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A cDNA clone that encodes oryzacystatin, a cysteine
protease inhibitor from rice, was isolated and ex-
pressed in Escherichia coli BL-21 (DE3) using an ex-
pression plasmid under the control of a T7 RNA poly-
merase promoter. The construct pT70C 9b encoded a
fusion protein containing 11 amino acid residues of the
NH; terminus of the bacterial protein ¢10 and 79 resi-
dues of oryzacystatin lacking 23 NH,-terminal residues
of the wild-type protein. Recombinant oryzacystatin
(ROC) constituted approximately 10% of the total bacte-
rial protein mass and was purified in a single step by
anion-exchange chromatography. The inhibitory activ-
ity of ROC toward papain (K, = 3 X 10°® M) was compa-
rable with that of the naturally occurring protein iso-
lated from rice. Caseinolytic activity in midgut homoge-
nates from seven species of stored product insects was
inhibited from 18 to 85% by ROC, whereas the same
activity was inhibited from 14 to 69% by the serine pro-
teinase inhibitor phenylmethylsulfonyl fluoride. Mid-
guts of stored product insects apparently contain both
cysteine proteinases and serine proteinases, but the rel-
ative amounts vary with the species. When fed to the
red flour beetle, Tribolium castaneum, 10 wt% ROC
in the diet suppressed growth approximately 35% rela-

tive to that of the control group of insects. © 1992 Academic
Prees, Inc.

Cystatins are proteins that specifically inhibit cys-
teine proteinases. Animal cystatins are classified into
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three families on the basis of their molecular structure
and gene organization (1-5). These include family I, or
the stefin family, for cystatins lacking disulfide bonds;
family II, or the cystatin family, for members with two
disulfide bonds; and family III for inhibitors with a mul-
tidomain structure such as kininogens. A fourth family,
the phytocystatins, was recently identified for plant ho-
mologs. The phytocystatin family includes the so-called
oryzacystatins I and Il isolated from rice endosperm (6).
The phytocystatin and animal cystatin genes differ with
respect to intron boundaries and length (6).

The two oryzacystatins, OC-I and OC-I1, have consid-
erable amino acid sequence similarity, 55% identity
(7,8), but their genes exhibit no sequence similarity in
the 5'-upstream regulatory regions (6). They also show
different inhibitory specificities for cysteine proteases
(9); OC-I inhibits papain more effectively than cathep-
sin H, whereas the converse holds for OC-II. .

We are interested in cystatins because of their poten-
tial role or use in protecting plants against insect attack.
Midgut proteinases from stored product Coleoptera are
strongly inhibited by OC-I (10). Because the content of
oryzacystatin in rice seeds is rather low (5,9), it is ex-
tremely difficult to accumulate sufficient amounts of
protein for extensive biochemical and toxicological stud-
ies. Abe et al. (11) expressed OC-1in Escherichia colias a
fusion protein, but the level of expression was rather
low and the purification procedure not simple. There-
fore, we have prepared a cDNA that encodes a new re-
combinant truncated fusion protein containing 79 of the
103 residues of OC-I. Here we report the efficient ex-
pression of a very basic recombinant form of oryzacys-
tatin (ROC) in E. coli using the T7TRNA polymerase
promoter (12) and a single-step purification of the pro-
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tein. We also report the inhibitory activity of this pro-
tein toward papain and gut proteinases from several
species of stored product insects in vitro and suppres-
sion of the growth of the red flour beetle, Tribolium cas-
taneum by ROC.

MATERIALS AND METHODS
Materials

All chemicals were reagent or HPLC grade and were
obtained from Fisher Scientific or Sigma Chemical Co.
unless otherwise noted. Nylon membranes were from
Micron Separations, Inc. The Agt 10 cDNA library made
from endosperm of developing rice seeds (Nato, Cl
8998) was a gift from Dr. Susan Wessler, University of
Georgia (Athens, GA). pBluescript KS plasmid was
from Stratagene. pKK233-3 was from Pharmacia. pT7-
7 was provided by Dr. F. William Studier, Biology De-
partment, Brookhaven National Laboratory (Upton,
NY). The Sequenase kit (version 2) was from United
States Biochemical Corp. Oligodeoxynucleotides were
synthesized in the Department of Chemistry, Univer-
sity of Kansas (Lawrence, KS). DNases, RNases, re-
striction enzymes, Taq polymerase, and T4 polynucleo-
tide kinase were purchased from Stratagene or Pro-
mega. LB and NZCYM media were from GIBCO. trans -
Epoxysuccinyl - L - leucylamido ( 4 - guanidino ) butane
(E-64), chicken cystatin, and phenylmethylsulfonyl fluo-
ride (PMSF) were from Sigma.

Isolation of cDNA Clones of Oryzacystatin

A 30-mer (5 CGTCACCGAGCACAACAAGAAGGC-
CAATTC 3') oligodeoxynucleotide was synthesized
based on positions 157-186 of the 5'-coding region of the
cDNA clone AOC 26 (7), labeled with [y-**P]dATP by
T4 polynucleotide kinase (13), and used as a probe. The
rice cDNA library was plated at a density of about 1200
plaques per 150-mm plate, and duplicate plaque lifts
were made of each plate using nylon membranes follow-
ing standard procedures (13). After being air-dried for
30 min, the membranes were autoclaved for 2 min.
Washing, prehybridizing, and hybridizing were per-
formed following the procedures described in Section
6.4 of “Current Protocols in Molecular Biology” (14).

¢DNA inserts were excised from positive clones by
EcoRI digestion, subcloned into pBluescript KS plas-
mid (pBS) following standard procedures (14), and se-
quenced using Sequenase (Stratagene). Sequences were
confirmed by additional subcloning and by using syn-
thetic primers.

