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Three recombinant soybean cysteine proteinase inhibitors (rSCPIs) L1, R1, and N2 were chemically
characterized. These inhibitors have the potential to inhibit the growth and development of three
major agricultural crop pests known to utilize cysteine proteinases (CPs) for protein digestion: Western
corn rootworm, Colorado potato beetle, and cowpea weevil. Characterization data obtained show
differences between the inhibitors and will be needed to consider the use of rSCPIs to create insect
resistance in plants.
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INTRODUCTION L 50

L1 .GNRDVTGSQNSVEIDALARFAVEEHNKKQNALLEFEKVVTAKQQVVSG
Crop damage caused by Western corn rootworms (WCR),

Colorado potato beetles (CPB), and cowpea weevils (CW) is a !
major problem for agriculture and food industries. Failure of N2  LGGITELTGAQNSVEINNLARFAVEEQNKRENSVLEFVRVISAKQQVVHG

traditional insect control methods to reduce crop destruction has 51 100
led to research seeking alternative means to manage these crop,
pests. Better understanding of insect digestive enzymes may

be a key to making crops insect resistant. Recent work has®!
indicated that cysteine proteinases are used by many insectsz  VNYYITLEAKDGLIKNEYEAKYVWVREWLNSKELIEFKPVNVSSTQ..........

for digestion (1). This indicates that a potential exists for gigye 1. Deduced amino acid sequence of L1, R1, and N2 of the
naturally occurring cysteine proteinase inhibitors (CPIS) to be recombinant soybean cysteine proteinase inhibitors.

introduced by genetic engineering to create crop plants that resist

infestation by these pests. Crop plants expressing CPI genes

from other plant species would provide alternatives to the use in the appropriate spatial context for interaction with the cysteine
of conventional pesticides. proteinase (CP) papain. From the amino acid sequence analyses,

it was deduced that L1, R1, and N2 not only sharee-50%

LGGFTDITGAQNSIDIENLARFAVDEHNKKENAVLEFVRVISAKKQVVSG

TLYTITLEAKDGGQKKVYEAKVWEKSWLNFKEVQEFKLVGDAPA.......

TLYYITLEANDGVTKKVYETKVLEKPWLNIKEVQEFKPITVAVNPLSVTV

Isolation in our laboratory of a native soybean CPI with . .
inhibitory activity against insect digestive CF% led to an effort ~ S€guénce homology with one another but showed overlapping

to generate recombinant soybean CPls (rSCPIs). Three uniqué:onservgd amino .aC|d sequences with oryzacystatin and chicken
cDNA clones (pL1, pR1, and pN2) that encode SCPI were €99 white cystatin. Notqble dlfferenc'es among the rSCPIs,
isolated from an immature embryo ZAPI! library by Polymerase ©ryZzacystatin, and the chicken egg white cystatin were that (1)
Chain Reaction (PCR) of poly(A)RNA from soybeanGlycine the rSCPIs did not contain a N-termlnal_ methionine, indicating
maxL. Merr.) embryos, indicating the presence of CPI isoforms that the cDNAs of the three rSCPIs did not encode for full-
in this genotypeRigure 1) (3). The proteins encoded by these length open reading frames, and (2) at the N-terminal, the rSCPI

clones contained the consensus QxVxG motif and a W residue N2 Was one residue short, and the rSCPIs L1 and R1 were nine
and seven residues short, respectively, compared to oryza-

cystatin. The three rSCPIs were devoid of any Cys residues,
indicating that disulfide linkages did not contribute to their

* Author to whom correspondence should be addressed (e-mail
nielsens@purdue.edu).

974 Bidwell Ave., Sunnyvale, CA. o functional structure. The key residues in the first and second

;nggmgm ngEatgrrpgltlltgxrféP:;%ui ;Jnn(;\éggg- Architecture. Purdue hairpin loops were conserved in all three rSCPIs, spatially

ICUltu I ure, urau . . ie e

University. located in appropriate positions downstream of the N termini
# Department of Food Science, Purdue University. (4).

