel is capped
by the other six strands, symmetrically arranged in three
pairs around the barrel axis (Fig. 4). The bottom of the
barrel is closed by the loop containing the reactive site
and by the long N-terminal loop, wrapped on itself. The
C-terminus also lies at the same end of the barrel.

Despite the de®ciencies of the STI model previously
available (Sweet et al., 1974) the topology was suf®-
ciently clear to allow McLachlan (1979) to identify the
approximate threefold symmetry around the barrel axis.
The repeating unit (or subdomain) is made up of four
consecutive �-strands interconnected by loops. In each
subdomain strands 1 and 4 belong to the �-barrel, while
strands 2 and 3 are hydrogen bonded and form the cap.
The nomenclature chosen for the �-strands is based on
the topological equivalence between strands belonging
to different subdomains. Thus, the strands are called A1,
A2, A3, A4, B1 . . . C4, the letter indicating the subdo-
main to which the strands belong and the number
indicating topologically equivalent strands. There is no
sequence homology between the topologically equiva-
lent residues of the three subdomains.

In the past few years the fold observed in the STI
(Kunitz) family has been found in a number of unrelated

proteins such as interleukin-1� (Graves et al., 1990),
interleukin-1� (Finzel et al., 1989; Priestle et al., 1989),
interleukin receptor antagonist (Vigers et al., 1994), the
acidic and basic ®broblast growth factors (Zhu et al.,
1991) and the B chain of the plant toxin ricin (Rutenber
et al., 1991). The only common feature between these
unrelated proteins is that they are all involved in
recognition. This topology has been described as �-
trefoil and its structural determinants have been
analysed (Murzin et al., 1992; Swindells & Thornton,
1993). It has been suggested that this fold arose from
gene triplication, but the position of the introns in
interleukin-1 does not correspond to the subdomain
structure.

3.2. Molecular packing

The two independent molecules in the triclinic
asymmetric unit are related by a local pseudo 21 axis
parallel to the crystallographic c direction. A total of 165
C� atoms can be superposed with a r.m.s. displacement
of 0.35 AÊ , with the major differences located around
His154; when the residues between 153 and 155 are not
included in the superposition, the r.m.s. difference in the
C� position is reduced to 0.22 AÊ . The two crystal-
lographically independent copies of the reactive-site
loop make similar interactions with adjacent molecules
in the crystal lattice. A similar situation also occurs in
crystals of the homologous ETI (Onesti et al., 1991)
where the reactive-site loop is involved in strong inter-
molecular contacts. This might be explained by the fact
that this is an external loop exposed to the solvent and is,
therefore, likely to interact with other molecules, but at
the same time is clamped in a rigid conformation, in
contrast to the other external loops which are much

Fig. 2. Ramachandran plot of the main-chain torsion angles for the
®nal model generated using the program PROCHECK (Laskowski
et al., 1993).

² Atomic coordinates and structure factors have been deposited with
the Protein Data Bank, Brookhaven National Laboratory (Reference:
1BA7, R1BA7SF). Free copies may be obtained through The
Managing Editor, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England (Reference: AD0031).
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more ¯exible. The reactive-site loop offers, therefore, an
ideal site for stable lattice contacts.

3.3. The reactive-site loop and comparison with the STI±
trypsin complex

The reactive-site loop containing the scissile bond
Arg63±Ile64 is located at the bottom of the molecule
between strands A4 and B1, which belong to the �-
barrel (Fig. 4). Although the overall quality of the
Fourier map for this loop is good, there is only partial
electron density for the side chain of Arg63 in both
copies of the molecule. Despite the lack of disul®de
bridges or strong electrostatic interactions, the reactive-
site loop is maintained in a well ordered conformation
by a network of hydrogen bonds involving the N-term-
inal loop (residues 1±14). A key role is played by the
side chain of Asn13, which makes hydrogen bonds with
both the main-chain carbonyl O atoms of Ile64 and
Tyr62 and the amide N atom of Ser60, on either side of
the scissile bond (Fig. 5). Asn13 is a highly conserved
residue in the sequences of the inhibitors which belong
to the STI family. One side of the reactive-site loop
packs against a number of bulky side chains, including
Tyr62, Ile64, Ile67 and His71.

