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ABSTRACT Plant cystatins show great poten-
tial as tools to genetically engineer resistance of
crop plants against pests. Two important potential
targets are the bean weevils Acanthoscelides obtec-
tus and Zabrotes subfasciatus, which display major
activities of digestive cysteine proteinases in mid-
guts. In this study a cowpea cystatin, a cysteine
proteinase inhibitor found in cowpea (Vigna un-
guiculata) seeds, was expressed in Escherichia coli
and purified with a Ni-NTA agarose column. It
strongly inhibited papain and proteinases from mid-
guts of both A. obtectus and Z. subfasciatus bruch-
ids, as seen by in vitro assays. When the protein was
incorporated into artificial seeds at concentrations
as low as 0.025%, and seeds were consumed by the
bruchids larva, dramatic reductions in larval weight,
and increases in insect mortality were observed.
Molecular modeling studies of cowpea cystatin in
complex with papain revealed that five N-terminal
residues responsible for a large proportion of the
hydrophobic interactions involved in the stabiliza-
tion of the enzyme–inhibitor complex are absent in
the partial N-terminal amino acid sequencing of
soybean cystatin. We suggest that this structural
difference could be the reason for the much higher
effectiveness of cowpea cystatin when compared to
that previously tested phytocystatin. The applica-
tion of this knowledge in plant protein mutation
programs aiming at enhancement of plant defenses
to pests is discussed. Proteins 2006;63:662–670.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION

Most plant species produce proteinase inhibitors (PIs) in
their seeds, tubers, and leaves as a general constitutive
defense against a diverse set of predators.1 The majority of
those is active against the serine and cysteine class of

proteinases and is able to form stable complexes with
target proteinases, blocking, altering, or preventing access
to the enzyme active site.2 During plant predation by
insect pests, PIs act directly on gut proteases by attenuat-
ing amino acid assimilation and slowing their growth.3

Besides the most-studied serine PIs, phytocystatins
have also been involved in several responsive processes
induced by fungal and abiotic stress4,5 as well as by
phytophagous predators.2,6–15 On this basis, several trans-
genic plants have been produced expressing specific phyto-
cystatins and tested for enhanced resistance against preda-
tors.2,9,16–25 This class of inhibitor is among the most
promising candidates for bettering plant defenses against
insects,23–26 nematodes,2,19,21,27–29 slugs,13 and fungi infec-
tion.30–33

The known abundance of cysteine proteinases in bruchid
midguts34 renders these digestive enzymes promising
targets for phytocystatins. Among the most important
legume crop weevils are the bean weevil Acanthoscelides
obtectus and the Mexican bean weevil Zabrotes subfascia-
tus, which currently cause serious damage to stored seeds
of Phaseolus vulgaris. It is largely accepted that the
coevolution of plants and their predators has led to an
adaptation of phytophagous insects to the deterrent com-
pounds present in the plants they feed on.35 Related
literature describes, for example, the lack of effects of
plant proteinase- and �-amylase inhibitors upon the diges-
tive enzymes of insects adapted to a particular plant
species.3,36,37 The same inhibitors are, on the other hand,
very efficient in blocking enzymes from organisms that do
not feed on that plant. Thus, the genetic engineering of
plants aiming to increase resistance to insect predation
may rely exclusively on the repertoire of genes found in
plants.37
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Following this strategy, in this work we explore the in
vitro and in vivo insecticidal properties of a cowpea
cystatin (CCPI) against P. vulgaris major bruchid pests
and demonstrate much larger effects than those seen for
other cystatins. A molecular model of CCPI in complex
with papain is used to analyze characteristics of the
phytocystatin–cysteine proteinase interaction and to ex-
plain the unusual potency of the cowpea inhibitor.