10.1021/jf048959) CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/09/2005



1592  J. Agric. Food Chem., Vol. 53, No. 5, 2005 Lalitha et al.

Analyses of kinetic data from all three rSCPIs indicated that Isoel_ectric Fqcusing _(IEF)_. IEF of the rSCPIs was pe_rformed to
they were noncompetitive inhibitors of papain, as indicated by determine their isoelectric points. An IEF gel was used with a pH range
the Lineweaver—Burk plots3). This was contrary to the  ©f 3.5-10.0, using the procedure described in LKB Application Note
prevalent hypothesis that cystatins are reversible competitive 25%_(Pha_rma0|fa-g}(<:;53IBl(l))tec?nolqu).Ch _ 4 Peosi
inhibitors of papain (5). Zhao et aB) explained that the three igestion of rSCPIS by Trypsin, Chymotrypsin, and Pepsin.
rSCPIs tested are noncompetitive inhibitors on the basis of thers’cpIS were dissolved in appropriate buffer at 1 mg/mL, and aliquots

“ - . . . of 20 uL were reacted with trypsin, chymotrypsin, or pepsi,(16).
docking” model of CPI interaction with CPs as proposed from o pytrer systems selected for the different proteases were 50 mM

crystallographic data (67) and the inhibition kinetic data of ¢ for pepsin and 50 mM Tris-HCI, pH 8.1, containing 20 mM CaCl
oryzacystatin | §). The inhibition constants for N2 and R1 were  for trypsin and chymotrypsin. Heated and unheated rSCPIs (1 mg/mL)
57 and 21 nM, respectively, both of which were HEDO times were digested at 37C with these enzymes after they had been
lower than the inhibition constant of L1 (19000 nM3)( The solubilized in the appropriate buffer. Heat treatment of the rSCPIs was
Ki values for N2 and R1 were 233 orders of magnitude lower done in sealed tubes at 9€ for 30 min. Unheated rSCPI digestion
than that of CPI L1. Th&; values of N2 and R1 against papain assays were conducted at ratios of 10:1; 25:1; 50:1; 75:1, and 100:1
are comparable to those of corn CPI and OC |, which are 37 rSCPIl/enzyme (w/w), whereas ratios of 75:1; 100:1; 250:1; 50(_):1, e_md
and 32 nM, respectivelg]. Although plant cystatins vary in 1000:1 were used_ for all heated s_amples. Each of_t_he rSCPI digestions
activity agélinst specific CPs3( 9, 12), indicating target was done for 1 min and for 10 min for every specified rSCPIl/enzyme
A ’ ’ ratio. For each condition, assays were done in triplicate. At the end of

specificity, it has been deduced frF”T‘ work done t?y Z_ha9 ?t al. digestion, the reaction was terminated by adding SDS-PAGE sample
(3) that wound-induced SCPIs exhibit greater relative inhibitory pyffer in equal volume. All digests were boiled for 5 min beforz0
activity against both plant and insect CPs than does the ug of protein was loaded on a 16.5% Tricine SDS-PAGE gel. The
constitutively expressed protein. After wounding, the soybean results were visualized using a standard Coomassie Brilliant Blue stain.
plants were able to continue normal growth and development Degradation of rSCPIs over Time by the Crude Gut Extracts of
(3). WCR, CPB, and CW. SDS-PAGE Visualization of the Degradation

In this paper we have partially characterized the rSCPIs on of_ the rSCPIsCleaved and purified recombinant proteins were reacted
the basis of heat denaturation, optimal pH activity, and with the crude gut extracts of WCR, CPB, and CW over time, and the

sensitivity to various human digestive enzvmes. to enhance thedegradation of the three rSCPIs was followed by Tricine SDS-PAGE
Y1 9 4 ’ (14). Digestive tracts from larvae (third instar of WCR; third and fourth
understanding of the recombinant CPIs from a human sa'fewinstar of CPB; third instar of CW) were dissected into 2Q00f 0.2

point of view. In addition, we have evaluated the inhibitory \ sodium acetate (pH 5.0) in a 1.5-mL Eppendorf microcentrifuge
efficacy of the rSCPIs on the basis of the retention of their tupe. The whole guts were homogenized using a tight-fitting tissue
inhibitory activity when exposed to crude gut extracts of WCR, homogenizer while being held af€. The homogenate was centrifuged
CPB, and CW against reference E-64 at specific concentrations.at 12800¢for 5 min at 23°C. The supernatant was diluted appropriately
to give a 3-fold difference in counts between the blanks and the controls