In the electron-density map for the STI±trypsin
complex (Sweet et al., 1974) the trypsin molecule was
clearly de®ned, but some parts of the inhibitor molecule
were not clear, due to the poor quality of the diffraction
data. Whereas atomic coordinates could be determined
and partially re®ned for residues 1±93, only the C�-atom
positions could be de®ned for residues 94±106 and 130±
176, and a tentative assignment was made for residues
116±122. In addition the quality of the model was not
very good and some residues showed energetically
unfavourable torsion angles. The conformation of the
chain in the re®ned uncomplexed STI model is very
similar to the atomic model previously reported for the
region 1±93. In particular, the conformation of the
reactive-site loop and its position with respect to the
main body of the inhibitor molecule is identical. All the

residues which lie at the trypsin interface in the crystal
structure of the complexed STI (Asp1, Phe2, Asn13,
Ser60, Pro61, Tyr62, Arg63, Ile64, Arg65, Phe66, His71)
have very similar side-chain torsion angles in the two
structures. A slightly different conformation of Asn13STI

in the complexed structure could be due to the inter-
action with Gln192Try. In the crystal structure of the
complex, the carbonyl group of Asp1STI forms a salt
bridge with Lys60Try. The position and conformation of
Asp1STI is identical in the uncomplexed inhibitor, while
the conformation of Lys60Try is altered from that
observed in other trypsin structures. The erroneous STI
sequence Pro60±Ser61 reported by Koide & Ikenaka
(1973) that was used by Sweet et al. (1974) to ®t the
electron density has been amended subsequently to
Ser60±Pro61 (Kim et al., 1985). The conformation of the
side chain of Ser60 is such that at this resolution the two
sequences are not easy to distinguish.

When the re®ned structure of STI is overlapped onto
the C� tracing available beyond residue 93 of STI in the
STI±trypsin complex, although the position of the main
chain in the �-strands is correct, there are a number of
places where the sequence was previously misaligned.

3.4. Comparison with ETI

Despite the high sequence and structural homology to
STI, ETI has some unique properties. In addition to
trypsin it has the ability to bind and inhibit tissue-type
plasminogen activator (t-PA) (Onesti et al., 1992), but
not the homologous urokinase-type plasminogen
activator (u-PA). Neither STI nor other homologous
inhibitors are known to bind to t-PA or u-PA.

When the crystal structure of STI is overlapped onto
the ETI structure, 129 C� positions can be superposed
with an r.m.s. deviation of 0.86 AÊ (Fig. 5). Not only are
all the �-strands conserved, but also several �-turns and
�-bulges are present in topologically equivalent posi-
tions in the two structures. Most of the water molecules
acting as bridges between �-strands are also located in
similar positions.

Fig. 3. A region of the ®nal electron-
density map calculated with coef-
®cients (3Fobs ÿ 2Fcalc; �calc), and
the corresponding re®ned model.
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Surprisingly, one of the regions where the structures
of the two inhibitors show the largest differences is at
the bottom of the molecule and comprises both the N-
terminal loop (residues 1±14) and the loop between
strands A4 and B1 (residues 59±72) containing the
scissile bond Arg62±Ile63 (Fig. 6). At the N-terminus
not only is STI one residue longer than ETI but also the
main-chain conformation of the second residue is
different. In the reactive-site loop, although the torsion
angles for the residues close to the scissile bond are
similar, residues 61 and 66 appear to be at the hinge of a
movement that shifts the C� atom of the reactive-site

arginine 3.5 AÊ away from the corresponding ETI posi-
tion (Fig. 7). The presence of Pro61 in STI affects the
conformation of residues 62±65. The conformation of
the side chain of Phe66 is also very different. The
presence of a proline at position 68 in ETI might
account for the observed 2 AÊ shift in the position of
the �-bend between residues 68 and 71. When the
crystal structure of ETI was determined and compared
with the partial model available for the trypsin-bound
STI, the same displacement of the reactive-site loop was
observed, but it was not clear whether this difference
resulted from the fact that the structure of STI had been
determined in its complexed form or it was an intrinsic
feature of ETI or was simply an artifact of the crystal
contacts involving the reactive-site loop. The similarity
between the conformation of the STI reactive-site loop
in the complex and free form rules out the former
hypothesis.

The conserved Asn13 (Asn12 in ETI) is in a very
similar position, but makes different hydrogen bonds
with the reactive-site loop because of the slightly
different positions of these residues. In ETI the aspar-
agine side-chain hydrogen bonds to the hydroxyl of
Ser60 and to the main-chain carboxyl group of residue
62. Neither hydrogen bond is conserved in the STI
structure and Asn13 instead makes interactions with
other reactive-site loop residues (Fig. 5). The confor-
mation of the scissile bond carbonyl group differs from
that observed for ETI but is in agreement with that of
other proteinase inhibitors. Due to the absence of bulky
residues such as Tyr62, Ile64 and His71, one side of the
reactive-site loop is more accessible in ETI than in STI.

The region between residues 108 and 117 (loop B3±
B4) also adopts a rather different conformation in the
two inhibitors.

3.5. Implications for binding to t-PA

Both the main-chain shifts and the differences in
sequence and conformation of the residues at the
interface with trypsin in the structure of the complexed

Fig. 5. Stereoview of the reactive-site
loop of STI, with the region
between residues 60 and 66 shown
in green. The scissile bond is
between Arg63 and Ile64. The
hydrogen-bonding pattern involv-
ing Asn13 plays a key role in
maintaining the reactive-site loop
in the correct conformation.