Expression Constructs

1. Expression construct pKKOC 9b. A 25-mer primer,
which contains an EcoRI linker at the 5' end followed by
17 nucleotides of the oryzacystatin cDNA sequence

starting with the translation start ATG codon (position
68), was synthesized. The 25-mer primer and a univer-'
sal sequencing primer (T3) were annealed to the pBS
plasmid containing the oryzacystatin ¢cDNA insert
pBSOC 9b and used for amplification by polymerase
chain reaction (PCR). PCR amplification and cloning of
the PCR product were carried out following the method
of Hemsley et al. (15). The pBSOC 9b clone carrying an
EcoRI site adjacent to the ATG starting codon of the
oryzacystatin cDNA was cut with EcoRI and ligated into
the expression vector pKK233-3, resulting in the ex-
pression construct pKKOC 9b (Fig. 2A). The insert of
oryzacystatin cDNA was under the control of the strong
tac promotor and a ribosome-binding site on the vector.

2. Expression construct pT70C 9b. pBSOC 9b plas-
mid DNA was subjected to double-digestion with Sall
and Clal. The released insert DNA was isolated and li-
gated into the vector pT7-7, which was also double-di-
gested with the same two enzymes. The resulting ex-
pression construct, which was called pT70C 9b, en-
coded a hybrid protein under control of a T7 promoter
and a ribosome-binding site on the vector (Fig. 2B). The
hybrid protein was predicted to be a fusion protein in
which 11 amino acid residues at the N terminus were
derived from the vector polylinker and the remaining 79
amino acid residues were derived from the C terminus of
oryzacystatin (Fig. 2C). Therefore, in the recombinant
oryzacystatin coded by this construct, the NHz-terminal/‘
23 amino acid residues of the wild-type inhibitor were
replaced by 11 amino acid residues derived from the
vector polylinker sequence.

Expression and Isolation of Recombinant Proteins

The orientations of the two expression constructs in
pKK233-3 were determined by DNA sequencing. The
plasmid that contained the wrong orientation of the
oryzacystatin cDNA was used as a control. pPKKOC 9b
was expressed in host JM 109 following the procedures
of Yang and Wells (16).

pT70C 9b was expressed in E. coli BL.21 (DE3) by a
modified procedure of Studier et al. (12). A single colony
containing the construct pT70C 9b was inoculated on
an LB plate containing 200 ug ml~" ampicillin and incu-
bated overnight at 37°C. Bacteria from the LB plate
were transferred to 300 ml LB containing 200 ug ml™*
ampicillin and incubated for 3 h with shaking at 37°C.
Then ampicillin was added again to a final concentra-
tion of 400 ug ml™?, and the cells were treated with iso-
propyl 8-D-thiogalactopyranoside to a final concentra-
tion of 0.04 mM to induce the production of T7 RNA
polymerase. The culture was incubated for 3 h, after
which the cells were harvested by centrifugation. The
pellet was resuspended in 10 mM T'ris, pH 8 containing 2 ;
mM EDTA. The suspension was sonicated for 5 min ‘
using a microprobe and sonic dismembrater Model 300
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(Fisher), and the supernatant was collected by centrifu-
gation. After addition of ammonium sulfate to 60% satu-
ration, the precipitate was collected, resuspended in 20
mM Tris, at pH 7.5, and dialyzed extensively against
the same buffer. The dialysate was applied to a Q-
Sepharose or a Mono-Q (Pharmacia) column equili-
brated with the same buffer. The flowthrough material
was collected and analyzed for protein using sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Nearly homogeneous recombinant oryzacysta-
tin (>95% pure as determined by HPLC) was present in
the flowthrough fraction and was used for gel electro-
phoresis, NH,-terminal sequencing, and inhibition
studies.

Determination of NH,-Terminal Amino Acid Sequence
of Recombinant Oryzacystatin

For NH,-terminal amino acid sequence analysis of
ROC, samples were prepared following the method of
Matsudaira (17) and sequences were determined by Dr.
Mark A. Hermodson, Department of Biochemistry,
Purdue University (West Lafayette, IN).

Protease Assays and Determination of K,

Protease activity and inhibition constants (K;) were
measured following the procedure of Abe et al. (5).
‘Brieﬁy, papain was incubated with or without various
_‘amounts of inhibitor in 0.1 ml assay buffer (0.1 M so-

dium phosphate, 2 mM EDTA, and 5 mM dithiothreitol,
pH 6) at 37°C for 10 min. Then 0.05 ml N-a-benzoyi-
DL-arginine S-naphthylamide (BANA) was added, and
the mixture was further incubated for 20 min before
addition of 2 ml of coupling reagent (10 mM 4-chloro-
mercuribenzoic acid, 50 mM EDTA, and 4% Brij 35).
Color was developed and measured as described by
Barrett (18). One unit of cysteine proteinase inhibitor
was defined as the amount that decreased the papain
activity by one enzyme unit (19).

