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ABSTRACT The crystal structure of a double-
headed a-chymotrypsin inhibitor, WCI, from winged
bean seeds has now been refined at 2.3 Å resolution
to an R-factor of 18.7% for 9,897 reflections. The
crystals belong to the hexagonal space group P6122
with cell parameters a 5 b 5 61.8 Å and c 5 212.8 Å.
The final model has a good stereochemistry and a
root mean square deviation of 0.011 Å and 1.14° from
ideality for bond length and bond angles, respec-
tively. A total of 109 ordered solvent molecules were
localized in the structure. This improved structure
at 2.3 Å led to an understanding of the mechanism of
inhibition of the protein against a-chymotrypsin. An
analysis of this higher resolution structure also
helped us to predict the location of the second
reactive site of the protein, about which no previous
biochemical information was available. The inhibi-
tor structure is spherical and has twelve anti-
parallel b-strands with connecting loops arranged
in a characteristic b-trefoil fold common to other
homologous serine protease inhibitors in the Kunitz
(STI) family as well as to some non homologous
functionally unrelated proteins. A wide variation in
the surface loop regions is seen in the latter ones.
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INTRODUCTION

The serine protease family is one of the most thoroughly
studied classes of proteolytic enzymes that are involved in
numerous physiological processes. As is well known, the
active site of a serine protease is characterized by a
catalytic triad comprising of Ser195, His57, and Asp102
according to chymotrypsin numbering. In case of chymo-
trypsin there is a serine residue (Ser189) at the bottom of
the binding pocket that is specific for hydrophobic amino
acids.1 The inhibitor proteins to these proteases outclass
them in variety, source, diversity, and number.2,3 The
almost universal presence of these inhibitors in Legumino-
sae plants suggests their possible role in protecting the
plant tissue at the colonized site of the symbiotic bacteria
against the action of the bacterial proteases.4 These serine

protease inhibitors are also found in plenty in legume
seeds.

One of the important families2,5 of the serine protease
inhibitors is the Kunitz (STI) family. Albeit a more or less
thorough analysis of the biochemistry of this family of
proteins, the three-dimensional X-ray structures are avail-
able for only five of them: soybean trypsin inhibitor (STI)
and its complex with porcine trypsin,6,7 Erythrina caffra
trypsin inhibitor (ETI),8 proteinase K inhibitor (PKI3)
from wheat germ,9 winged bean chymotrypsin inhibitor
(WCI),10 and a seed storage protein, winged bean albumin
(WBA-1).11 WCI is the only member in this family which
inhibits a-chymotrypsin.12

The winged bean (Psophocarpus tetragonolobus) is a
legume crop of the tropical regions and contains as much
protein and oil in its seed as the soybean.13 These legume
seeds of winged bean have been extensively studied not
only to develop it as a food source but also to consider these
seeds of high nutritive value as a possible substitute for
soybean in the humid tropical countries. WCI was isolated
from the seeds of winged bean and it was found to have the
property of inhibiting a-chymotrypsin in an unusual 1:2
ratio14 indicating that this inhibitor protein is of double-
headed nature. The inhibitor, WCI, is a single-chain
polypeptide of non-glycoprotein nature with a pI value of
5.5. It contains 183 amino acid residues and has a molecu-
lar mass of 20,244 daltons.15 The amino acid sequence of
the protein was also fully determined and the scissile bond
Leu65–Ser66 at the first reactive site was indicated bio-
chemically by Shibata et al. in 1988.15 However, no informa-
tion was available about the location of the second reactive
site, a unique feature for an inhibitor in the Kunitz (STI)
family. Further, no cleavage was reported at the second
site and a lower binding constant of 7.75 3 105 M21

(compared to 4.2 3 107 M21 for the first site) was observed
for this site from biochemical studies. We have earlier
reported the X-ray structure of WCI at 2.95 Å resolution.10

The b-trefoil fold16 type structure of WCI, comprising of
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twelve anti-parallel b-strands, resembles other structures
in this family of proteins. The first reactive site was located
on an external, protruding loop (Gln63–Phe68).An interest-
ing feature observed in WCI and in proteins of similar
structure, is the presence of a pseudo three-fold symmetry
axis parallel to the barrel axis which passes through the
center of the molecule.16,17

In our published 2.95 Å structure, some of the amino
acid residues could not be fitted properly in the electron
density map and were instead kept as alanines and two
residues (Thr179, Ala180) of the flexible C-terminal region
could not be located. The second reactive site of this
double-headed protein also could not be identified in the
structure due to ill-defined electron densities at some of
the surface loop regions. Moreover, only 56 water mol-
ecules could be located in that structure. These deficiencies
necessitated a higher resolution structure.