MATERIALS AND METHOD (i.e., normalized to show a 3-fold spread) _vv_ith‘0.2 M sodium acetate
S obs buffer (pH 5.0), for measurement of CP activity in the crude gut extract
Isolation of Three Recombinant CPIs.RecombinanEscherichia by the PH]metHb assay (14).

coli DH5aq, containing PCR products of open reading frames of L1, A 60-uL aliquot of each rSCPI at a concentration of 1 mg/mL (in
R1, and N2 in frame with the glutathior®transferase (GST) gene, 0.2 M sodium acetate, pH 5.0) was individually allowed to react with
was used to express the three recombinant proteins. The method ofL00 L of the crude gut extract of WCR, CPB, or CW and 20 of
Guan and Dixon 10) was adopted to express, isolate, and purify the 50 mM cysteine. This reaction mixture was incubated atG7A 15-
rSCPIs (3,11). The N2 also was produced using Phenyl-Sepharose uL aliquot was removed at O, 1, 3, 5, 10, and 20 h and then added to
and DEAE-Sepharose column chromatography as described by Koiwa15uL of SDS-PAGE sample buffer solution. These samples were boiled
et al. (13). for 5 min and cooled before application to a 16.5% Tricine SDS-PAGE
[BH]Methemoglobin Assay for pH and Heat Stability Tests.Assay gel. The gel was electrophoresed at 100 V for 90 min and stained with
Conditions. The3H]metHb assay¥4) was used to monitor (a) the CP  standard Coomassie Brilliant Blue R250 stain.
activity of papain and crude plant extracts, (b) the effect of inhibitors ~ Degradation of rSCPIs Monitored by théH]metHb AssayThe
on the CP activity in crude gut extracts of larval WCR, CPB, and CW, €ffect of exposure time of the rSCPI to the crude gut extract of WCR,
(c) the purification of rSCPIs, (d) the effect of pH on the inhibitory CPB, or CW on residual CPI activity was monitored using th]{
activity of the rSCPIs, and (e) the heat stability of rSCPIs. Determina- metHb assay at the end of the specified time intervals of 0, 1, 3, 5, 10,
tions for all five types of assays were made in triplicate. and 20 h.
Effect of pH on Inhibitory Actiity of rSCPIs.The activity depen-
dence of the rSCPIs on pH was determined using the genithl [ RESULTS AND DISCUSSION

metHb assay. rSCPIs were allowed to equilibrate in buffers ranging . . .
from pH 3.5 to 10.0. The buffers used for the blanks and samples were IEF of the rSCPIs L1, R1, and N2.The isoelectric points

pH 3.5—6.0, 0.2 M sodium acetate; pH 6.8.0, 0.2 M PIPES: and of recombinant rSCPIs were as follows: (l) Ll, pH 8.8 (major

pH 8.5-10.0, 0.2 M Tris. All of the buffers were adjusted to the same band), (2) R1, pH 7.4 (major band) and 6.3 (minor band), and

conductivity using NaCl. A 10-ug aliquot (from 1 mg/mL stock) of  (3) N2, pH 8.4 (major band) and 7.9 (minor ban#)gure 2).

each rSCPI was analyzed per assay, and the assay was performed ilcach of these rSCPIs exhibited more than one distinct band

triplicate with three batches of rSCPIs. upon isoelectric focusing, indicating that there could be more
Heat Stability of rSCPIsA 60-uL aliquot of the three rSCPIs (1 ~ than one species of each protein. Sequence analysis of the

mg/mL) was pipetted into a 1-mL microcentrifuge tube and heated in recombinant proteins was consistent with the view that the two

a water bath maintained at 106G (15, 16). The_microc_entrifu_ge tubes major species for each of L1, R1, and N2 are merely

were removedat 1, 3, 5, 10, 15, 30, and 60 min and immediately placed o yo10gous proteins with differences in their N-terminal

in a trough of ice. The extent of denaturation of the three rSCPIs as asequence regions.

