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A reverse transcription-polymerase chain reaction (RT-PCR) strategy was used to clone
diverse trypsin-like protease gene transcripts from midguts of the brown planthopper Ni-
laparvata lugens Stal (Homoptera: Delphacidae). Six individual trypsin-like protease tran-
scripts were identified. On the basis of one nucleotide sequence of the six clones, a full-length
cDNA sequence (1902 bp) was obtained by rapid amplification of cDNA ends (RACE). The
cDNA contained an 1128-bp open reading frame encoding a putative protein of 375 amino
acids with typical features of the trypsin-like protease. Heterogeneous expression of the
coding sequence for the mature peptide in Escherichia coli cells showed that the expressed
protease with a molecular weight of 27.0 is active, for its BApNAse activity assayed by using
BApNA (N-benzoyl-p,L-arginine-p-nitroanilide) as substrate. The protease had its maximum
activity at pH 8.0 and 35 °C. A much better stability was observed at pH values above 4.0
and temperatures below 40 °C. The enzyme was strongly inhibited by serine protease inhibi-
tor. The trypsin-like protease is therefore likely one of the major digestive proteases respon-
sible for protein hydrolysis in N. lugens gut, and multiple gene families encoding digestive
proteases may help in adaptation of this sap-sucker to different rice varieties.

Key words: Trypsin-Like Protease, Heterogeneous Expression, BApNA (N-Benzoyl-p,L-

arginine-p-nitroanilide)

Introduction

The brown planthopper Nilaparvata lugens
(Homoptera: Delphacidae) is a serious insect
pest of rice (Rubia-Sanchez et al., 1999). To re-
place application of chemical protectants during
the management of this pest, more and more en-
vironment-friendly technologies such as planting-
resistant rice varieties were emphasized (Cuong
et al., 1997). However, this specialist sap-sucker
has evolved mechanisms to adapt to various rice
varieties by regulating its detoxification and toxin-
tolerance enzyme genes (Yang et al., 2005, 2006,
2007), including a trypsin-like protease gene al-
ways reported (Foissac et al., 2002). Therefore, the
proteolysis in the digestive system may contribute
significantly to the adaptation of this pest to vari-
ous rice varieties, especially resistant rice.

Trypsin is an important digestive proteinase,
and it is highly specific towards the positively
charged side chains of lysine and arginine (Brown

and Wold, 1973). Foods ingested by chewing pests
are mostly macromolecules broken down by di-
gestive enzymes, such as trypsin-like proteases
(Terra and Ferreira, 1994; Chapman, 1998). Sap-
suckers such as N. lugens of the order Homoptera
have been widely considered to lack proteolysis
in the gut (Srivastava and Auclair, 1963; Terra et
al., 1996). However, Foissac et al. (2002) revealed
that the trypsin-like protease activity is a major
factor in gut protease activity in N. lugens, and a
trypsin-like protease cDNA was isolated by single
sequencing runs from the 5’ end of 100 randomly
selected cDNA clones from the gut cDNA library.
The cDNA-predicted protein is more similar to
other vertebrate trypsins than to invertebrate ser-
ine proteases. The protein has the normal catalyt-
ic triad of residues (Asp, His, Ser) wich determine
specificity of cleavage. But an abnormal feature
of this protein is a C-terminal region which shows
no similarity to other serine proteases. A further
unusual feature of this N. lugens serine protease
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is that the C-terminal residue of the propeptide is
an asparagine residue; thus this trypsin-like pro-
tease is likely incapable of self-activation and is
not cleaved by trypsin-like enzymes. The sequence
possibly represents a small gene family of serine
proteases (Foissac et al., 2002). Additionally, lim-
ited to the method applied in the present study,
more cDNAs encoding trypsin-like proteases
might be missed. Therefore, more information is
necessary to reveal the digestive proteases in N.
lugens and to detail the characteristics of the pro-
tease genes within the insect gut.