MATERIALS AND METHODS
Expression of Cowpea Cystatin (CCPI) in Bacteria

The cowpea cystatin (CCPI) cDNA, cloned from Vigna
unguiculata,38 was inserted into the pQE30 expression
vector2 and the construct was used for transformation of
Escherichia coli M15 strain (pREP4). LB medium (1L)
containing 100 mg � mL�1 ampicillin was employed for
bacteria growth at 37°C with constant shaking. After the
optical density at 600 nm of the culture reached 0.6, 0.05
mM IPTG was added to induce expression and growth was
continued for other 3 h. Similar levels of expression for
IPTG concentrations in the range of 0.05 to 0.4 mM were
previously observed. After induction, the culture was
centrifuged at 10.000 � g for 10 min, supernatant was
discarded, and the pellet was resuspended in 25 mL of
lyses buffer (50 mM sodium phosphate, 300 mM sodium
chloride, 10 mM imidazole). Bacterial cells were sonicated
for 30 min. The bacterial extract was centrifuged at
10,000 � g for 10 min and the supernatant was reserved.

Purification of the Recombinant Cystatin Using
Ni-NTA Agarose

The bacterial extract containing CCPI was mixed to the
Ni-NTA Agarose (Qiagen) matrix, previously equilibrated
with above lyses buffer, pH 8.0, followed by an incubation
of 45 min at 4°C, using batch chromatography. Nonre-
tained material was removed by washing the matrix with
four volumes of wash buffer, pH 8.0 (50 mM sodium
phosphate, 300 mM sodium chloride, and 20 mM imida-
zole). Retained materials were eluted by 10 volumes of
elution buffer, pH 8.0 (50 mM sodium phosphate, 300 mM
sodium chloride, and 250 mM imidazole).

Polyacrylamide Gel Electrophoresis and Western
Blotting Analysis

Sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) was conducted according Laemmli39

at room temperature. Protein molecular weight markers
were from Pharmacia. Bromophenol blue was used as the
tracking dye. Anti-CCPI primary serum used in this work
was raised in rabbit against cowpea cystatins (KVS Fer-
nandes 1992. Thesis, Long Ashton Research Station, Uni-
versity of Bristol, UK), in collaboration with Dr. Robert
Thornburg from Iowa State University. Purified anti-
cowpea cystatin antibodies were obtained by affinity chro-
matography of the crude immune serum in a column of
Protein A covalently bound to Sepharose CL-4B. Immuno-
blots were made using anti-CCPI antibodies at a 1:2000
dilution in blocking solution.40

MALDI-TOF Analysis

Freeze-dried samples of the chromatographically eluted
proteins were desalted and prepared for Matrix-Assisted
Laser Desorption Time-of-Flight Analysis (MALDI-TOF)
on a Voyager-DE STR Bioworkstation (PerSeptive Biosys-
tems, Framingham, MA). The samples were dissolved in
1.0% trifluoroacetic acid and the sinapinic acid matrix (a
saturated solution dissolved in acetonitrile/0.1% TFA 1:1,
v/v) from Sigma Chemicals was added. The solution was
then vortex-mixed and 1 mL was applied onto the Voyager
Bioworkstation sample plate. Samples were air-dried at
room temperature. The spectrometer, equipped with a
delayed-extraction system, was operated in linear mode.
Sample ions were evaporated by irradiation with an N2

laser at a wavelength of 337 nm, and accelerated at 23 kV
potential in the ion source with a delay of 150 ns. Samples
were ionized with 100 to 200 shots of a 3-ns pulse width
laser light. The signal was digitized at a rate of 500 MHz
and averaged data was presented to a standard Voyager
data system for manipulation.

Proteinase Preparations

Papain was purchased from Sigma Co., St. Louis, MO.
Larval insect proteinase preparations were obtained from
the bean weevils’ A. obtectus and Z. subfasciatus and from
the boll weevil Anthonomus grandis. Adult boll weevil
proteinases were also isolated.

Proteinases from bruchid larvae of A. obtectus and Z.
subfasciatus were obtained after dissection and collection
of the luminal fluid from 18–20 days larvae reared in
common bean (P. vulgaris) seeds. Boll weevil larvae and
adults were obtained from Biological Control Department
of CENARGEN/EMBRAPA (Brası́lia, Brazil). Larvae were
reared on an artificial diet41 at 25°C and relative humidity
of 55%. The midguts were surgically removed from larvae
and adult insects and placed into an iso-osmotic saline
(0.15 M NaCl). Midgut tissue was stirred and centrifuged
for 10 min at 10.000 � g at 4°C and the supernatant was
used for enzymatic assays.