function of time was determined against the plant CP, papain (Sigma) . . . .
(10 uglassay), and the mammalian CP, cathepsin B (Sigma)L0 In contrast to the isoelectric po'lnt of t.he native ;oybean CPI
assay). The three rSCPIs were assayed for residual activity by the (SCPI) (2) and the soybean CPI identified by Brzin et a¥)(

general fH]metHb assay to obtain a time course heat denaturation POth of which were approximately pH 5.3, all three rSCPIs had
profile. Three different preparations of rSCPI were each assayed in significantly higher isoelectric points. R1, which closely re-
triplicate. sembles the native SCPI, had a higher isoelectric point (pH 7.4
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Figure 2. Isoelectric focusing (IEF) gel of recombinant soybean cysteine 100
proteinase inhibitors (rSCPIs) N2, R1, and L1. Ten micrograms was used
for each protein. Prestained IEF markers (p/ range between 3.5 and 9.3) 80
are shown. g %
and 6.3) than the pH 5.3 for SCR)( Brzin et al. {8) reported =
that three potato CPIs with molecular masses of 25, 22, and 22 :i
kDa focused predominantly in the alkaline part of the gel at i
pH 6.6, 8.3, and 9.4, respectively. A chestnut seed cystatin with
a molecular mass of 11 kDa and sharing a 70% sequence identity : =
to a phytocystatin from cowpeas exhibitedlapp6.9. Its amino 0 20 40 60 80
acid sequence included all three motifs that are thought to be Time (min)

essential for inhibitory activityX9). The isoelectric points of
two CPIs isolated from sunflower seeds, Sea and Scb, were 5.
and 9.6, respectively (20).

Heat Stability of rSCPIs L1, R1, and N2.The rSCPIs L1,
R1, and N2 are heat labile to varying degrees, with L1 being
more heat stable than R1 and NBigure 3A—C). When
exposed to 100C for 60 min, R1 and N2 (1Qg) had no CPIs, because heat lability would reduce any effect CPIs might
detectable inhibitory activity against the CPs papain and have on the mammalian digestive systems. The native SCPI
cathepsin B. With no heat exposure, R1 and N2{@Pshowed lost all inhibitory activity when exposed to 10€ for 15 min
nearly 100% inhibitory activity against papain and cathepsin (2). Like the native SCPI, there was no evidence based on the
B. When R1 and N2 were exposed to moist heat for increasing heat treatment data that the three rSCPIs will produce a negative
periods of time, there was an exponential decrease in inhibitory effect at elevated levels in a human diet.
activity against both papain and cathepsin B. Less than 10% pH Stability of rSCPIs. The pH profiles for inhibitory
inhibitory activity was detected after 15 min at 180 for both activity of the three rSCPIs are shown kigure 4. The pH
R1 and N2. had little effect on N2 inhibitory activity against papain, with

In contrast to R1 and N2, L1 (10g) when heated at 100C 90—100% inhibition in the pH range-310. Unlike for N2, both
initially increased in activity against papain and then gradually R1 and L1 inhibitions of papain were affected by pH. Optimal
decreased to 74% inhibition at 60 min. L1 inhibition of cathepsin inhibitory activity of R1 was detected at pH 3:6.0, at pH
B remained low throughout the heat treatment. The increase in7.0, and at pH 9.610.0. At pH 5.5-6.5 and 7.5—8.5, lower
inhibitory activity of L1 against papain after 1 min of heating inhibitory activity was detected for R1. L1 showed multiple
suggested the possibility that L1 unfolds to a form that has activity maxima, at pH 6.0—7.5 and 9.5.
higher inhibitory activity, by uncovering inhibitory sites inac- In vitro studies to determine the inhibition profiles of the three
cessible in the native form. A second experiment performed to rSCPIs to CPs were carried out at pH 5.0, or in some cases at
assess the inhibitory activity of L1 with moist heat showed a pH 6.5 (in the case of testing for the presence of CPIs in isolation
gradual decrease in activity after 50 min at 100 (50% and purification steps) (Lalitha et al., submitted for publication).
inhibitory activity) and 0% inhibition after 2 h (data not shown). This was done to detect inhibition of the CPs at the optimal pH