The inhibitory activity assay of ROC and other inhibi-
tors toward insect gut proteases has been described pre-
viously (10). Briefly, casein was labeled with tritium by
reductive methylation in the presence of formaldehyde
and high specific activity [*'H]NaBH, (sp act 10-20 Ci
mmol™) and purified by gel permeation on a Sephadex
G-25 column. The protein concentration was adjusted
to 2 mg ml™! with unlabeled casein and stored at —70°C.
Ten microliters insect gut protease preparation (10),
1-6 pl inhibitor solution, 74 pl assay buffer (0.1 M
PO.*",2mM EDTA, 5 mm dithiothreitol, pH 6), and 0-5
ul deionized water were incubated at 37°C for 10 min.
Then 10 ul of the [°H]casein solution was added to each
of the reaction mixtures, which were further incubated
for 20 min. The reaction was stopped by adding 0.1 ml of
10% TCA. After they stood in ice for 20 min, the sam-

~'ples were centrifuged for 15 min in a microcentrifuge

and 0.15 ml of the supernatant was collected for scintil-
lation counting. Background levels of TCA-soluble ra-
dioactivity were determined by the same procedure but
without adding enzyme,

Bioassay of Recombinant Protein Using the Red Flour
Beetle

The ROC and a commercially available protease in-
hibitor, E-64, were bioassayed with a laboratory colony
of the red flour beetle, T. castaneum (Herbst). The diet
was similar to that used by Applebaum and Konijn (20)
and consisted of a mixture of corn starch, wheat gluten,
cellulose, Torula yeast, and the salt mixture of Medici
and Taylor (21). Ten percent ROC or 1% E-64 (wt/wt)
was added to the diet and ground in a mortar and pestle
with 20% (vol/wt) of water. Twelve neonate larvae were
placed in a disposable beaker (ca. 12 mm diameter and
21 mm deep) with 300 mg of diet at 27°C and 75% R.H.
A similar group of newly hatched larvae was weighed on
a Cahn C-31 Microbalance to provide the average initial
weight of the larvae. After 9 days on the diet, 10 larvae
were selected randomly (any additional larvae were dis-
carded). Individual weights were recorded for the 10 lar-
vae, and they were placed in individual 1.5-ml, dispos-
able centrifuge tubes with ca. 10% of the original diet
from the beaker. Individual weights were recorded at
several later time intervals. Statistical tests of signifi-
cant differences between diet treatments were per-

formed using the Tukey HSD multiple comparison anal-
ysis (22).

RESULTS
Isolation of cDNA Clones of Oryzacystatin

Screening of 10° primary cDNA clones yielded 21 posi-
tive cystatin clones, eight of which were subjected to
sequence analysis. All eight clones had the same nucleo-
tide sequence, and seven of them contained the entire
coding region as well as more than 70 residues flanking
both the 5'- and 3’-noncoding regions.

Figure 1 shows the nucleotide sequence, with putative
polyadenylation sites noted, and the inferred amino
acid sequence of clone A\OC 9b. The 5-noncoding and
the coding regions of clone AOC 9b are identical with
those of clone AOC 26 (6,7), although nine residues (in-
cluding four single base deletions) are different within
the 3’-noncoding region. In addition A\OC 9b extends 27
nucleotides further upstream than AOC 26.

Expression of Recombinant Oryzacystatin in E. coli

Expression of the recombinant construct pKKOC 9b
(Fig. 2A), which encodes the entire amino acid sequence
of oryzacystatin and no residues from the vector, was

. A 413 T2 T
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GCATTCG 7
CTAGCCACGCCGTCCGCTCAGGCCGAGGCGCATCGCGCAGGGGGAGAAGGGGAGGAGAAG 67

A CGGAGGGCCGETGCTTGGCCGCCTCGAGCCGGTGGGGAACGAGAACGAC 127
MetSerSerAspGlyGlyProValleuGlyGlyvValGluProvalGlyAsnGluAsnAsp 20

CTCCACCTCGTCGACCTCGCCCGCTTCGCCGTCACCGAGCACAACAAGAAGGCCAATTCT 187
LeuHisLeuvalAsplLeuAlaArgPheAlavalThrGluHisAsnLysLysAlaAsnSer 40

CTGCTGGAGTTCGAGAAGCTTGTGAGTGTGAAGCAGCAAGTTGTCGCTGGCACTTTGTAC 247
LeuLeuGluPheGluLysLeuValSerValLysGlnGlnvalValAlaGlyThrLeuTyr 60

TATTTCACAATTGAGGTGAAGGAAGGGGATGCCAAGAAGCTCTATGAAGCTAAGGTCTGG 307
TyrPheThrIleGluValLysGluGlyAspAlalysLysLeuTyrGluAlaLysValTrp 80

GAGAAACCATGGATGGACTTCAAGGAGCTCCAGGAGTTCAAGCCTGTCGATGCCAGTGCA 367

GluLysProTrpMetAspPheLysGluLeuGlnGluPheLysProvValAspAlaSerAla 100

- T TT
AATGCCTAAGGCCCATCTCGTATCCTATGTGTATCAAGTTATCAAGAAGATGGGGAATAA 427
AsnAlaTer 102

T
TATGGTGTGGATATAGCTATTGGACATGTTAATTATCCACATGATAATATGGCTTGGATA 487

- [ ]
TAAGGATCTCACACGATAATATGGCTTGGATATATAGCTATTAAAGATTTTACCTATGGC 547

d (T) A
ATATTTCAATGTGTATTAGTACTAAGTAAGAATGATTGCAAGGTGTATTAACTACAAATA 607

(Ae) (@)
TTGCAATAAAAGTCCCTGTTACTACAACTTACAAGG 643

FIG.1. Nucleotide sequence of AOC 9b and the inferred amino acid
sequence of its encoded protein. Differences in nucleotide sequences
of AOC 9b compared with AOCg 1 are shown in parentheses. Those
between AOC 9b and AOC 26 are indicated above the main sequence of
AOC 9b. * represents a deletion in AOC 26 or A\OCg 1. A represents a
polyadenylation site.

attempted in E. coli JM 109. Upon electrophoresis of an
extract of the total proteins of the bacteria, no new pro-
tein bands were seen when compared to the control, and
furthermore, there was no evidence of an increase in
intensity of any protein band in the region of the gel
expected to contain oryzacystatin when compared to
the pattern of proteins from bacteria that contained a
plasmid with the oryzacystatin gene in the wrong orien-
tation (data not shown). However, some papain inhibi-
tory activity was detected in the induced sample, but not
in the control, indicating that oryzacystatin was ex-
pressed in this system at a low level.