MATERIALS AND METHODS
Crystallization and Data Collection

Standard column chromatographic techniques have been
used to isolate the protease inhibitor.18,19 The best crystals
were obtained by the hanging drop vapor diffusion meth-

od20 using a droplet of 10 µl of 10 mg/ml protein in addition
to 5 µl 25% ammonium sulphate in Tris-HCl buffer contain-
ing 400 mM NaCl and equilibrating it against a reservoir
of 1 ml 25% ammonium sulphate solution. We have now
modified the crystallization condition using sodium ac-
etate as an additive in the precipitant solution. To 5 µl of
12 mg/ml protein solution in 100 mM Tris-HCl buffer
containing 400 mM NaCl, 2 µl of 5% ammonium sulphate
solution containing 10 mM sodium acetate at pH 5.4, was
added and equilibrated against 25% ammonium sulphate
solution containing 60 mM sodium acetate, at 4°C. This
yielded more stable and reproducible single crystals of
hexagonal bipyramidal shape in about seven days. These
crystals, growing up to a maximum dimension of 0.6 3
0.3 3 0.3 mm, belong to the hexagonal space group P6122
with cell parameters a 5 b 5 61.8 Å and c 5 212.8 Å.
Intensity data up to 2.3 Å resolution were collected on a
Rigaku R-axis Imaging Plate scanner with a rotating
anode X-ray generator (50 kV, 100 mA) at Bhaba Atomic
Research Centre, Mumbai, India. The crystal was mounted
with the c axis perpendicular to the X-ray beam. A total of
72 images were recorded at an interval of 0.5°. The
integrated intensities were measured and scaled using the

Fig. 1. A Ramachandran Plot (PROCHECK) of all 183 residues of WCI. Allowed regions are
shaded according to convention. All non-glycine residues are indicated as squares and glycines are
indicated as triangles.
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program DENZO.21 A total of 9,897 unique reflections out
of 10,551 observations were obtained with a merging
R-factor [Rmerge 5 S 0 2 ,I. 0 S I, where I 5 observed
intensity, ,I. 5 average intensity obtained from multiple
observations of symmetry related reflections] of 9.5%
which accounts for 80.1% of the expected number of
reflections at 2.3 Å resolution. The intensities were con-
verted to structure-factor amplitudes and a correction was
applied to weak or negative measurements based on the a
priori distribution. The overall temperature factor esti-
mated from the Wilson plot22 is 34.2 Å2.

Refinement

The starting model for the refinement was the co-
ordinate set of the previously determined structure10 of
WCI at 2.95 Å excluding the solvent water molecules. The
initial R-factor calculated with the present data (taken at
this stage in the 8.0 Å–2.95Å resolution shell but without
any s cutoff) was 36.2%. The structure was refined in
several steps by a combination of rigid space refinement,
positional refinement, and simulated annealing with the
program X-PLOR23 implemented on a SGI Indigo2 worksta-
tion. Standard X-PLOR topology and parameter files

(tophcsdx.pro and parhcsdx.pro ) were employed in the
process. The initial model after rigid space refinement was
subjected to 100 cycles of positional refinement followed by
20 cycles of restrained B-factor refinement, which reduced
the crystallographic R-factor from 36.2% to 24.1%. The

Fig. 2. A stereoscopic view of the schematic representation (Ribbon diagram)70 of WCI molecule
showing the b-trefoil fold with two small helical regions (H1, H2). First (A) and second (B) reactive
sites and two termini of the protein are also marked.