The heat-labile nature of the rSCPIs, especially N2 and R1, of the CPs of the three crop pests, WCR, CPB, and CW. Any
has favorable implications in transforming legume seeds with variation from pH 5.0 in the optimal inhibitory activity of the

6Figure 3. Time course heat inactivation profile of soybean cysteine
proteinase inhibitors (rSCPIs) L1 (A), R1 (B), and N2 (C) against papain
(gray symbols) and cathepsin B (black symbols). Mean and standard
deviation of determinations on four batches of each purified rSCPI, assayed
in triplicate, are shown.
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Figure 4. Effect of pH on inhibitory activity of recombinant cysteine

proteinase inhibitors (rSCPIs) L1, R1,
were held at 4 °C for 15 h at the pH
Points are means of determinations

and N2 against papain. The rSCPIs
indicated prior to assay at that pH.
on five batches of purified rSCPIs

L1, R1, and N2, each assayed in triplicate, and standard deviation.

Lalitha et al.

Enzymatic Hydrolysis of rSCPIs. The enzymatic hydrolysis
patterns of the three rSCPIs L1, R1, and N2 subjected to the
digestion by human digestive enzymes trypsin, chymotrypsin,
and pepsin were visualized by Tricine SDS-PAGHg(re 5).

The enzymatic digestions were carried out with both heated and
unheated rSCPIs. On the basis of the amino acid sequences of
the rSCPIs ), it was predicted that the three rSCPIs would be
susceptible to the digestive enzymes to varying degrees.

Tryptic digestion of the three unheated rSCHigj(ire 5A)
showed that all three rSCPIs were almost completely digestible
at high concentrations of trypsin, with a gradual decrease in
susceptibility at lower trypsin concentrations. There was little
digestion at concentration ratios of 75:1 and 100:1 of CPI/
enzyme (w/w) for all three rSCPIs regardless of the time period
of digestion tested. Unheated R1 and N2 showed greater
susceptibility to trypsin than did L1. Digestion of L1 to a low
molecular weight peptide was noted only at the lower ratios of
50:1 and 75:1 (CPl/enzyme, w/w) compared to R1 and N2. In
the case of the tryptic digestion of heated rSCPIs, lower CPI/

rSCPIs may have skewed the observations. For example, theENZyme ratios (i.e., lower concentrations of enzyme relative to

low inhibitory effect of L1 on crude gut proteinases of WCR,

rSCPI) were used because of the higher susceptibility of the

CPB, and CW may be due to an inappropriate pH chosen for proteins to digestion, due to conformational changes caused by
the activity assays. A mildly acidic pH range was shown to be thermal denaturation. Among all three rSCPIs, vulnerability to
an ideal range to test the activity of crude gut proteinases of trypsin was highest at the highest enzyme concentrations and
WCR, CPB, and CW for inhibition with appropriate CPls decreased with lower concentrations of trypsin relative to the
(Lalitha et al., submitted for publication).
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Figure 5. SDS-Tricine PAGE (16.5%) visualization of tryptic (A) and chymotryptic (B) digestion of unheated and heated recombinant soybean cysteine
proteinase (rSCPI) N2, L1, and R1 (10 ug) digested at 37 °C for various time periods and at various R1/enzyme concentration ratios. Gel |, digestion
of unheated N2, L1, and R1: lane M, prestained molecular weight marker (kilodaltons); lane 1, unheated N2, L1, and R1 (10 «g); lane 2, R1/enzyme
(R1L:E) of 10:1 (w/w), 1 min; lane 3, R1:E of 10:1, 10 min; lane 4, R1:E of 25:1, 1 min; lane 5, RL:E of 25:1, 10 min; lane 6, R1:E of 50:1, 1 min; lane
7, R1:E of 50:1, 10 min; lane 8, R1:E of 75:1, 1 min; lane 9, R1:E of 75:1, 10 min; lane 10, R1:E of 100:1, 1 min; lane 11: R1:E of 100:1, 10 min. Gel
Il, digestion of heated (held at 99 °C for 30 min prior to digestion) N2, L1, and R1: lane M, prestained molecular weight marker (kilodaltons); lane 1,
heated R1 (10 ug); lane 2, RL:E of 75:1 (w/w), 1 min; lane 3, R1:E of 75:1, 10 min; lane 4, R1:E of 100:1, 1 min; lane 5, R1:E of 100:1, 10 min; lane
6, R1:E of 250:1, 1 min; lane 7, R1:E of 250:1, 10 min; lane 8, R1:E of 500:1, 1 min; lane 9, R1:E of 500:1, 10 min; lane 10, R1:E of 1000:1, 1 min;