The construct pT70C 9b (Fig. 2B), which encodes a
fusion protein containing 11 extra amino acids at the
NH, terminus and 79 amino acids of the COOH ter-
minus of oryzacystatin (Fig. 2C), was expressed in the
host BL-21 (DE3). Upon electrophoresis followed by
Coomassie blue staining of an extract of the total pro-
teins of E. coli, an intense protein band with a mobility
corresponding to a 10-kDa protein, presumably ROC,
was observed in the sample from the bacterial cells that
contained the construct pT70C 9b (Fig. 3, lane 4). An
extract from a clone with the opposite orientation of
¢DNA did not contain the 10-KDa protein (lane 5).

Purification of the Recombinant Oryzacystatin

ROC was extracted after sonication of bacterial cells‘

in 10 mM Tris—-HCI, pH 8. After centrifugation of the
extract, about 70% of the recombinant protein was pres-
ent in the supernatant (Fig. 3, lane 3). After ammonium
sulfate precipitation and dialysis against 20 mm Tris—
HCIl, pH 7.5, the supernatant was applied to a Q-Seph-
arose or a Mono-Q anion-exchange column. At this pH,
essentially all of the bacterial proteins bound to the ma-

A 0oC-1 cDNA
ATG 11}

Ampla
1 I'n 1
_|Pt36|rbs l ssl [[nT1T2r [o]
EcoRlI
B 0C-1  cDNA
11
-« Amp¥
[Prfesiucs —3}
Clal
Oryzacystatin: MSSDGGPVLGGVEPVGNENDLHLVDLARFAVTEHNKKANSLLEFEKLVSVK
Recombinant
oryzacystatin: MARTRARGBERVDLARFAVTEHNKKANSLLEFEKLVSVK
Oryzacystatin: QQVVAGTLYYFTIEVKEGDAKKLYEAKVWEKPWMDFKELQEFKPVDASANA
Recombinant
oryzacystatin: QQVVAGTLYYFTIEVKEGDAKKLYEAKVWEKPWMDFKELQEFKPVDASANA

FIG. 2. Schematic diagram of expression constructs and amino
acid sequences of natural oryzacystatin and recombinant oryzacysta-
tin fusion protein. (A) The expression construct pPKKOC 9b. The ory-
zacystatin gene is under the control of the tac promotor (P,,) and a
ribosome binding site (rbs) on the vector. 5S represents the 5 S ribo-
somal RNA gene and rrnT1T2, the ribosomal transcription termina-
tor. O represents a replication origin. The insert encodes the entire
length of oryzacystatin. (B) The expression construct pT70C 9b. The
oryzacystatin cDNA was cloned into the EcoRI site of the polylinker
and is under the control of the T7 bacteriophage promotor (P;) and a
ribosome-binding site on the vector. The recombinant product is a
fusion protein, which lacks the N-terminal 23 amino acid residues of
oryzacystatin and has, instead, 11 amino acid residues from the bacte-
rial protein ¢10 and polylinker residues. MCS represents multiple
cloning sites. (C) Amino acid sequences of natural oryzacystatin and

the recombinant oryzacystatin encoded by pT70C 9b. Amino acid ‘

residues noted in bold type were derived from the vector.
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trix, but ROC did not. The inhibitor was thus purified to
apparent homogeneity by this step, as indicated by
SDS-PAGE (Fig. 3) and HPLC analyses. From 100 ml
of sonicated bacterial culture extract, approximately 10
mg ROC was obtained.

Because the recombinant inhibitor did not bind to Q-
Sepharose at pH 7.5, the purification method was fur-
ther simplified by using a Q-Sepharose batch method.
To the sonicated supernatant (pH 7.5), an appropriate
amount of Q-Sepharose was added; the mixture was in-
cubated for 30 min with stirring and centrifuged to col-
lect the supernatant. At this step, most of the E. coli
proteins bound to the anion-exchange resin and sedi-
mented with Q-Sepharose, whereas ROC remained in
the supernatant. The supernatant was adjusted to pH
8.5 and subjected to another Q-Sepharose adsorption as
described above. The recombinant inhibitor bound to
Q-Sepharose at pH 8.5. Homogeneous inhibitor was
then desorbed from Q-Sepharose by addition of 0.2 M
NaCl.

Determination of Amino Acid Sequence of Recombinant
Oryzacystatin

Fifty amino acid residues of the NH, terminus of puri-
fied ROC were determined and found to be the same as

12 3 4 5

FIG. 3. SDS-PAGE of bacterial proteins containing recombinant
oryzacystatin. Lane 1, molecular weight marker proteins; lane 2, puri-
fied recombinant oryzacystatin; lane 3, supernatant of bacterial cells
containing recombinant oryzacystatin after sonication; lane 4, total
bacterial proteins containing the expressed recombinant oryzacysta-
tin; lane 5, total bacterial proteins obtained from cells with a con-
struct containing the opposite orientation of cDNA. Samples were
prepared as described under Materials and Methods.
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FIG. 4. Effect of inhibitor concentration on papain activity. Activi-
ties were determined by the [*H]casein digestion method (10) at pH 6
using 1 ug papain in the presence of E-64 (a), chicken cystatin (®),
and recombinant oryzacystatin (O).

those predicted for the expression construct pT70C 9b
(Fig. 2C).