Fig. 4. A ribbon representation of the overall fold of the molecule. The
pseudo threefold axis is vertical and corresponds to the axis of the
barrel. The three subdomains A, B, C are shown in green, blue and
magenta, respectively. In order to give a clear overview of the
topology, the main chain has been modelled for the omitted residues
(loops B4±C1 and C1±C2, shown in orange). The reactive-site loop,
between strands A4 and B1, is shown in yellow with the scissile bond
indicated by an arrow.
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STI are probably important in explaining the different
speci®cities of the two inhibitors.

The crystal structure of the complex between porcine
trypsin and STI was used as a template to study the
interactions between both inhibitors and t-PA, whose
crystal structure has been determined recently (Lamba
et al., 1996). A model has been built by docking the
reactive-site loop of ETI into the active-site cleft of
t-PA. For the Erythrina inhibitor two different loop
conformations were compared: the one observed in the
crystal structure and a hypothetical `modi®ed ETI'
where the relative orientation of the reactive-site loop
was similar to the corresponding loop in STI, to account
for the possibility that the conformation of the loop in
ETI could be an artifact resulting from the strong crystal
lattice contacts. The model presented in Fig. 8 corre-
sponds to the latter `modi®ed' inhibitor, but most of the
interactions on the P0 side are also possible when
docking the original ETI crystal structure. The side-
chain torsion angles have been modi®ed for a few
amino-acid residues, in order to optimize the enzyme±
inhibitor interactions, and the side chain of Lys135,

which was disordered in the ETI crystal structure, has
been built. No attempt has been made to energy mini-
mize the model of the complex.

Although the absence of experimental structural data
makes any attempt to understand the interactions
between ETI and t-PA speculative, a number of obser-
vations can be made which could explain the speci®city
of the inhibitory activity of ETI (Fig. 8). In particular the
different conformation of the loop B3±B4 in ETI places
it in the ideal position to interact with the loop 170±174
of t-PA. This loop assumes a different conformation
because of a two-residue insertion in t-PA (residues
169A and 169B) with respect to trypsin. A salt bridge
between Asp112ETI and Arg174tPA can be easily
modelled. At the interface of the complex another
potential bridge between Arg61ETI and either Asp96tPA

or Asp97tPA can easily be accommodated: the corre-
sponding residues in STI and trypsin are Ser61STI,
Ser96Try, Asn97Try. The interaction between Tyr62STI and
Leu99Try observed in the crystal structure of the STI±
trypsin complex is replaced by the complementary
interaction Tyr99tPA and Leu62ETI, while when STI and

Fig. 6. Stereoscopic superposition of
the C�-atom backbones of STI
(blue) and ETI (magenta). The
molecules are shown with the
threefold axis vertical and the
numbering corresponding to the
STI sequence.

Fig. 7. Stereoview of the C�-atom
backbone of STI (in blue) and
ETI (in magenta) showing the
different orientations of the reac-
tive-site and the N-terminal loops.
The positions of Arg63 and Asn13
are shown.
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t-PA are docked there is a steric clash between Try99tPA

and Tyr62STI. Site-directed mutagenesis studies carried
out on recombinant ETI from the closely related
Erythrina variegata (Kouzuma et al., 1997) show that the
mutants R61P and L62F both have a signi®cant reduc-
tion in t-PA inhibitory activity while the double mutant
R61P and L62F lacks any activity towards t-PA, despite
retaining the ability to inhibit trypsin.

A systematic biochemical study of inhibitors from the
seeds of different Erythrina species is reported by
Joubert et al. (1987). The inhibitors can be classi®ed in
three groups (a, b, c) according to their different
speci®city. Only group c inhibitors bind and inhibit t-PA,
although the scissile bond is Arg±Ser in all groups, and
the P0 sequences show high similarity. All the group a
and b inhibitors have blocked amino-termini, while
group c inhibitors show the same N-terminal amino acid
(Val). Both STI and winged bean trypsin inhibitor have
one extra residue (Glu or Asp) at the amino terminus
with respect to Erythrina inhibitors. As mentioned
previously, the N-terminal residue of STI (Asp1STI)
makes a salt bridge with Lys60Try. When the t-PA crystal
structure is overlapped with that of trypsin, the insertion
occurring after residue 60 in t-PA causes both Gln60tPA

and Glu60AtPA to sterically clash with Asp1STI and
Phe2STI. ETI is one residue shorter than STI at the
N-terminus and the conformation of Val1ETI is such
as to easily accommodate the insertion at residue 60 in
t-PA. A modi®ed form of ETI in which the N-terminal
residue is mutated to an aspartic acid shows no
inhibitory activity towards t-PA (Teixeira et al.,
1994).
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