lane 11, R1:E of 1000:1, 10 min.
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of enzymatic hydrolysis was greater at 10 min of digestion " I

compared to 1 min of digestion by the enzyme. A
Chymotryptic digestion of the three rSCPIBidure 5B) M 123435 67
showed a different pattern than with trypsin. At a concentration v BEEC

of 10:1 (L1/enzyme, w/w) for unheated L1, complete digestion
occurred at 10 min, whereas little digestion was seen after
digestion for only 1 min. At lower concentrations of enzyme :
relative to CPI, no noticeable digestion of L1 occurred regardless =
of experimental time. R1 and N2 exhibited greater susceptibility

to chymotrypsin than did L1. At the 10:1 and 25:1 (w/w)
concentrations of CPl/enzyme, both R1 and N2 showed protein s
breakdown into peptides of lower molecular weight. Accumula-

tion of cleaved product peptides of lower molecular mass was ~ w .~ 101
observed on the Tricine SDS-PAGE gels. Heat-treated L1 was .. 23R8 bef
more readily digested by chymotrypsin than was unheated L1. “"!P!“I" =
Heat-denatured R1 showed susceptibility to chymotrypsin as a e

function of enzyme concentration. Exposure of thermally

denatured N2 to chymotrypsin resulted in smaller peptides at ¢

10:1 and 25:1 (w/w) concentrations of N2/enzyme.
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When unheated rSCPIs L1, R1, and N2 were subjected to . ME s 4
pepsin treatment, total digestion of the rSCPIs did notoccurat ™ ' * " " " ° At
the low enzyme concentrations (gels not shown). Even at higher = = sEr= "

enzyme concentrations, the rSCPIs showed more resistance tc 3 = "ih H l" 1
pepsin hydrolysis than to trypsin or chymotrypsin digestion. This ™ ull. $E== . *
may be attributed to the fact that there are fewer pepsin-sensitive
sites present compared to enzyme sites for trypsin and chymo-
trypsin. Digestion by pepsin of all three rSCPIs was increased
lelt?] enzyn%e conceﬁt?at?on and time of reaction. Figure 6. Time course digestion of recombinant soybean cysteine
. . . . . . proteinase inhibitors N2, R1 (gel I), and L1 (gel Il) by crude gut extract
Interestingly, the proteolytic patterns visualized on the Tricine
! ; S - . of Western corn rootworm (WCR) (A), Colorado potato beetle (B), and
gel after tryptic, chymotryptic, or peptic digestion differed cowpea weevil (C). Gel I, N2 and R1: lane M, marker; lane 1, crude gut
despite the close homology in the amino acid sequences of L1, i ) ' ' o ! -
S L extract; lane 2, lane 1 + 5 ug of N2 at 0 h; lane 3, lane 2 at 1 h; lane
R1, and N2. _The '”h'b'tofy acywty of the ;egments of thg three 4, lane 2 at 3 h; lane 5, lane 2 at 5 h; lane 6, lane 2 at 10 h; lane 7, lane
rSCRIs obtallned upon dlgest!on by trypsin, chymotrypsm, and 2’at 20 hr Iane’8 CGé of WCR + 5’ ug of ’Rl at o h Iané 9 Iané 8 at
PEpSIn remains to be determined. Sugh experiments have beeri h; lane ’10 Iané 8 at3h;lane 11, lane 8 at 5 h; Ianle 12 Ia,ne 8at 10
conducted with the_ protease hydro_IyS|s of oryzacystatin I. (oc h; Ifline 13 Iz,ine 8 at 20 h.lGeI Il L,1: lane M ma’rker' Iané 1, crude gut
.I) "3?”.0' oryza(_:y_statln (OC 1) by Michaud et all). Papain extract; lane 2, lane 1 + 5 ug of L1 at 0 h; lane 3, lane 2 at 1 h; lane 4,
inhibitory activity assays of OC 1 and OC Il segments cleaved lane 2 at 3 h; lane 5, lane 2 at 5 h; lane 6, lane 2 at 10 h; lane 7, lane
by the digestive proteinases trypsin, chymotrypsin, and pepsin2 at 20 h ' ' ' ' ' '
could not be carried out in their studies due to experimental '