Inhibitory Activity

The inhibition constant for ROC toward papain was
determined to be comparable (K; = 3.2 X 107®M) with
that for wild-type oryzacystatin isolated from rice seeds
(2.4 X 1078 M; Ref. (5)) and also that for chicken cystatin
(4) (Fig. 4). E-64, the microbial cysteine proteinase in-
hibitor, is approximately a threefold stronger inhibitor
than ROC or chicken cystatin.

Insect gut proteinases were also inhibited by ROC.
Figure 5 shows the effect of various amounts of inhibitor
on the caseinolytic activity of gut homogenates of the
rice weevil, Sitophilus oryzae, and the yellow meal worm,
Tenebrio molitor. There was a linear relationship be-
tween the amount of inhibitor and the percentage inhibi-
tion of the gut proteinases for the rice weevil and yellow
meal worm, until the extent of inhibition reached about
80% and 30% inhibition, respectively. Increasing the
amount of ROC thereafter did not cause more inhibi-
tion, indicating that proteinases other than cysteine
may be present in the gut homogenates.

Inhibition curves for other insects, including the flour
beetles (Tribolium confusum and T. castaneum), the
dark meal worm (T obscurus), the cadelle beetle (Tene-
briodes mauritanicus), and the Indianmeal moth (Plodia
interpunctella), were similar (data not shown). The per-
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FIG. 5. Effect of recombinant oryzacystatin concentration on the

activity of gut proteinases of rice weevil (Ao) and yellow mealworm
(®@).

centages of maximum inhibition are summarized in Ta-
ble 1. About 80% of the caseinolytic activities of gut
homogenates from the rice weevil, the flour beetles, and

TABLE 1

Inhibitory Activities of Recombinant Oryzacystatin on the
Gut Proteases of Different Stored Product Insects®

Maximum % of inhibition

ROC
Insect ROC + PMSF PMSF

Confused flour

beetle 848+ 84 100 15.2 + 3.6
Rice weevil 81.2+6.2 100 22.8 + 4.3
Red flour beetle 80.1+7.3 100 135+ 5.5
Cadelle beetle 798 +5.2 92.4 + 4.1 184 + 2.7
Dark mealworm 39.1+25 65.7 + 3.7 385+ 39
Yellow meaiworm 314+ 5.6 66.3 + 5.2 356 4.1
Indianmeal moth 178 £5.1 95.6 + 4.6 689 + 3.3

¢ Ten microliters of midgut extracts (3-9 ug protein) was incubated
with inhibitors at pH 6 (80 mM Na,HPO,, 5 mM dithiothreitol, and 5
mM ethylenediaminetetraacetic acid) and 37°C for 10 min; then 10 ul
of *H]casein (4000 cpm) was added, and the mixture was further
incubated for 20 min (see Materials and Methods). The percentage of
inhibition was calculated by comparison to results of control incuba-
tions containing no inhibitor. ROC and PMSF represent recombinant
oryzacystatin and phenylmethylsulfonyl fluoride. Mean values + SE
(n = 3) are reported for ROC (~0.6 nM), and mean values + range (n
= 2) for treatments with PMSF (0.1 mm) and ROC + PMSF.
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LARVAL WEIGHT (mg)

FIG. 6. Growth curves of Tribolium castaneum fed diets containing

1% E-64 (A), 10% ROC (O), or a control diet (®). Mean values + SE (n
= 10).

the cadelle beetle were inhibited by ROC at pH 6. ROC
also inhibited 30-40% of the caseinolytic activities of
gut homogenates from the dark and yellow meal worms.
Less inhibition (about 17%) was observed toward the
gut proteinases from the Indianmeal moth.

The caseinolytic activities of gut homogenates of the
red flour beetle, the confused flour beetle, and the rice
weevil were completely inhibited by a mixture of oryza-
cystatin and PMSF, an inhibitor of serine proteases (Ta-
ble 1). More than 90% of the activities of the gut pro-
teases of the cadelle beetle and the Indianmeal moth
were inhibited by the same combination. However, only
about 65% of the caseinolytic activities of the gut homog-
enates of the yellow meal worm and the dark meal worm
were inhibited by the same mixture. PMSF alone inhib-
ited gut proteinase activity from 14 to 69%, depending
upon the species tested.

Inhibition of Red Flour Beetle Growth

The effect of two cysteine proteinase inhibitors, E-64
and ROC, on the growth of the red flour beetle, 7' cas-
taneum, was determined by incorporation of the inhibi-
tor into the diet (Fig. 6). Like oryzacystatin, E-64 in-
hibits casein digestion by midgut homogenates of red
flour beetle larvae (10). Mean larval weights of the three
treatments on Days 20 and 24 were significantly differ-
ent from each other (a < 0.05). One percent E-64 sup-
pressed growth by approximately 65% after 24 days, the
time when control larvae were close to pupation,
whereas 10% ROC suppressed growth by only 35%. The
ROC-supplemented, E-64-supplemented, and control
diets yielded adult insects after approximately 48, 60,
and 37 days, respectively. The mortalities resulting
from these treatments were 50, 60, and 10%, respec-
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tively. On a molar basis, the amount of E-64 in the diet

‘ was more than 10-fold greater than the amount of ROC.

Thus, the two inhibitors appear to be comparable in
ability to suppress flour beetle larval growth in vivo.

DISCUSSION

Abe et al. (7) isolated and sequenced a cDNA clone
(AOC 26) of oryzacystatin that lacked a poly(A) tail. Our
clone is identical to Abe’s in both the 5'-noncoding and
coding regions, but nine residues are different within
the 3'-noncoding region. Although Southern blot analy-
sis indicated that oryzacystatin was encoded by a single
gene (Ref. (8) and our unpublished data), a second gene,
OC-I1, was subsequently identified in rice (6). However,
OC-II differs from OC-I in 45% of the amino acid se-
quence and, therefore, is not detected by the OC-I or
OC-9b probe. Our clone is apparently identical to the
gene from OC-I (7,8).