TABLE I. Salt Bridges

Acceptor Donor Dist (Å)

LYS174 NZ GLU13 OE2 2.89
GLN136 NE2 ASP145 OD2 2.98
ARG159 NE ASP153 OD2 3.01a

ARG159 NH2 ASP153 OD2 2.78a

LYS103 NZ GLU39 OE2 3.43a

aMarked salt bridges are conserved in the struc-
tures of ETI, STI, WBA in the Kunitz (STI) family.

TABLE II. Structural Similarity of Different
Proteins with WCI†

Protein

Percentage
sequence
identity

Total
number of
residues

Number of
Ca super-

posed
R.m.s.d

(Å)

Erythrina
caffra
trypsin
inhibitor 61 166 146 1.2

Winged Bean
albumin 36 171 153 1.8

Interleu-
kin-1a 12 145 109 2.5

Interleu-
kin-1b 14 153 101 2.8

Basic fibro-
blast growth
factor 10 126 105 2.7

Abrin-a sugar
complex (B
chain) 7 267 96 2.2

Interleukin-1
receptor
antagonist 10 144 101 2.7

Agglutinin
(Amaran-
thin) 10 299 115 2.6

†Co-ordinates of STI and PKI3 are not currently available in PDB.
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Fig. 3. A superposition of Ca traces of co-ordinates
from 2.95 Å (green) and 2.3Å models (magenta).

Fig. 4. Structural comparison of
WCI with other proteins. a: Ca-chain
superposition of structurally similar pro-
teins of the Kunitz (STI) family show-
ing the conserved region. WCI is
shown in red. It shows maximum de-
viations with all the four structures
near the loops marked 1, 2 (on the
rear side of the molecule), and 3. b: Ca

chain superposition of functionally un-
related proteins [Abrin-a (yellow), Inter-
leukin 1a (magenta), Interleukin 1b
(cyan), Interleukin receptor antagonist
(white), Basic fibroblast growth factor
(green), and WCI (red)] having struc-
tural similarity with WCI.
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Fig. 5. The first reactive site of
WCI (green) is docked at the enzyme
(magenta) active site (van der Waals
surface is shown). Figure shows His57
at the center having a hydrophobic
environment (partially shown for clar-
ity in viewing).

Fig. 6. A comparison of the ca-
nonical conformation (P3–P2’) of the
proposed second reactive site
(Asn38–Pro42) of WCI with those of
other reactive sites of serine prote-
ase inhibitor proteins. Figure shows
main-chain superposition of WCI
(P3–P2’) (magenta) with (a) PTI, (b)
PI-II, (c) BBIC, (d) BBIT, (e) WCI
first site, and (f) CI-2. Arrows indi-
cate P1 residues.

Fig. 7. The second reactive site of
WCI (green) docked at the active site
groove of the enzyme (magenta) with
van der Waals surface. Anti parallel
b-sheet (bottom) and hydrophobic
Leu43 of WCI above His57 (center) of
the enzyme is seen.
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data set was then extended to 2.3Å in successive steps for a
further 8 cycles, each cycle comprising of a round of
X-PLOR refinement followed by manual intervention us-
ing TOM.24,25 The R-value gradually fell from 24.1% to
22.3% and the electron density maps calculated during the
course of refinement improved steadily and most of the
missing side-chains of the earlier model could now be
located in the 2Fo-Fc and Fo-Fc maps. In the later stage of
refinement we also used the program ‘‘O’’.26 New potential
solvent sites were located by visual inspection and with
the program PEAKMAX.27 Unidentified and distinct elec-
tron density peaks which appeared in greater than 2.5s

level of the Fo-Fc map were considered as water molecules
in the model if they were within hydrogen bonding dis-
tances from a protein donor or acceptor molecule or from
another water molecule. They were deleted from the model
if they failed to reappear in 1.0s level of the 2Fo-Fc map.
Fairly generous and modified28,29 criteria for hydrogen
bonds were taken, to take all genuine hydrogen bonds into
consideration for this higher resolution structure. For
N-H....O bonds the maximum H...O distance was taken as
2.60Å, and the minimum values for the angles N-H..O and
C-O...H as 90°. For O-H...O and N-H...O bonds for which
hydrogen positions were not assigned, the maximum dis-
tance O...O(N) was 3.6Å, and the minimum angle C-
O...O(N) was 90°. The occupancy and isotropic tempera-
ture factors for all the currently located water molecules
were assigned the values of 1.0 and 20 Å2 respectively.
Further, all main- or side-chain atoms at this stage with
poor or no density at the 1.0s level of the 2FO-FC map were
assigned zero occupancy.