In this study, we analyzed the diversity of
trypsin-like proteases in N. lugens by obtaining
various cDNA sequences and cloning of a nov-
el trypsin-like protease cDNA, and biochemical
characterization of the heterogeneously expressed
trypsin-like protease. The implications of our re-
sults for controlling this pest are discussed.

Material and Methods
Experimental insects

A colony of brown planthoppers (N. lugens)
was mass-reared on plants of susceptible rice,
Taichung Native 1 (TN1, an Indica rice variety
maintained in our laboratory), at (25 £2)°C,
80% relative humidity, under a photoperiod of
16 h light and 8 h dark. The fourth instar larvae
of N. lugens were collected for dissecting the gut
tissues in 0.9% (w/v) NaCl and RNA extraction.

Cloning of trypsin-like proteinase cDNA
fragments

Total RNA was extracted from the gut tissues
according to instructions of the manufacturer of
Trizol reagent (Invitrogen, Carlsbad, CA, USA).
Trypsin-specific primers (DmTF/SerPR, Table I)
were used as described elsewhere (Mazumdar-
Leighton and Broadway, 2001). Reverse transcrip-

Table I. Primers used in this study.
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tion polymerase chain reaction (RT-PCR) was
carried out on gut total RNA using an Access RT-
PCR kit (Promega, Madison, USA) in accordance
with the manufacturer’s instructions. PCR prod-
ucts were checked by electrophoresis on 0.8%
(w/v) agarose gel in TAE buffer (40 mmol/L Tris-
acetate, 2 mmol/L Na,EDTA - 2H,0), and the re-
sulting DNA band of about 470 bp was recovered
and cloned into the pGEM-T vector (Promega).
Seventy-four randomly selected inserts were se-
quenced at both ends. The sequences were com-
pared with all databases in GenBank using the
BLAST server command “blastx”.

The 5’ and 3’ rapid amplification of cDNA ends
(RACE)

A cDNA fragment of 483 bp in length was cho-
sen as template to design sense and anti-sense
gene-specific primers (GSP-F/GSP-R, Table I)
for 3’ and 5’ rapid amplification of cDNA ends
(RACE). This clone represents a secondary abun-
dant mRNA species in the six clones. The 3’ and
5" RACE reactions were performed according to
the instruction manual of the SMART RACE
cDNA amplification kit (BD Bioscience Clontech,
Palo Alto, CA, USA). Amplified fragments were
cloned and sequenced. More than 3 independent
clones of 3’ and 5’ end of cDNAs were sequenced
to eliminate possible PCR mutations.

Computer-assisted analyses of the cDNA-
predicted protein sequence

Full length nucleotide sequence analysis was
carried out by BLAST similarity searches (http://
www.ncbi.nlm.nih.gov/BLAST/). The molecular
mass of the putative protein was predicted by
Compute pI/Mw tool (http://us.expasy.org/tools/
pi_tool.html). The signal peptide was predicted
by SignalP 3.0 Server (http://www.cbs.dtu.dk/

Primer Sequence (5-3)

DmTF TCGAATTCATTGTGACCGCCGCTCAYT

DmTR GGTAGATCTCACGGCTGGACAYT

GSP-F CACCTGCGCTTCGTACAGTTGTGACGGG

GSP-R CCAATCTGTTTGCCAGCATCTACCG

mTRY-F GGTGAATCATGGGTGCGTCTGTGTGGTACTCTGT
mTRY-R GCTAAGCTTGTATTTATTAGGTATATACTGCTCAGCAA

Y =C/T,R=A/G.
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services/SignalP). Clustal X v1.8 (Thompson et
al., 1997) was used for analyzing the alignment
and edition.