The enzyme inhibitory activity of ROC is comparable
with that of oryzacystatin I isolated from rice seeds,
even though the first 24 amino acid residues of oryza-
cystatin were absent and 11 additional amino acid resi-
dues from a bacterial protein were present instead. This
result is consistent with previous reports demonstrating
that the NH,-terminal 21 amino acid residues are not
required for the inhibitory activity of OC-I (11,23).

Cysteine proteinase inhibitors are distributed rather
widely in nature, but their levels are rather low. For
example, large amounts of fresh blood were required to
obtain enough inhibitor protein for the characterization
of human stefin A (24), and, likewise, kilogram amounts
of rice seeds yielded only microgram amounts of oryza-
cystatin (5). Thus, it is rather difficult and time con-
suming to isolate cysteine proteinase inhibitors from
natural sources directly. A better method to obtain
larger amounts of purified inhibitors is to produce these
proteins in E. coli or other microbial expression sys-
tems.

Bacterial expression of several cysteine proteinase in-
hibitors, including human stefin A, human stefin B, and
rat stefin A, has been reported (11,25-29). Oryzacysta-
tin I has been expressed in E. coli by Abe et al. (11). A
common problem in these studies was a low level of ex-
pression of recombinant cystatins, in spite of the use of
widely different vectors (30) and chemically synthesized
genes, in which the codons were optimized for bacteria
(30,31). In our study, we wished to achieve a high level of
expression by using the tRNA polymerase system to
produce a recombinant fusion protein (12). As expected,
the level of expression that we achieved using construct
pT70C 9b was quite high. The fusion protein was visible
as a major band in SDS-PAGE analysis. On the other
hand, we observed a low level of expression with
pKKOC 9b. The exact reason for the large difference in
levels of expression between these two constructs is un-

known. It may have been due to a greater stability of the
hybrid mRNA or to a higher efficiency of translation of
the hybrid mRNA relative to that of non-fusion oryza-
cystatin mRNA in E. coli.

To facilitate purification of the recombinant protein,
a cDNA encoding a relatively high pI form of oryzacys-
tatin was prepared. First, the DNA encoding the
NH,-terminal 23 residues of OC-I, which contains four
acidic amino acids, was deleted since that portion of the
polypeptide is not required for inhibitory activity
(11,27). Second, DNA which encodes 11 residues from
the polylinker portion of the vector and contains four
basic amino acids, was added. The substitution of a se-
quence containing basic instead of acidic residues at the
NH, terminus rendered the recombinant fusion protein
substantially more basic than other proteins synthe-
sized by E. coli. The recombinant oryzacystatin was puri-
fied to homogeneity in high yield by a single anion-ex-
change chromatographic step. Approximately 10 mg of
the recombinant inhibitor was purified from 100 ml of
bacterial culture. The simplified Q-Sepharose batch pu-
rification method allowed us to isolate milligram
amounts of protein in a few hours. This method also
may be applicable to other high pI proteins, including
other enzyme inhibitors in plant seeds (32).

Because important insect pests use cysteine protein-
ases as their predominant digestive enzymes (33-36), it
may be possible to use cysteine proteinase inhibitors to
protect plants against insect attack. We previously dem-
onstrated that OC-I strongly inhibited caseinolytic ac-
tivity in gut homogenates of the rice weevil and the red
flour beetle (10). In the present study, we used the re-
combinant inhibitor to investigate the inhibition by OC-
I of the gut proteinases of seven economically important
species of stored product insects. ROC inhibited approx-
imately 80% of the activity of gut proteinases of the
confused flour beetle, the rice weevil, the red flour bee-
tle, and the cadelle beetle, and 18 to 39% of that of two
species of mealworms and the Indianmeal moth (Fig. 5
and Table 1).

The caseinolytic activities of the gut homogenates of
the confused flour beetle, the rice weevil, and the red
flour beetle were completely inhibited by a mixture of
ROC and PMSF. The activities of the cadelle beetle and
the Indianmeal moth were nearly completely inhibited
(92 to 95%) by this combination. Assuming that the in-
hibitors are diagnostic for specific classes of protein-
ases, these data suggest that about 80% of the caseino-
lytic activities of the gut homogenates of the two flour
beetles, the rice weevil, and the cadelle beetle were at-
tributable to cysteine proteinases and 20% to serine
proteinases.

ROC also inhibited about 35% of the caseinolytic ac-
tivities of the gut homogenates of the dark meal worm
and the yellow meal worm. The yellow meal worm was
reported previously to use serine proteinases as major
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digestive enzymes (35,37). However, our results suggest
that meal worms use both serine proteinases and cys-
teine proteinases as digestive enzymes. About 30% of
the proteinase activities of the two meal worms was not
inhibited by either oryzacystatin or PMSF. The uninhib-
ited activity may be attributed to proteinases other than
serine or cysteine. Thie and Houseman (38) found cys-
teine proteinase activity in the yellow meal worm to be
higher in the anterior relative to the posterior portion of
the midgut, whereas serine proteinase activity predomi-
nated in the posterior portion.

Both ROC and E-64 inhibited red flour beetle growth
and development by 35-65%. Apparently, the two inhibi-
tors block the digestion of dietary protein by inhibiting
midgut cysteine proteinases (10). The utilization of
phytocystatins to protect seeds against stored product
insect pests whose major digestive enzymes are cysteine
proteinases appears to be a reasonable approach to in-
sect control.

