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T ectrophoresiy of mdgut extracts fram the rice weestl, Suophidus orizae, wel the red flout beetle, Trboluwan castanctm 1 polyacty lamide gels
contaning sodiam dodeeyl sulfate wd gelatyn resealed thete was one major proteinase (ipparent moleculan mass = 10000) 1 the rive weevil and

w0 Magut protentases (pparent molecular mas-es

+ 000 4t 17000) 10 the red floar beetle The pl optina using MHoasein as substr. te were

about pH 6 8 for the rice weevil wnd plll 52 for the red flour beetle Use of specific inhibitars, incduding L-truns epoxysucanyl-leucylamino-(4

puanichino) butane (L Gh), p chloromercunpheny lsulfonie acd (0C MS), and oryzacy statin, sndicated that nearly sl of the proteimase iactivity apdimst

waseln was contributed by eysteine prateinases The estimated 1C,, values for orvzacystatin were 25 10 " M and 4 < 107 M when tested aginia
midgut extracts from 1 castaneion and 8 oryzae respectively
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1. INTRODUCTION

Cereal gramns contan proteinaceous ihibitors of
hydrolytic enzymes These inhubitors are not well
understood 1n terms ot physiological unportance during
development or germination of the sced [1]. However,
digestive enzymes of herbivorous nsect species are
putative targets of some of these inhibitors and,
manifestly, the inhibitors may be impottant plant
allelochemicals that impact inseet growth and develop-
ment. Diverse types of insect digestive enzymes release
amino acids and sugars from dietary protein and car-
bohydrate [2] One class of digestive enzymes 1s the cys-
teine protcinases, which are widely distributed 1in Col-
copteran species [3] Cysteine proteinase inhibitors have
been puiified from several cereal grains including rice
{4], barley, rye, and corn {5]. However, no imnformation
1s available about the effect of these inhibitors on the

Correspondence address K ) Kramer, US Grain Marhenung Research
Laboratory, Agricultural Research Service, US Department of
Agncultuie, 1518 College Avenue, Manhattan, KS 66502, USA

*Present address Rhone-Poulenc Ag Co , PO Box 12014, Research
Tnangle Park, NC 27709, USA

Abbrevianons E 64, L-trans-epoxysuccinyl-leucylanino-(4-guani-
dino)-butane, TCA, trichloroacetic acid, DTT, dithiothreitol, EDTA,,
ethylenediamine tetraacetic acid, PCMS, p-chloromercuriphenylsut-
fonic aud, DFP, dusopropyl phosphoroflucridate, SBTI, soybean
trypsin inhibitor, CPTI, cowpea trypsin inhibitor, SDS, sodium
dodecv] sulfate, PAGE, polyacrylamide gel electrophoresis. antipain,
[(S)-1-carboayl-2-phenylethyl]carbonyl-L-arginyl-L-valyl-argimnal,
ICso, the concentration of inhibitor required for 50%% inhibition
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proteinases present n the nidguts ot stored grain n-
sects  In the present study, we liave partially purified
and characterized the major proteinases extracted trom
nmudguts of the rice weevil, Sitophilus oryzae, and the
red flour beetle, Triboliumn casraneum. In addition, the
effect of oryzacystatin, a cystemc pioteinase inhibitor
from rice seed, and other inhibitois on the midgut pro-
teinases was exanuned Our results show that the
mudgut cysteine proteinases of these two 1nsects are in-
hibited by oryzacystatin, E-64, PCMS, and antipain.