The model was then subjected to the slow cooling
protocol of simulated annealing refinement at an opti-
mized temperature of 4,273 K in the resolution range
8–2.3 Å. The R-factor after slow-cooling, a few cycles of
regularization through positional refinement and re-
strained B-factor refinement was 20.4%. At this stage
further model building did not improve the R-factor and a
model overfitting was indicated by the calculated free
R-factor.30,31 Calculation of the omit maps32 omitting the
relatively ambiguous loop regions (Asp1-Asp3, His137-
Val142, Ser177-His183), followed by cautious stepwise
incorporation of these missing residues, improved the
R-factor to 19.8%. At the 2.3 Å resolution level we did not
find it useful to consider the possible multiple conforma-
tion of some residues in spite of the presence of bifurcated
electron density maps, as in the case of Lys143. Finally, the
model was subjected to 120 cycles of positional and 20
cycles of individual isotropic B-factor refinement, with a
weighting factor (WA) of twice that of Brünger’s suggested
value23 — this gave a better convergence of the refinement,
without leading to serious deterioration of the model
geometry.33 The final R-factor for 1,572 non-hydrogen
atoms is 18.7% for all 183 amino acid residues and 109
solvent molecules. During the entire process of refinement
the free R-factor and its difference with the crystallo-
graphic R-factor was monitored. The structure factor data
and the refined coordinates (Identity codes R2WBCSF and

2WBC respectively) have been deposited with the Protein
Data Bank.34

RESULTS AND DISCUSSION
Quality of the Model and Comparison
With Similar Structures

The current model of WCI contains all the 183 amino
acid residues together with 109 water molecules. The
electron density map of the model was of good quality with
well- resolved positions for the majority of the main- and
side-chain atoms. However, the maps for the residues
His137–Asp141 and residues Ser177–His183 in the C-
terminal region were of somewhat poor quality. Correspond-
ing regions were also found to be ill defined in other
structurally similar proteins like ETI,8 Interleukin-1a,35

Interleukin-1b36,37,38 etc. The B-values for the regions
His137–Asp141 and Ser177–His183 are relatively higher
which may be indicative of disorder in these atoms. The
high B-values in the regions could be due to dynamic
flexibility or to static disorder within the crystal.37 More-
over, the average B-values in the corresponding regions of
all the above structures were seen to be relatively high,
which may have some functional implications38 also. The
average B-factor for all protein atoms of WCI is 30.8 Å2.
The large solvent content and fewer contacts with symme-
try related molecules in the crystal may be responsible for
this high overall B-factor. In general the B-factor ampli-
tudes correlate well with the location of the residues in the
structure – the higher values are observed for the atoms on
the surface loops and turns, while the lower ones corre-
spond to b-rich core region atoms.