Proteinase and Proteinase Inhibitor Assays

Stock solutions of the synthetic peptide substrate (10
mM Z-Phe-Arg-MCA) were made in 50% dimethyl sulfox-
ide (DMSO). Its hydrolysis was followed by monitoring the
fluorescence increase of released MCA, using an excitation
wavelength of 340 nm and an emission wavelength of 480
nm in a Hitachi F4500 fluorimeter. Assays were performed
by continuously monitoring enzyme activity from papain
and insect proteinases, before and after addition of the
CCPI at a 10 �M concentration. Steady-state velocities
before and after addition of the inhibitor were obtained by
linear regression analysis. All determinations were based
on assays with less than 2% of substrate hydrolysis,
according to Barrett and Kirschke.42 For each assay, 100
ng/mL of papain or proteinase extracts were used. Final
data are the average among three different assays.

Feeding Tests

The effects of cowpea cystatin on insect development
were examined by a feeding test using artificial seeds

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot

COWPEA CYSTATIN: ACTIVITY AND MODELING 663



made of bean flour (P. vulgaris) and three different inhibi-
tor concentrations (0.025, 0.05, and 0.1%). The freeze-
dried CCPI added to the bean meal was thoroughly mixed
in a mortar to ensure an uniform distribution. Each
artificial seed (300 mg) was made by pressing the flour in a
cylindrical brass mold (10-mm diameter) with the help of a
hand press. The artificial seeds were placed in a dish into
which Z. subfasciatus adults were introduced; dishes were
kept in a chamber at 28°C and about 80% relative humid-
ity. After 24 h, adults were removed and only three eggs
per seed were retained. In the case of A. obtectus, three
eggs per seed were manually mixed to the seeds. After 20
days, the weight of surviving larvae was measured and
after 45 days, adult insects were counted. Negative con-
trols were used in which the artificial seeds lacked cysta-
tin. Each treatment was done with three repetitions and
each replicate contained six seeds or 18 larvae.

Sequence Comparisons and Threading

Sensitive sequence comparison techniques and special-
ized threading methods were used to determine the best
templates to use for construction of the model. Careful
consideration of template choice was necessary because
several proteins are known to share the cystatin fold,43

including stefins44 and monelins.45 Several methods were
used to obtain a consensus view. Sequence comparisons
were carried out using the HMM46 and FFAS47 methods;
for threading, Genthreader,48 3D-PSSM,49 and the Bioin-
bgu methods50 were applied. Structural alignment of the
used templates was obtained from the FSSP database.51

Sequence alignments were manipulated using Jalview
(available at http://circinus.ebi.ac.ul:6543/jalview/).

Construction and Refinement of a Model for the
Papain–Cowpea Cystatin Complex

Because one of the interests of this work lays in under-
standing the interaction of CCPI with papain, use of the
stefin–papain complex structure was obligatory. In the
light of the fold recognition results we constructed a model
of CCPI using information from both stefin (1stf) and
chicken cystatin (1cew). Where the backbones of the two
inhibitor templates adopted similar conformations, infor-
mation from both was simultaneously incorporated into
the modeling process. Use of multiple templates, where
possible, is known to improve the quality of models. Where
the templates differed, chicken cystatin alone, as the more
closely related molecule to CCPI, was used. At both
termini length considerations forced the use of the stefin
template alone in model building. The most favorable
positions for insertions and deletions in CCPI, relative to
the templates, were obtained through visual examination
of the templates. Papain, from 1stf model, was present
throughout the model refinement to provide the correct
environment for modeling of the complexed inhibitor.