Nonproteinaceous cysteine proteinase inhibitors pre-
viously have been shown to suppress the growth and
development of several beetle species (37-42). The ex-
pression of oryzacystatin in E. coli at high levels and the
simple but efficient purification method allowed us to
isolate a rather large quantity of ROC and to demon-
strate the ability of this proteinaceous inhibitor to re-
tard the growth of beetle larvae. Research is currently
under way to evaluate in more detail the effects of the
recombinant inhibitor on stored grain insect growth and
development by rearing several species of insects on
diets containing the recombinant protein.

ACKNOWLEDGMENTS

We are grateful to Leon Hendricks for assistance with the red flour
beetle growth study. This research was supported in part by grants
from the Rockefeller Foundation and the United States-Israei Bina-
tional Agricultural Research and Development Fund. This is Contri-
bution 91-573-J from the Kansas Agricultural Experiment Station
(Manhattan, KS) and is a cooperative investigation between KAES
and ARS, USDA.

REFERENCES

1. Barrett, A. J. (1988) An introduction to the proteinases, in “Pro-
teinase Inhibitors” (Barrett, A. J., and Salvesen, L., Eds.), pp.
1-22, Elsevier, New York.

2. Laskowski, M., Jr., and Kato, 1. (1980) Protein inhibitors of pro-
teinases. Annu. Rev. Biochem. 49, 593-626.

3. Laskowski, M., Jr. (1986) Protein inhibitors of serine
proteinases—Mechanism and classification, in “Advances in Ex-
perimental Medicine and Biology” (Friedman, S., Ed.), Vol. 199,
pp. 1-17, Plenum, New York.

4. Barrett, A. J. (1986) Nomenclature and classification of the pro-
teins homologous with the cysteine proteinase inhibitor chicken
cystatin. Biochem. J. 2086, 312.

5. Abe, K., Hiroto, K., and Arai, S. (1987) Purification and character-

ization of a rice cysteine proteinase inhibitor. Agric. Biol. Chem.
51, 2763-2765.

CHEN ET AL.

6. Kondo, H., Abe, K., Emori, Y., and Arai, S. (1991) Gene organiza-
tion of oryzacystatin-II, a new cystatin superfamily member of
plant origin, is closely related to that of oryzacystatin-I but differ-
ent from those of animal cystatin. FEBS Lett. 278, 87-90.

7. Abe, K., Emori, Y., Kondo, H., Suzuki, K., and Arai, S. (1987)
Molecular cloning of a cysteine proteinase inhibitor of rice (ory-
zacystatin). J. Biol. Chem. 262, 16,793-16,797.

8. Kondo, H., Emori, Y., Abe, K., Suzuki, K., and Arai, S. (1989)
Cloning and sequence analysis of the genomic DNA fragment
encoding oryzacystatin. Gene 81, 259-265.

9. Kondo, H., Abe, K., Nishimura, 1., Watanabe, H., Emori, Y., and
Arai, S. (1990) Two distinct cystatin species in rice seeds with
different specificities against cysteine proteinases. J. Biol. Chem.
285, 15,832-15,837.

Liang, C., Brookhart, G. L., Feng, G. H., Reeck, G. R., and
Kramer, K. J. (1991) Inhibition of digestive proteinases of stored
grain Coleoptera by oryzacystatin, a cysteine proteinase inhibitor
from rice seed. FEBS Lett. 278, 139-142.

Abe, K., Emori, Y., Kondo, H., Arai, S., and Suzuki, K. (1988) The
NH,-terminal 21 amino acid residues are not essential for the
papain-inhibitory activity of oryzacystatin, a member of cystatin
superfamily. J. Biol. Chem. 236, 7655-7659.

Studier, F. W, Rosenberg, A. H., Dunn, J. J., and Dubendorff,
J. W. (1990) Use of T7 RNA polymerase to direct expression of
cloned genes, in “Methods in Enzymology” (Goeddel, W., Ed.),
Vol. 185, pp. 60-89, Academic Press, San Diego.

Maniatis, T, Fritsch, E. F., and Sambrook, J. (Eds.) (1982) Molec-
ular Cloning: A Laboratory Manual, pp. 122-125, Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY.

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seid-
man, J. G., Smith, J. A., and Struhl, K. (1987) “Current Protocols
in Molecular Biology,” pp. 6.1-6.4, Greene Publishing/Wiley-In-
terscience, New York.

Hemsley, A., Arnheim, N., Toney, M. D., Cortopassi, G., and
Galas, D. J. (1989) A simple method for site-directed mutagenesis

using the polymerase chain reaction. Nucleic Acid Res. 17, 6545—
6551.

Yang, Y.-F., and Wells, W. W. (1990) High-level expression of pig
liver thioltransferase (glutaredoxin) in Escherichia coli. J. Biol.
Chem. 268, 589-593.

Matsudaira, P. (1987) Sequence from picomole quantities of pro-
teins electroblotted onto polyvinylidene difluoride membranes. J.
Biol. Chem. 262, 10,035-10,038.

Barrett, A. J. (1972) A new assay for cathepsin B1 and other thiol
proteinases. Anal. Biochem. 47, 280-293.

Barrett, A. J., Kembhavi, A. A., Brown, M. A., Kirschke, H.,
Knight, C. G., Tamai, M., and Hanada, K. (1982) L-trans-Epoxy-
succinylleucylamido(4-guanidino)butane (E-64) and its ana-
logues as inhibitors of cysteine proteinases including cathepsins
B, H and L. Biochem. J. 201, 189-198.

Applebaum, S. W., and Konijn, A. M. (1965) The utilization of
starch by larvae of the flour beetle, Tribolium castaneum. J. Nutr.
85, 275-282.

Medici, J. C., and Taylor, M. W. (1966) Mineral requirements of
the confused flour beetle, Tribolium confusum (Duval). J. Nutr.
88, 181-186.