The estimated average error in coordinates of the new
model is 0.28 Å as obtained from the Luzzati plot,39 which
corresponds well to the ideal value for protein structures.
Almost all values of the main-chain dihedral angles (f/c)
lie within the stereochemically allowed regions40 of the
Ramachandran plot (Fig. 1).41 The mean rmsd of bond
lengths calculated for the backbone and side-chain atoms
are 0.009 and 0.013 Å, respectively. The average rmsd for
the bond angles, dihedral angles, and improper angles are
1.136°, 22.86°, 0.81°, respectively. The WCI protein mol-
ecule (Fig. 2) is approximately spherical (radius 5 16.5 Å)
and its structural architecture consists of 12 antiparallel
b-strands connected by long loops which dominate the
surface of the molecule. Six of the 12 b-strands form a
b-barrel and the other six form a cover on one hollow end of
the barrel—forming the characteristic b-trefoil fold struc-
ture.16 The folding of the WCI molecule is such that the
N-terminus comes close to the first reactive site loop
(Gln63-Phe68). The side-chain of an asparagine residue
(Asn14) near the N-terminus intrudes inside the reactive
site loop and forms a network of hydrogen bonds with
side-chain and main-chain atoms in the region, which
stabilizes the loop.10 One water molecule, located inside
the loop, forms hydrogen bonds with Asn14 Od1 and Ser61
Og, which help to maintain the conformational rigidity of
the loop. Altogether sixteen b-turns are identified in the
WCI structure according to the hydrogen-bonding pattern
Oi – Ni13.42 Of the five b-bulges identified, one antiparal-
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lel classic b-bulge involving residues Ala34, Leu43 and
Thr44 can be identified in the structure according to the
hydrogen bonding pattern and the values of dihedral
angles.43 Another wide G1 type pseudo b-bulge is seen near
Asn157 where H2O205 and H2O216 make the necessary
contacts through hydrogen bonding. Four inverse g-turns
are located in the new model. Two 310 helices (Trp25–His27
and Glu111–Asp113) were also evident in this predomi-
nantly b-sheet protein (Fig. 2). The second helix region
actually takes the conformation of an aII helix with a
bifurcated hydrogen bond at Glu111 O. Five salt-bridges
seen in WCI are listed in Table I. Figure 3 shows a
least-squares Ca chain superposition of the present model
of WCI on the earlier one which shows some deviations,
the largest being in the chain direction at the C-terminus
(overall root mean square deviation (rmsd) value 0.7 Å ). It
is to be noted that the structure of WCI is similar to those
of other legume seed serine proteinase inhibitors like ETI8

and STI,6,7 proteinase K inhibitor from wheat germ PKI3,9

winged bean albumin WBA-1,11 all belonging to the Kunitz
(STI) family. Figure 4(a) shows a Ca superposition of all
these five structures and overlapping is particularly good
in the conserved b-sheet regions. Some variations are seen
in the surface loop regions and interestingly, WCI shows
consistent deviations in superposition with all the other
four structures in the three loop regions (marked 1,2,3 in
Figure 4(a)) in common. In conformation with the close
sequence homology and bioactivity, WCI has very little
variation in structure10 in comparison to STI and ETI,
whereas PKI3 shows considerable deviation in the loops 1,
2, and 3. Particularly loop 1 in PKI3, which corresponds to
the first reactive site of WCI, lacking standard canonical
conformation for serine protease reactive sites, cannot
inhibit trypsin/chymotrypsin at this loop (instead, loop 2 of
PKI3 acts as a reactive site against Proteinase K). In case
of WBA, a four-amino acid insertion at loop 1 makes the
loop much more protruding at the P1 equivalent side.11

Structural similarity is also observed in functionally unre-
lated proteins like Interleukin-1a,35 Interleukin-1b,36,37,38

Human fibroblast growth factor,44,45,46 Abrin-a sugar com-
plex,47 Interleukin-1 receptor antagonist48 (Figure 4(b))
and in Amaranthin49 whose structure has been recently
reported. Interestingly, even for these functionally differ-
ent proteins, the b-sheet regions appear to be somewhat
conserved, but there is a wide variation in the superposi-
tion of surface loop regions in these proteins which may be
thought to be responsible for their functional diversity. An
analysis of the structural similarity of these proteins
based on the protocol of Holm and Sander, 199350 is shown
in Table II.

The Solvent Interactions and Crystal Packing

The crystals of WCI have a solvent content of ,68%
(Vm 5 3.85 Å3 /dalton). A total of 109 solvent molecules are
included in the final refined model and their reliability was
verified with the ‘‘Qualwat’’ parameters.51 The average
B-factor is 46.3 Å2 for all solvent molecules. Most water
molecules are located on the surface of the protein and
form hydrogen bonds with polar side-chain atoms and/or