The limited sequence similarity between CCPI and
available templates (around 29% with chicken cystatin
and 22% with stefins) led to the application of a rigorous
modeling strategy in which construction and evaluation of
multiple models were used to validate the target templates

alignment.52,53 In this way, 10 models of the papain–CCPI
complex were built, for each tested target template align-
ment. A 2 Å coordinate randomization step was applied
prior to refinement of the models to sample coordinate
space. The set of models was analyzed for solvent exposure
and packing with PROSA II54 and for stereochemical
properties with PROCHECK.55

Each model was analyzed with MULTIDOCK,56 a pro-
gram designed for refinement of complex coordinates,
which alternates cycles of rigid body and side chain
rotamer refinement. To allow for the possibility of side
chains adopting nonrotamer conformations the results of
MULTIDOCK refinement were subjected to 200 cycles of
energy minimization with X-PLOR 3.851.57 A constant
high dielectric constant of 5 was used because protein
interfaces are known to be more polar than protein inte-
rior.58 Surface complementarities between enzyme and
inhibitor and buried interface area were calculated with
SC.59 In addition, enzyme–inhibitor interaction energy
was calculated using X-PLOR and HBPLUS,60 used for
counting hydrophobic contacts and hydrogen bonds be-
tween the proteins. The model exhibiting the greatest
interface complementarities was among the best scoring
by PROSA II analysis and was taken as the final model.

RESULTS AND DISCUSSION
Induction and Expression of Cowpea Cystatin in
E. coli Cells

The heterologously expressed cowpea cystatin was puri-
fied with a Ni-NTA agarose batch affinity chromatogra-
phy. Figure 1(A) shows that proteinase inhibitory activity
was only associated with the eluted fraction. This could be
asserted by fluorimetric assay (black line), which shows
that papain activity over Z-Phe-Arg-AMC was reduced in
100% when testing this fraction. None inhibitory activity
was present in either nonretained (NR) or washed frac-
tions (Wash). Figure 1(B) shows SDS-PAGE analysis of
crude extract and fractions obtained during the purifica-
tion. The total homogenate showed a major band of
approximately 13 kDa (lane EL), which elutes solely, as
pure protein, with the elution buffer. This protein was
positively identified by an anti-CCPI serum by Western
blotting (lane Elb).

MALDI spectroscopy applied to the eluted fraction re-
vealed a monomeric molecular mass of 10,345 Da and a
dimeric molecular mass of 21,032 Da (Fig. 2). The molecu-
lar mass calculated by mass spectrometry agrees with the
theoretical molecular mass of cowpea cystatin deduced
from the cloned cDNA sequence.38 The mass is also in
accordance with typical phytocystatin masses, for which a
range of 10–14 kDa is observed.61–63

In Vitro Inhibitory Activity of CCPI

Cowpea cystatin was tested against proteinase-enriched
midgut extracts from different Coleopteran; the cotton boll
weevil (Anthonomus grandis), the Mexican bean weevil
(Zabrotes subfasciatus), and the common bean weevil
(Acanthoscelides obtectus).

Figure 3 shows that CCPI has high inhibitory activity
against papain and against the midgut homogenates from
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bean weevils but was inactive against the proteinases from
both Anthonomus grandis larvae (AgL) and adults (AgA).
These results are in agreement with data regarding the
composition of digestive enzymes in these tested species.
In A. grandis midgut, cysteine proteinases constitute a
minority of digestive proteinases,64 in contrast to their
abundance in bean weevils.34,65

The results also reinforce previous data on in vitro
inhibition of proteinases from coleopterans by cystatins
from soybean,66 corn,9 rice,67 and chestnut,68 but compari-
sons are sometimes complicated by methodological differ-
ences. A direct comparison can be made with the results of
Hines et al.,6 who assayed soybean cystatin against papain
and gut extracts from A. obtectus and C. maculatus. This
reveals a much higher activity of CCPI than of soybean
cystatin, against both papain and A. obtectus extract. An
amount of 100 ng of CCPI inhibits papain and A. obtectus
midgut extract by 98 and 93%, respectively. The same
amount of soybean cystatin inhibits papain by around
30%, while 200 ng are necessary for 22% inhibition of the
A. obtectus extract. However, Koiwa et al.14 demonstrated
a different inhibitory potential for two soybean cystatins
(scN and scL) when evaluating C. maculatus growth
(assessed by the within-seed developmental time parame-
ter) and mortality. The former scN, at a 0.5% w/w concen-
tration, retarded growth (50% of retardation) and in-
creased in 50% mortality rate of cowpea weevil, while the
latter scL affected neither growth nor mortality.