2 MATERIALS AND METHODS

21 Materials

Rice seed (Orvzae setna, Newbonnet cultivar) was generously pro-
vided by Dr Robert Dilday of the USDA Rice Rescareh Laboratory in
Stuttgart, Arhansas Papamn (EC 3 4 22 2), E-64, PCMS, antipain,
DIP, SBTI, CPTI, and casein (Hammersten) were purchased from
Sigma (St Lows, MO) [*H]NaBH, (sp:c act 10-20C1 nmol ™ ") was
purchased from New England Nuclear (Boston, MA)

2 2 Preparation of larval midgut proteinase eatracts of rice weevil
and red flour beetle

Midguts from mature larvae reared on a menidic dict (Svophilus [6)
or wheat flour containing 5% brewer's yeast (7ribolium) were ex-
cased, placed 1mmediately in cold deiornzed water (10-20
midguts m!™ "), homogemzed with a glass tissue grinder, and cen-
trifuged at 10 000 x g for § mun The supernatants were divided into
aliquots and frozen at - 80°C

2 3 Assay of proteinase activity by electrophoresis

Proteinases present in midgut extracts of insects were analyzed elec-
trophoretically using SDS-polyacrylamide gels containing porcine
skin gelatin (Sigma) as substrate [71 For this analysis, electrophoresis
was conducted in 075 mm thick, 7.5% acrylamide mimigels as
described by Laemmb [8], except that 2-mercapthoethanol was omit-
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td  Afer elactruphoeey, godowoe washed Pl a2 870 Laiton
N T o remon e SPS udiubiated overaght oo 1N Paped buifer,
plE6 conbamng S M DL, 0 YV O Gudeoware thaiy staied wath
Covnnssie brdhant bluc ant dustuiad ndfy wath 40%5 methanat
107 et actd wisd 20%6 water Tor several o v Thin aethiod
vstiabiaad proteulytic wctivity av a ddar sone against 1 dark blue
Bashground Molecular thasser were estupated by comipatinon ol o
taphoretin mmobilies of unthnown and standand protans

2 Purdrtton of oy “aovstatin

O Adevstatin was putificd by modification of the metiod of Aby
(4] Pwo kg of fe Hour was aeapemdad in §hters of 28 mM sodham
phosphate (ptt 1) contasung 018 N NaC and stirred ot room
lemperature tor 1 h ANer ventiifugation, the ovract was beated 1o
SREC Tor oo min and theh Travtionated by ammoniim salfaty
preapitation Papain indnbitory atiaty was peeapitited b W. 689,
satufation wath ammomanm sulfate  To assay the inhibitory actinaty,
we used receystal’ized papam as enzymie and vasein tHammersten) as
subsirate (9} The 30-65%0 prgapitaic was Jhrom dographed sue
cessively on QeSepharose (Pharmiaeia, 26« 27 cm) with 20 mNY T
tplEBY andd o hingar gracdient of mweeasing NaC @ cobcenttftion up to
0 S M, on S Sepharose (Pharmavian 18 ~ 30 0m) with 28 mM for
mate (pH S 1) and a hincar gradient ol invreasing NaCl woneentration
up to O 4A Final vurificaton was achieved by chromatofocusing on
awolumn ot posbulfer exchangsr 94 (Bolkad, | v 10 )
cpushbrated with 28 mN\imadazole HCT (pll 7 49)  The protein was
cluted with dituted polvbuffer 74 (BhoRad) (pH $)  Lhe polvbuffer
Was remaved by BO%-satd  (NHL)LS0, previpiiation and dialysis
ABdINst water