another water molecule. Of the 109 water molecules, 15
are part of the second hydration shell which have at least
one hydrogen bond with other water oxygen atoms within
a cutoff distance of 3.6 Å. Only 3 water molecules (217, 255
and 261) have no potential hydrogen bonding partners and
have contacts just outside the 3.6 Å limit. Very few water
molecules are present in internal cavities and they are
mostly clustered around b-strand termini. One extensive
water channel52 runs alongside residues Thr36–Val45 and
makes contacts with the highly conserved Lys103, Arg159,
and Leu160. Some of these multi-bonded water molecules
are located near the barrel axis and roughly make contacts
with the 3 sub-domains of the protein, which are related by
the pseudo-three fold axis of symmetry. The water mol-
ecule 214 is one such solvent molecule which makes
contact with main-chain oxygens of Val5 (3.04Å), His128
(2.78Å) and the main-chain nitrogen of Leu172 (2.89Å),
thus conferring extra stability to the protein.

Within the unit cell, each WCI molecule makes intermo-
lecular contacts with five symmetry (P6122) related mol-
ecules. Maximum number of crystal packing interactions
are seen between the surface regions His23–Trp25 (x,y,z)
with His124–Asn126 (x,x-y,-z11⁄6) and Asp95–Pro97 (x-y,-
y,-z), Phe64–Leu65 (x,y,z) with Glu111–Leu115 (x-y,-y,-z)
and Asp1–Asp3 (x,y,z) with Gln107–Pro110 (x,x-y,-z11⁄6).
An interesting revelation is the close packing of the
C-terminus (imidazole ring of His183) into a hydrophilic
pocket made by Glu139 (x,y,z), His23 (x-y,-y,-z) and His124
(x-y,x,z11⁄6).

Mechanism of Enzyme Inhibition

In order to delineate the inhibitory action of WCI, we
tried to model the WCI: a-Chymotrypsin complex by
docking the first reactive site loop (Gln63–Phe68) of the
inhibitor at the active groove of its cognate enzyme a-chy-
motrypsin guided by the criteria seen in STI:Trypsin
complex.6 We have used the PDB coordinates of chymotryp-
sin A-chain53 in our model. While modelling the complex,
some clashes were seen between moieties in the loop
regions of the inhibitor and the enzyme, some of which do
not belong to the eight recognized enzyme loops that
control protease–inhibitor interaction in the chymotrypsin
family.54 Although there is a plausibility of structural
readjustments of the residues in the reactive site loop, we
did not consider it, as Bode and Huber in 19923 pointed out
that the canonical conformation of this loop is the principal
criterion behind enzyme–inhibitor recognition. So, to avoid
the clashes, very small ‘‘hinge bending’’55 was introduced
by changing the f/w angles around the P5-P4 and P4’-P5’
residues of WCI reactive site loop, with an rmsd within 2.3
Å, keeping the P4-P4’ region unchanged. In the overall
process, the catalytic triad was kept within hydrogen
bonding distances of the scissile bond (Leu65 – Ser66)
residues and the N-terminal side of the scissile bond, in
particular, was kept as an anti-parallel b-strand3 with the
corresponding sites of the enzyme (Fig. 5). After energy
minimization,23 the refined model gave a surface comple
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mentarity value of 0.65 at the active site interface.56 This
model was further verified through the program GRAMM57

employing a global range (six dimensional) molecular
matching algorithm for complexation studies. The complex
model reveals that the active site residues of the enzyme
like Ser195, His57 and the scissile bond flanking hydropho-
bic residues (Leu69, Pro70, and Trp64) of the inhibitor are
buried in the complex core (Fig. 5). Especially, Ser195 Og
and His57 Ne atoms are screened by their immediate
hydrophobic environment which makes them inaccessible
to a solvent probe of 1.4 Å radius. It therefore follows that
complete inaccessibility of the solvent to the active site
residues in the acylenzyme intermediate of the enzyme
would prevent deacylation and therefore even after the
P1-P1’ peptide bond is cleaved, the fragments of the
inhibitor will be held in position in the complex. A similar
mechanism of inhibition involving this reactive site loop
has been reported for STI:Trypsin complex7 and the model
structure of ETI.8 No enzyme inhibition is seen for WBA.58