const.raints, but aptivity was tested_using selected digestive o stability of the rSCPIs when incubated with crude gut
proteinases. Tryptic and chymotryptic segments of OC | and gyiracts of WCR, CPB, and CW. Because the rSCPIs could
OC Il were reported to remain active even after 30 min of oy an important role in inhibiting the growth and development
digestion, as indicated by their activity against the digestive ¢ iho WCR. CPB. and CW. CPIs would ideally be reasonably
proteinases of CPB and black vine weevB1¢-23). These  giapie to any protease activity from the insect guts. The study
results indicate high conformational stability near the active site 4155 was intended to provide insight into whether the insects

of OC | and OC II. Orr et al. 24) concluded that tryptic e with inhibitors by digesting the protease inhibitors or by
fragments of the potato multicystatin effectively inhibited the adapting in some other way.

gut CP aCtiVity of WCR but did not inhibit grOWth of WCR. The CPI digestion observed on Tricine SDS-PAGE gels
Although remains to be determined if rSCPIs L1, R1, and indicated that all three rSCPIs were completely hydrolyzed when
N2 have inhibitory activity after enzymatic digestion, it is incubated individually for 20 h with crude gut extracts of WCR,
reasonable to conclude that enzymes involved in the humancpB, and CW Figure 6A,B,C, respectively). Each of the three
digestive system are capable of digesting the three rSCPIs torSCPIs was hydrolyzed-60% after 10 h of incubation. The
varying degrees. [*H]metHb assay indicated that N2 retained20% of its
Enzymatic Digestion of rSCPIs by Crude Gut Extracts inhibitory activity when exposed to the crude gut extract of
of WCR, CPB, and CW. Susceptibility of the rSCPIs L1, R1, WCR for 10 h, whereas R1 and L1 showed 0% inhibitory
and N2 to proteolysis by proteases in the crude gut extracts ofactivity (Figure 7). The reduction in inhibitory activity of N2
WCR, CPB, and CW was assessed. The extent of proteolyticand R1 was orders of magnitude larger than that of L1, although
digestion was monitored visually on 16.5% Tricine SDS-PAGE the activities of N2 and R1 were not completely eliminated in
gels over a period of 20 h, and any reduction in the inhibitory 20 h. Results obtained from théH]metHb assay confirmed
activity was measured (Figure 6). Total proteolytic activities that the breakdown products of N2 and R1 still inhibited CPs
of crude gut extracts of WCR, CPB, and CW, as measured by native to the gut extract of WCR. N2 and R1 inhibited
the PH]MetHb assay using papain as the test proteinase, wereproteolytic activity present in the gut extract of CPB and CW
monitored in parallel over time of exposure to the rSCPIs to <10% at the end of 20 h. The stability of L1 was the least
(Figure 7). The objective of this experiment was to evaluate for all three gut extracts, followed by R1. Among the three
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Figure 7. Time course stability of recombinant soybean cysteine proteinase
inhibitors (rSCPIs) L1 (—), R1 (- - -), and N2 (---) exposed to gut extract
of Western corn rootworm (WCR) (A), Colorado potato beetle (CPB) (B),
and cowpea weevil (CW) (C), measured with [*HJmetHb as the substrate.
Points are mean and standard deviation of determinations of five batches
of crude gut extract, each assayed in triplicate.

rSCPIs, N2 was found to be the most stable in all three gut
extracts tested.

Orr et al. @4) stated that the effectiveness of the CPIs could
be attributed largely to the biochemical stability of the CPIs in
the insect guts. Differential inhibition and stability patterns

Lalitha et al.

(2) Hines, M. E.; Osuala, C. I.; Nielsen, S. S. Isolation and partial
characterization of a soybean cystatin cysteine proteinase inhibi-
tor of Coleopteran digestive proteolytic activity. Agric. Food
Chem.1991,39, 1515—-1520.