Although CCPI strongly inhibits midgut cysteine protein-
ases of the cowpea weevil Callosobruchus maculatus,34

these inhibitors are expressed at levels too low to have an
impact on seed predation by this bruchid.69 Also, the levels
of cysteine proteinase inhibitors and the populations of
mRNAs38 are similar in seeds of susceptible and resistant
lines of cowpea, indicating that cystatins do not contribute
to cowpea resistance to C. maculatus.

Bean Weevils Feeding Assays

Prompted by the in vitro inhibitory potential of CCPI
over the bruchid proteolytic enzymes, a series of in vivo
experiments were carried out. The effects of CCPI on the
development of larvae, when incorporated into an artificial
diet, were investigated. Strikingly, even at the lowest level
of 0.025%, CCPI lead to significant increases of around
79% in the case of A. obtectus and 67% for Z. subfasciatus
in adult insect mortality [Fig. 4(b)]. These rates are
compared to a 10% of mortality of control experiments. At
the highest levels of cystatin incorporation, A. obtectus
mortality approaches 100% while Z. subfasciatus mortal-
ity nears 90% [Fig. 4(b)]. Almost as dramatic are the

Fig. 1. (A) Ni-NTA chromatographic steps of heterologous CCPI
purification. Inhibitory activity of fractions was determined against commer-
cial papain. (B) SDS-PAGE analysis of the chromatographic fractions; gel
stained by Coomassie-Blue. All samples loaded contained 56 �g of
protein. Black arrows point at cowpea cystatin. (CE, crude extract of
induced E. coli cells; NR, nonretained fraction; W1, W2, W3, and W4,
sequential washed fractions; EL, eluted protein fraction; ELb, Eluted
fraction probed with an anti-CCPI serum.)

Fig. 2. MALDI-TOF mass spectrum of purified CCPI (eluted frac-
tion).

Fig. 3. Inhibitory activities of CCPI towards papain (Pap) and bruchid
proteinases from Z. subfasciatus (Zs), A. obtectus (Ao), and Anthonomus
gradis (Ag). Data obtained from three replicate assays.
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reductions in larval weight observed in the presence of
CCPI at all levels [Fig. 4(a)]. The lowest amount (0.025%)
is able to significantly reduce larval weights (�50%) for
both species, while further weight reductions are seen at
higher cystatin concentrations. Interestingly, larvae that
reached the adult stage (the surviving adults) from these
studies show no weight reduction when compared to
controls (data not shown).

Until this time, only �-amylase inhibitors from wheat
and rye showed potential as defense factor against the
bean weevil A. obtectus.70,71 On the other hand, the high
levels of digestive cysteine proteinases present in bean
weevil’s midguts turn these enzymes good targets for
controlling these pests. We report in this work in vivo
effects of cowpea cystatin on the survival and development
of both A. obtectus and Z. subfasciatus. Levels as low as
0.025% of this protein, when incorporated in artificial diet,
lead to increases of around 79% in the case of A. obtectus
and 67% for Z. subfasciatus in adult insect mortality [Fig.
4(b)]. Almost as dramatic were the reductions in larval
weight observed in the presence of CCPI at all tested levels
[Fig. 4(a)]. In line with this potency of cowpea cystatin in
vivo, comparisons of these data with previous studies
reveal this inhibitor as being highly effective against the
tested bruchids, even at low levels. For example, equista-
tin, a thyroglobulin type-1 domain-like inhibitor has been
used in feeding assays against the Colorado potato beetle
Leptinotarsa decemlineata.72 At a level of 0.3% in a potato
leaf diet, a 50% mortality rate was seen.72 The present
work shows that 0.05% of CCPI caused bean weevil

mortality of around 95%. In another study, 11.27 �M of
soybean cystatin scNM8–103 caused 50% of larval weight
reduction for western corn rootworm (Diabrotica virgif-
era).73 Soybean cystatin scNM8–103 when incorporated in
an artificial diet at a 0.5% level caused 50% of insect
mortality.14 At a level of 0.1%, CCPI gave mortality rates
of 89 and 96% for Z. subfasciatus and A. obtectus, respec-
tively.