Recently, a comparison of the structure of WBA with our
previous model of WCI has been made by McCoy and Kortt
(1997).11 From this structural comparison it is clear that
the lack of inhibitory activity of WBA is due to the
distorted structure of the expected inhibitory loop from the
canonical conformation. Structural comparison with WCI
shows that the change in structure of the loop is due to
insertion of four amino acids in WBA between residues
equivalent to P2 and P1. In case of PKI3, however, the
mechanism of action against Proteinase K is different.59

The Second Reactive Site

One of our prime reasons for solving this inhibitor
structure was also to make an attempt to locate its second
reactive site, particularly because WCI is the only known
double-headed inhibitor in the Kunitz (STI) family. It is to
be noted that no previous biochemical information about
the position of the second reactive site in WCI was
available. In our current model, we could locate all the
amino acid residues on the surface loops. Also, the electron
density in the loop regions is better developed and the
model fitting is of improved quality. The average B-factor
for atoms in the loop regions in this model is also lower
than that in our earlier model. Therefore we thought of
exploring the possibility of locating the second reactive site
of WCI from the structural details of this model.

To start with, a thorough search on the surface loops was
made for a similar amino acid sequence pattern as that in
the first reactive site (Gln63–Phe68). Additional emphasis
was given to those regions that are related to the first site
by the pseudo three-fold symmetry. As these efforts gave no
substantial indications, we then tried to identify the
second reactive site on the basis of structural similarity.60

We chose three surface loops (Pro22–His27, Asn38–Leu43,
Thr163–Leu168) that were not within a distance of 20 Å
from the first reactive site, so as to avoid steric clash
between the two independently and simultaneously bound
chymotrypsin (each having approximately 40 Å diameter)
molecules at the first and second reactive sites. The choice
of the P1 residue for these regions was done through an

optimization of the hydrophobic nature (for chymotrypsin
specificity) of the residue concerned, where the rmsd of the
region around it with that of the first reactive site is the
lowest.

At this stage we wanted to know the influence of scissile
bond-flanking residues in such enzyme–inhibitor interac-
tions and with that view we wanted to analyze the
hydrogen bonding pattern of these residues with the
respective ones in the enzyme. So, all available coordinates
of serine protease complexes with inhibitors at high resolu-
tion were collected from the PDB and contacts/hydrogen
bonds in the interface region were calculated with the
program CONTACT.27 The analysis shows that more than
90% of the contact area (buried surface) between the two
macromolecules is in the P3–P3’ region of the reactive site
of the inhibitor. A detailed protease cleavage analysis by
Keil (1993)61 also reveals this fact.

Keeping this observation in view, we superposed the
main-chain traces of each of the three potential surface
loops on that of the first reactive site (Gln63–Phe68) region
of WCI in turn and the rmsd were calculated, using Insight
II (1995)62 molecular modelling system, for the P3–P3’
regions. Two loop regions (Pro22–His27 and Asn38–
Leu43) with lower rmsd values (Table III (a)) were selected
for further investigation as a possible second reactive site.
Next, we tried to dock each of these two potential loop
regions at the chymotrypsin active site groove individually
and we observed that docking of the loop Pro22–His27 was
not possible without major changes in the conformation of
either protease or inhibitor. This loop was thus eliminated
leaving only one loop (Asn38–Leu43) for further consider-
ation. Then we superposed (Fig. 6) the Ca trace of the

TABLE III(a).
Superposition of the

Main-Chain Trace (P3-P38)
of Prospective Second
Reactive Site Regions

on That of the First
Site of WCI

Region R.m.s.d (Å)

Pro22-His27 1.59
Asn38-Leu43 1.11
Thr163-Leu16 2.41

TABLE III(b). C~ Trace (P3-P18)
Superposition of the Second

Reactive Site of WCI on Other
Known Sites of Serine

Protease Inhibitors

Inhibitors R.m.s.d (Å)

PTI 0.30
BBI (trypsin) 0.65
PI-II 0.40
BBI (chymotrypsin) 0.17
CI-2 0.47
WCI first site 0.43
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proposed second reactive site loop on those of other known
reactive site loops of serine protease inhibitors like the
pancreatic trypsin inhibitor (PTI),63 the Bowman-Birk
type proteinase inhibitor (PI-II),60 the Bowman-Birk inhibi-
tor of chymotrypsin (BBIC)/trypsin (BBIT) from soybean,64

the first site of WCI10 and the chymotrypsin inhibitor from
barley seeds (CI-2)65 and rmsd were calculated in each case
separately (Table III (b)). Consistently low rmsd values in

each case was observed and the region comprising of
residues Asn38–Leu43 was therefore considered a suitable
candidate for the second reactive site of WCI.