25 Protemnase ussay ustng ' Hpcasein digestaan

Details of prepaning {*Hluasein and of the aay procedure have
been deseribed previously {3) Uricfly, vasein was labeled with tritium
by reductive methylation i the presence of high specific detivity
("HINaBHaGpee aut 10=20 ¢ mmol ") Low molecular weight
radioactive by -products of tus reaction were remosed by gel filtration
on & Sephadex G-25 column (Pharmavia) eluted with 100 mM Tris
HCIL pH 7 8 G 28 fractions that contained (*H)protemn were combin
ed and hluted to 4 x 10%cpim ml ' The protein coneentration was
adyusted to 2mg ml” ' with unlabeled casein  The solution was chivid-
ed 1nto 0 1 i portions and stored at =70°C Twenty ul of [*H]casen
was nuxed with butfer, msect nudgut estract, and ten ul ot 50 m™|
DTT to givza reaction volume o1 0 1 mlcontamed na 1 § ml plastic
centnfuge tube The reaction was imtiated by adding ensyme and
quenched afier 20 min at 37°C by adding 0 1 ml of 10%% TCA After
standing on see tor 20 min, the samples were centrifuged at 14 000
rpm for 5 mun and 6 175 ml aliguots ot the supernatant were ppetted
into counting vials containing 5 ml of sainnllation fluid Backhground
levels ot TCA-soluble radioacuvity were determuned by substituting
an equal volume of butfer tor the enzyme solution

26 Inmbuory uctivaty of tnhibitors

Proteinasa intubitors were dissolved in either methanol or water at
10-umes the desired concentrauon Inhibitor solution (0 025 m!) was
added to 0 225 m! of the enzyme in buffer The solution was vortexed
and incubated for 10 nun at 37°C Proteolytic activity was then
assayed using 0 01 m} of the incubation mixture added to 0 05 m! of
[*H]casein and 0 04 ml 0 1 M Pipes buffer (pH 6 6 )

27 Protein concentration

Protein concentrations were deternuned by the method of Smith et
al [10], using bovine serum alburmin as a protemn standard

3. RESULTS

3.1. Electrophoresis
Electropnoresis 1n polyacrylamide gels containing
gelatin as substrate revealed the presence of multuple
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Fig 1 ldentification of proteinase activities of inscet nudput estriacts

1 polyacrylanide gel slabscontining gelaun Gel slabs contain 119

polyacrylamide, 0 1% SDS, and 0 19% gelatin (L ane A) riwe weenid

(appron 1 84 pp protem), (lane B) red flour beetle (appron 0 12 pp
protein)

zones of proteinase activity 1n midgut extracts of rice
weevil and red flour beetle (Fig. 1). Activity was
substantially higher in the latter extract than in the
former. The rice weevil midgut eatract exhibited one
major zone of proteolytic activity that corresponded 1o
a protein with an appaient molecular mass of 40 kDa.
Two major zones of proteolytic activity were observed
in the red flour beetle midgut extract with apparent
molecular masses of 20 kDa and 17 kDa. Minor red
flour beetle proteinases had apparent molecular masses
of 25 kDa, 19 kDa, and 14 kDa

3.2. pH opnma

The pH optima for casemolytic activity were in the
muldly acidic range: pH 6.8 for the rice weevil extract
and pH 5.2 for the red flour beetle extract. Based on gut
equivalents, the caseinolytic activity of the red flour



Voliume 27%, nuun g 2 PRSP RS

I N

Firedy of protvnve rhalators on PHvvon dhgeton By pedgat
Bomogeitates uf e wuavib and 1od flost batle

Inbbitor

ot itratiog Tiluhon 29
(\h Rive eevy] Ko flogy Seetle
| . un 6
¢ NS 1 ! we uh
PONS s DI~ Yesoot o ¢
Anbip un b -to ! 0t Un
Oinvzvostatim 2 ol Ny o0
my [ T 0 "
SHEH toe U '
[Q LR 1.0 0 10

STonpl of nudgut ovtracts Gappron 9 2 g protein for rwe weev aid
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"The Five weevil put preparation i the absenee of D11 o mmb,or es
hibited only 70% af the avtivity observed in theprecencc ol DT Red
flour beetle ativaty was stimulated 2 told by DTT Al per centinhubi
tton salues were based on DD stmulated actinaty eneept for PCNS
which was based on cantrols invubated i the absence of DT

beetle was approsunately 25-times greater than that of
the rice weewil

3.3 Inh buor stucles

The wdubitor sensiaivity profiles of the caseinolytic
activitios tn the nudgut estacts (Table I) suggested that
the major proteolytic ciizymes were cysteine po-
temnases E-64 and PCMS aie considered as diagnostic
mhibitors for cysteme protanases [11] and are highly
effective agamst both midgut exttacts The addition of
DTT rescued the casemolyne activity from the eftect of
PCMS. The ICxo value tor E-64 was 3 x 10~" M for the
tice weevil nudgut extract. Serine proteinase inlibitors,
such asy DFP, SBTI, and CPTI, had no effect on the ca-
seinolytic activity of the mudgut estracts. Antipain,
which inhibits both serine and cysieine proteinases [12],
was inlubitory against both extracts