(3) Zhao, Y.; Botella, M.; Subramanian, L.; Niu, X.; Nielsen, S. S.;
Bressan, R.; Hasegawa, P. Two wound-inducible cysteine
proteinase inhibitors have greater insect digestive proteinase
inhibitory activities than a constitutive homologlant Physiol.
1996,111, 1299—-1306.

(4) Machleidt, W.; Thiele, U.; Laber, B.; Assfalg-Machleidt, I.;
Esterl, A.; Wiegand, G.; Kos, J.; Turk, V.; Bode, W. Mechanism
of inhibition of papain by chicken egg white cystatifEBS Lett.
1989,243, 234—238.

(5) Barrett, A. J. The cystatins: a new class of peptidase inhibitors.
Trends Biochem. Scl1987,12, 193—196.

(6) Bode, W.; Engh, R.; Musil, D.; Thiele, U.; Huber, R.; Karshikov,
A.; Brzin, J.; Kos, J.; Turk, V. The 2.0 A X-ray crystal structure
of chicken egg white cystatin and its possible mode of interaction
with cysteine proteinaseEMBO J.1988,7, 2593—2599.

(7) Stubbs, M. T.; Laber, B.; Bode, W.; Huber, R.; Jerala, R.;
Lenarcic, B.; Turk, V. The refined 2.4 A X-ray crystal of
recombinant human stefin B in complex with the cysteine
proteinase papin: a novel type of proteinase inhibitor interaction.
EMBO J.1990,9, 939—1947.

(8) Abe, M.; Abe, K.; lwabuchi, K.; Domoto, C.; Arai, S. Corn
cystatin | expressed ifEscherichia coli: investigation of its
inhibitory profile and occurrence in corn kernels. Biochem.
1994,116, 488—492.

(9) Kondo, H.; Abe, K.; Nishimura, I.; Wanatabe, H.; Emori, Y.;
Arai, S. Two distinct cystatin species in rice seeds with different
specificities against cysteine proteinas&sBiol. Chem.1990,
265, 15832—15837.

(10) Guan, K.; Dixon, J. E. Eukaryotic proteins expressed in
Escherichia coli:an improved thrombin cleavage and purification
procedure of fusion proteins with glutathione S-transferasal.
Biochem.1991,192, 262—267.

(11) Botella, M. A.; Quesada, M. A.; Kononowica, A. K.; Bressan,
R. A.; Pliego, F.; Hasegawa, P. M.; Valpuesta, V. Charazter-
ization andin situ localization of a salt-inducted tomato
peroxidase mRNAPIlant Mol. Biol. 1994,25, 105—114.

(12) Michaud, D.; Nguyen-Quoc, B.; Vrain, T.; Fong, D.; Yelle, S.
Response of digestive cysteine proteinases from the Colorado
potato beetle l(eptinotarsa decemlineataand the black vine
weevil (Otiorynchus sulcatus) to a recombinant form of human
stefin A. Arch. Insect Biochem. Physidl996,31, 451—-464.

(13) Koiwa, H.; Shade, R. E.; Zhu-Salzman, K.; Subramanian, L.;
Murdock, L. L.; Nielsen, S. S.; Bressan, R. A.; Hasegawa, P.
M. Phage display can differentiate insecticidal activity of soybean
cystatins.Plant J.1998,14, 371—-380.

suggest that (1) the three rSCPIs target certain CPs over others (14) Wieman, K. F.; Nielsen, S. S. Isolation and partial characteriza-

when exposed to the crude gut extract of the three select pests
and (2) N2 and, to a lesser extent, R1 contain amino acid

sequences that are not potentially sensitive to the complex
mixture of gut proteases of the three selected pests.

On the basis of the tests of stability of rSCPIs to proteases
in crude gut extracts, it appears that N2 is a better choice in
conferring host plant resistance against WCR than are L1 or
R1. These results concur with the in vitro and in vivo inhibition
patterns of the gut extracts of WCR, CPB, and CW, which
indicate that N2 is the most potent inhibitor of the three at the
concentrations tested (Lalitha et al., submitted for publication).
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