Bode and Huber (1992)3 showed that the serine protease
inhibitor reactive sites must have a common canonical
conformation determined by its w/c distribution in P3–P3’
region in order to bind appropriately at the enzyme active
site. They also showed that to form a stable complex, the

Fig. 8. The canonical conformation of the second
reactive site loop. The side-chain of Glu39 intrudes inside
the loop and stabilizes it through hydrogen bonding.

Fig. 9. Final model of WCI at 2.3 Å with red stars as water molecules.
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inhibitor must present its reactive site flanking residues
as an anti parallel b-sheet to the active groove of chymo-
trypsin, forming an intricate hydrogen bonding network.
These criteria are reasonably satisfied by the proposed
loop and this site can also be docked well at the binding
site of the enzyme (Fig. 7). Figure 7 shows that the
immediate vicinity of the P1–P1’ (Pro 40–Cys 41) bond for
the second site also is residing in a hydrophobic environ-
ment. Further, the presence of two Proline residues (P1
and P2’ respectively) at the second site reduces the number
of hydrogen bonding possibilities, which explains the lower
binding affinity value (7.75 3 105 M21 for the second site
compared to 4.2 3 107 M21 for the first site) of the inhibitor
second site against the enzyme.55,56 This also conforms to
the biochemical observation that the 2:1 enzyme-inhibitor
complex is formed only after supersaturation, showing
that the distorted Michaelis type complex is formed through
a competitive inhibition. The empirical surface complemen-
tarity value at this interface after docking is 0.48. Two
other structural features of the region give stability to the
loop, Asn38–Leu43. First, the presence of a disulfide
bridge (Cys 41–Cys 85) in the vicinity of the P1-P1’ bond
and second, the extended hydrophilic side-chain of the P2
residue Glu39, which forms hydrogen bonds with other
residues of the loop (Fig. 8), representing itself as a
skeletal support element playing a similar role as that of
Asn14 at the first site of the inhibitor.

It was reported14 that there was no cleavage at the WCI
second reactive site even after prolonged incubation with
chymotrypsin. In this connection it is to be noted that
proline is present at P1 and P2’ sites of the proposed
loop–perhaps the most important evidence in support of
the absence of cleavage. This is because it is an observed
fact66 which is analytically supported by Keil (1993),61 that
there is virtually no cleavage against serine protease
interaction when proline is present at the P1 position of
the reactive site of substrate/inhibitor and presence of
proline as one of the nearby flanking residues enhances
this negative effect. Proline, being an imino rather than
amino acid, does not posses the free hydrogen atom that is
essential to the catalysis by chymotrypsin by forming an
P1-S1 hydrogen bond with a backbone carbonyl oxygen
and this may be the reason why serine proteases do not
hydrolyze at prolyl bonds 67,68,69. All these supporting
evidences suggest that the surface loop Asn38-Glu39-Pro40-
Cys41-Pro42-Leu43, may be considered as the second
reactive site of WCI (Fig. 9 and also marked as B in Fig. 2).

CONCLUSION

In this paper, we have reported the improved structure
of WCI at 2.3 Å resolution which leads to an understanding
of the mechanism of inhibition of the protein against
a-chymotrypsin. Analysis of this higher-resolution struc-
ture also helped us to predict the location of the second
reactive site of the protein that was identified mainly on
the basis of a best-fit structural study of the available
canonical conformations of the serine protease inhibitor
reactive sites.
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30. Brünger AT. 1992b. Free R value: a novel statistical quantity for
assessing the accuracy of crystal structures. Nature (London)
355:472–475.
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