Wilkinson, L. (1989) “SYSTAT: The System for Statistics,”
SYSTAT, Inc., Evanston, IL.

Arai, S., Watanabe, H., Kondo, H., Emori, Y., and Abe, K. (1991)
Papain-inhibitory activity of oryzacystatin, a rice seed cysteine
proteinase inhibitor, depends on the central Gin-Val-Val-Ala-

Gly region conserved among cystatin superfamily members. J.
Biochem. 109, 294-298.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.




25.

26.

27.

28.

29.

30.

31.

32.

RECOMBINANT RICE CYSTATIN

. Brzin, J., Kopitar, M., and Turk, V. (1983) Protein inhibitors of

cysteine proteinases I. Isolation and characterization of stefin, a
cytosolic protein inhibitor of cysteine proteinases from human

polymorphonuclear granulocytes. Hoppe-Seyler Z. Physiol. Chem.
364, 1475-1478.

Strauss, M., Stollwerk, J., Lenarcic, B., Turk, V., Jany, K. D., and
Gassen, H. G. (1988) Chemical synthesis of a gene for human
stefin A and its expression in E. coli. Hoppe-Seyler Z. Biol. Chem.
369, 1010-1030.

Kaji, H., Kumagai, I., Takeda, A., Miura, K. 1., and Samejima, T.
(1989) Studies on chemical synthesis of human cystatin A gene
and its expression in E. coli. J. Biochem. 105, 143-147.

Thiele, U., Auerswald, E. A., Gelhard, W., Assfalg-Machleidt, 1.,
Popovic, T., and Machleidt, W. (1988) Gene synthesis expression
and isolation of an inhibitorily active MS-2 pol-stefin B fusion
protein and preparation of Des [Met!?] stefin B. Hoppe-Seyler Z.
Biol. Chem. 369, 1167-1178.

Jerala, R., Trstenjak, M., Lenarcic, B., and Turk, V. (1988) Clon-
ing a synthetic gene for human stefin B and its expression in E.
coli. FEBS Lett. 239, 41-44.

Katunuma, N., Yamato, M., Kominami, E., and Ike, Y. (1988)
Total synthesis of the cystatin a-gene and its expression in E. coli.
FEBS Lett. 238, 116-118.

Fong, D., Kartasova, T., Sloane, B. F., and Chan, M. M. Y. (1989)
Bacterial expression of human cysteine proteinase inhibitor ste-
fin A. FEBS Lett. 287, 55-58.

Kaji, H., Samejima, T., Kumagai, 1., Hibino, T., Miura, K. I., and
Takeda, A. (1990) Efficient preparation of human recombinant
cystatin A by Escherichia coli. Hoppe-Seyler Z. Biol. Chem. 371,
145-150.

Limas, G. G., Salinas, M., Moneo, 1., Fischer, S., Wittmann-Lie-
bold, B., and Mendez, E. (1990) Purification and characterization
of ten new rice NaCl-soluble proteins: Identification of four pro-
tein-synthesis inhibitors and two immunoglobulin-binding pro-
teins. Planta 181, 1-9.

33.

34.

35.

36.

317.

38.

39.

40.

41.

42.

49

Gatehouse, A. M. R., Butler, K. J., Fenton, K. A., and Gatehouse,
A. (1985) Presence and partial characterization of a major proteo-
lytic enzyme in the larval gut of Callosobruchus maculatus. Ento-
mol. Exp. Appl. 39, 279-286.

Kitch, L. W., and Murdock, L. L. (1986) Partial characterization
of a major gut thiol proteinase from larvae of Callosobruchus ma-
culatus F. Arch. Insect Biochem. Physiol. 3, 561-575.

Murdock, L. L., Brookhart, G., Dunn, P. E., Foard, D. E., Kelley,
S., Kitch, L., Shade, R. E., Shukle, R. H., and Wolfson, J. L.
(1987) Cysteine digestive proteinases in Coleoptera. Comp. Bio-
chem. Physiol. B. 87, 783-787.

Wolfson, J. L., and Murdock, L. L. (1990) Diversity in digestive
proteinase activity among insects. J. Chem. Ecol. 18, 1089-1102.

Zwilling, R., Medugorac, 1., and Mella, K. (1972) The evolution of
endopeptidases. XIV. Non-tryptic cleavage specificity of BAEE-
hydrolysing enzyme (S-protease) from Tenebrio molitor. Comp.
Biochem. Physiol. B. 43, 419-424.

Thie, N. M. R., and Houseman, J. G. (1990) Cysteine and serine
proteolytic activities in larval midgut of yellow mealworm, T'ene-

brio molitor L.. (Coleoptera: Tenebrionidae). Insect Biochem. 20,
T41-744.

Wolfson, J. L., and Murdock, L. L. (1988) Suppression of larval
Colorado potato beetle growth and development by digestive pro-
teinase inhibitor. Entomol. Exp. Appl. 44, 235-240.

Murdock, L. L., Shade, R. E., and Pomeroy, M. A. (1988) Effects
of E-64, a cysteine proteinase inhibitor, on cowpea weevil growth,
development and fecundity. Environ. Entomol. 17, 467-469.

Ryan, C. A. (1990) Protease inhibitors in plants: Genes for im-

proving defenses against insects and pathogens. Annu. Rev. Phy-
topathol. 28, 425-449.

Hines, M. E., Nielsen, S. S., Shade, R. E., and Pomeroy, M. A.
(1990) The effect of two proteinase inhibitors, E-64 and Bow-
man-Birk inhibitor, on the developmental time and mortality of
Acanthosclides obtectus. Entomol. Exp. Appl. 57, 201-207.