Modeling of the Papain–CCPI Complex

The results of the sequences comparisons and threading
analyses suggest that chicken egg cystatin (PDB code
1cew) would provide a good template for constructing a
model for CCPI. Further down the list of favorable struc-
tures appear stefins, both uncomplexed (PDB code 1dvd)
and in complex with papain (PDB code 1stf; 44), and
monellin (PDB code 1mol; 45). For example, the FFAS
method give chicken cystatin a Z-score of 61, the stefins
scores of 22 and monellin a score of 9. The chosen modeling
strategy therefore made use of structural information from
both stefins and chicken cystatin, for regions of structural
similarity, and chicken cystatin where the templates dif-
fered. The alignment used is shown in Figure 5. The
papain–stefin complex structure was used to model the
termini of CCPI (where the stefins are longer than chicken
cystatin) and to provide the papain part of the final model.

Analysis of the papain–CCPI modeled complex (Fig. 6)
shows favorable packing and solvent exposure characteris-
tics with the best-scoring model giving an overall PROSA
II figure of �10.35, comparing well with the corresponding
�13.15 scored by the papain–stefin complex. Similarly,
the overall stereochemical qualities of the papain–CCPI
modeled complex were good, as indicated by an overall
PROCHECK G-factor of �0.23, slightly better than the
�0.28 scored by 1stf. PROSA II profile analysis, high-
lighted several unusually exposed hydrophobic residues
among CCPI residues 73–88, containing the last two
�-strands of the structure. However, the alignment of
CCPI with 1cew is very clear for this region, and a similar
PROSA II peak is seen in the profile of 1cew. In fact, two of
the exposed hydrophobic residues are important in the
interaction between enzyme and inhibitor, as seen in
Figure 6.

Analysis of the Papain–CCPI Interface of the Final
Model

Although analyses of protein–protein interfaces high-
light different aspects of the interaction,58,74 simple sur-
face complementarity is known to be a key factor.75 It was
therefore important that the SC55 number for the final
model of 0.67 compares favorably with the range 0.70–
0.76 observed for experimentally determined structures.
Comparison of interface interaction energies reveals the
final model to be somewhat less favorable than 1stf with a
value of �26.5 kcal/mol compared to �42.5 kcal/mol,
although the model interface has more hydrogen bonds
(eight compared to six) and more hydrophobic contacts (56
vs. 52). In the papain–CCPI model hydrophobic interac-
tions predominate over hydrogen bonds (56 compared to 8)

Fig. 4. Effects of CCPI on (a) weight (�SD) and (b) on mortality of Z.
subfasciatus and A. obtectus larvae relative to the control. Each value
represents the weight of 27 larvae. Each mean represent three replicates.
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at the interface and the electrostatic interaction energy of
the model is unfavorable. Interestingly, both these charac-
teristics are shared by the papain–stefin B structure,44

suggesting that they may be typical of protease–cystatin
interactions in general.

Figure 6 shows that CCPI interactions with the enzyme
are confined mainly to three regions, the N-terminus, the
well-characterized consensus loop (residues 49–53, se-
quence QVVSG in CCPI), and a second hairpin loop along
with its preceding beta strand. Outside of these regions the
only predicted enzyme–inhibitor interaction is between
Glu 18 and Lys 139 of papain, the only direct ionic
interaction between the two molecules.

Detailed examination of the contacts shows a key role for
the N-terminal region of CCPI; 35 of the 56 hydrophobic
interface interactions involve residues Met 1 to Gly 5.
Particularly important are Met 1 and Leu 216, which
contribute for 20 and 11 interactions, respectively. The
analysis also shows that these two side chains bind into a
largely hydrophobic surface pocket of papain lined by Phe
207, Pro 68, Val 133, Ala 160, Trp 26, and Cys 25. Also
noteworthy are the hydrophobic contributions to binding
of two solvent-exposed hydrophobic residues of the inhibi-
tor, Trp 80 of the second hairpin loop44 and Trp 76 on the
preceding �-strand (Fig. 6). Trp 80 lies against a hydropho-
bic patch on the surface of the enzyme caused by the
positioning of residues Trp 177 and Trp 181.