Otyzacystatin was punfied to homogeneity from
Newbonnet rnice (F1iz 2) It had an apparent molecular
mass of 13 000 and propeities similar to those reported
previously [4] Oryzacysraun fully inhibited the midgut
proteolytic activities (Fig 3) The ICs, values were
estimated tobe 4 x 10”7 Mand 2 x 107% M for rice
weevil and red flour beetle extracts, respectively,

5. DISCUSSION

Data obtained with low molecular weight innibitors
clearly indicated that proteinase activities in midgut ex-
tracts of rnice weevll and red flour beetle are
predominantly cysteine proteinases. These results agree
with those of Murdock et al. [3), who first
demonstrated that cysieine proteinases that are max-
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mally active at muldly acidie piare widespiend among
many species of Cofeoptera mncludmg the red flow bee-
tle Serme protemases may also be present, but these en-
Zymes appear to be aunos m the speaes exanued here
However, m larvae and adults of the granary weevil,
Sttophilus granarius, major proteinases were inhibited
by SBTI and TLCK, indicating that a serine proteimnase
1s tunctional m that species [13]. The novel aspect of
our work is the tinding that neatly all of the proteolytic
activity agamst casen i mdgut extracts of rice weevtl
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Fig 3 Inlbinon of midgut proteinase extracts from rice weevil and
red flour beetle by oryzacystaun Ten xl of midgut extracts (appros
9 2 up protein for rice weevil and 3 2 g protcin for red flour beetle)
were incubated first with oryzacystaun for 10 man at 37°C and then
with 20 ul of [*H]casein {(approx 4000 cpm) in pH 6 buffer (01 M
Na;HPO., 2 mM EDTA, 5 mM DTT) for 30 min at 37°C The per
centage inhibition was calculated by comparing results of control 1n-
cubation with treatrments containing various amounts of
oryzacystann Data are mean values of duplicate assays
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and ved tHour beetle laryae s indnbited by the plant pro
teinavcous mhibitor, oryzacystatin To v knowledge
this 1s the fust demonstration of the etfectiveness ol a
natirally  occiering  sced  inlubitor towds  nsect
midgut cysteine proteinases

I -6:4 has been used previousty ina simuilar manner o
bt other insedt mudgut proteamdses and also to
demonstrate the vulnerabulity of two imseet species to
cysteme  proteinase wmhibitors [ -64 molonged the
desclopmental time and nereased larval mortahy ot
the cowpeaweesil, Callosobrchus macudatus, i diredt
Propotiion o its conventtation m atihictal seeds Wt
0.01-0 25%% by  weight  [14).  Consumption ol
E-6d-treated potato leaves abso delaved the growth and
development of the Colorado potato beetle, 7 eprnotar-
st decemhineara [18)

Cysteme protemases e goud target ensymies (o -
bt for the purpose of mseet contiol because ghen
ammals do not utthize this Jass of enzvime tor cigestion
Oryzaeystaun and  other natutally occuiring pro-
temaceous ¢ystemne  protemdase mhibitors could be
manmipulated by classical host plant 1esistanee and
genetic engmeering approaches to create cereal varieties
resistant to infestation by stored grain Caoleoptera A
cDNA clone tor oryzacystann has already been isolated
{16] and eftorts to transtorm plants with cystemne pro-
temnasce infubitor genes are underway
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