Confinement of interactions between the CCPI and
papain to three major regions, the N-terminus, the consen-
sus QXVXG loop, and a second hairpin loop, is in accord
with the papain–stefin complex,44 as well as for five other
protease–inhibitor complexes formed between AtCYS1
(Arabidopsis thaliana cystatin), oryzacystatin-I, chicken
egg white cystatin, and human stefins A and B to papain.76

Although only a partial, N-terminal sequence of the soy-
bean cystatin is available77 (Fig. 5), it immediately sug-
gests a possible explanation for the lesser inhibitory power
of this homologue6 in comparison to CCPI (Fig. 3). The

Fig. 6. Molscript85 diagram of the final model of papain in complex
with CCPI. The papain portion (below) is shown as a gray C� trace and
the cystatin (above) as a ribbon diagram. Side chains of cystatin residues
interacting with the enzyme are drawn in a ball-and-stick representation
and labeled. The orientation was chosen to clearly display the role of the
inhibitor N-terminus leading to partial concealment of residue Glu 18.

Fig. 5. Sequence alignment of CCPI with the partial sequence of the soya homolog77 and sequences of the
two structures used for modeling—PDB codes 1cew (chicken egg white cystatin43) and 1stf (human stefin B44).
The alignment of 1cew and 1stf is the structural alignment taken from the FSSP database.51 For CCPI and
1cew, numbering is shown above the alignment and secondary structure, predicted and actual respectively,
below the alignment. CCPI residues forming hydrogen bonds with papain in the final complex model are
emboldened and those making hydrophobic interactions italicized. The figure was made with Alscript.84
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soybean cystatin, while exhibiting 67% of sequence iden-
tity with CCPI, lacks five N-terminal residues. The model-
ing shows these five to be responsible for a large proportion
of the hydrophobic interactions suggested as primarily
responsible for stabilizing the enzyme–inhibitor interface.
Although additional favorable interactions may be made
by the unknown portion of the soybean cystatin, its shorter
N-terminus may well contribute to its relatively weak
inhibition of cysteine proteases.6

CONCLUSION

Transgenic plant technology may provide a major contri-
bution to the production of crop varieties that are tolerant
to insect pests. However, aspects of specificity and potency
of target genes are quintessential points to be carefully
thought about.

In this article, the main finding was that cowpea cysta-
tin seems to have unusually high inhibitory activity in
vitro, and is correspondingly highly effective in vivo against
two economically important crop pests. Potency is a key
consideration in the planning of transgenic plants because
high level expression of heterologous genes is not always
possible. The effectiveness of other proteinase inhibitors at
level from tenths to several percent of total soluble pro-
tein78,79 highlights the potential of CCPI with its dramatic
effects on insect mortality and larval development at much
lower levels. We envisage this inhibitor as a strong candi-
date, either alone or in combination with other toxic
proteins, for the production of transgenic bean plants with
increased resistance to weevil pests. Another noticeable
aspect is that this plant protein presents no toxicity
against mammal’s proteases.80 In the future the increased
understanding of the cystatin–cysteine protease interac-
tion afforded by the modeling presented here may lead to
rationally mutated cystatins with improved affinity. In
this field cystatins, modified or not, represent good candi-
date genes for the production of transgenic plants resis-
tant to bruchid insect-pest.81 The realization that closely
related cystatins have such different potencies should also
encourage further biochemical screening, as carried out by
Melo et al.,82 where two selected variant cystatins have
increased their specificity towards A. obtectus cysteine
proteinases when compared to the original sequence, by
phage display technology. Flores et al.83 have yet sug-
gested that specific cystatin isoforms from a single plant
species could have metabolic or protective functions, recog-
nizing either different endogenous enzymes or enzymes
from different pathogens or pests. In this manner, further
studies on effects of introduced cystatin genes on processes
such as seed germination of transformed plants, consider-
ing the proposed role of cysteine proteinase inhibitors in
regulating the activity of endogenous enzymes, are also an
expectation of this science field.
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