Protein expression in E. coli

A PET system (Novagen, Madison, WI, USA)
was used to express the trypsin gene. The cod-
ing region of the mature enzyme was amplified
by PCR with the primers mTRY-F and mTRY-R
that contain the HindIII and EcoRI site (Table I).
The PCR product (735 bp) was digested and in-
serted into the expression vector pET-23a, which
inserts 6 histidine residues to the amino terminus
of a target protein, to construct pET-735. The con-
structed vector was used to transform Escherichia
coil BL21 (DE3) pLysS for overexpression. The
recombinant cells at the optical density (OD) 0.8
induced by adding isopropylthio-$-p-galactoside
(IPTG) (0.1 mmol/L) were performed at 25 °C
for 8 h, and the cells from 100 mL culture were
collected by centrifugation at 5,500 x g at 4 °C
for 5 min. The cells were resuspended and rinsed
for three times in 50 mm sodium phosphate buffer
(pH 8.0) containing 300 mMm NaCl, 15 mm imida-
zole, 15 mm 2-mercaptoethanol, 0.1 mm EDTA,
0.1% (v/v) Triton X-100, and 10% (v/v) glycerol,
then stored at —80 °C for 30 min and thawed at
room temperature for 10 min. The operation was
performed three times and the cells were lyzed
on ice by ultrasonic wave treatment (30 W) for
3 min at 30-s intervals. The lysate was centrifuged
at 11,000 x g at 4 °C for 15 min, and the superna-
tant was recovered for purification by using the
high-affinity Ni-NTA resin (Qiagen, Hamburg,
Germany) according to the manufacturer’s in-
structions. Elution of protein was monitored by
measuring the absorption at 280 nm in each frac-
tion; the fractions containing protein were further
analyzed by SDS-PAGE following a standard pro-
tocol (Sambrook et al., 1989). Fractions displaying
massive target protein bands on the SDS-polyacr-
ylamide gel were pooled. The protein concentra-
tion was monitored by the Bio-Rad protein assay
(Bradford, 1976), using bovine serum albumin as
a standard.

The trypsin-like activity was assayed using 40 uL.
of the 1:10 diluted enzyme sample plus 160 uL
BApNA (N-benzoyl-p,L-arginine-p-nitroanilide;
Sigma-Aldrich, St. Louis, MO, USA) [1.0 mMm in
50 mm Tris-HCl (2-amino-2-hydroxymethyl-1,3-
propanediol hydrochloride; Sigma-Aldrich), pH

8.0, containing 20 mm CaCl,] at 25 °C; the ab-
sorbance at 405 nm was continuously read using
a MicroElisa auto-reader (Dynatech, Alexandria,
VA, USA). An absorbance curve was made, the
initial rate was calculated, and a common unit
was adopted. One enzyme unit was defined as the
quantity of enzyme necessary to degrade 1.0 um
BAPpPNA per min at 25 °C and pH 8.0. The specific
activity was defined as the number of units per
mg protein. In all subsequent assays, 1.0 unit of
the purified enzyme was used.

Activity and stability at different pH values

The pH activity was assayed in a MicroElisa
plate by adding 0.5 uL H,O, 4.5 uL of 10 x buffer
solution (Mcllvaine’s buffer for pH 5.0, 6.0, 7.0,
8.0 and 0.2wm glycine/NaOH buffer for pH 9.0,
10.0, 11.0) to 40 uL of the 1:4 diluted enzyme
sample. After 1h incubation at 37 °C the sam-
ples were placed on ice. Then 160 uL. of 1.0 mm
BApNA in 50 mm Tris-HCI, pH 8.0 (pre-warmed
to 25 °C), were added to each reaction, sample
well and kept at 25 °C for 20 min. The reaction
was stopped and the absorbance at 405 nm was
measured. The stability at different pH values was
determined in the same way except that buffer
solutions with pH values ranging from 2.0 to 12.0
were used.

Activity and stability at different temperatures

In order to evaluate the optimum temperature
for trypsin-like protease activity, nine portions
of 40 uL. each of 1:4 diluted ice-chilled enzyme
samples were incubated at eight temperatures (5,
10, 15, 20, 25, 30, 35, and 40 °C) for 30 min. Then
160 uL. of 1.0 mm BApNA in 50 mm Tris-HCI,
pH 8.0 were added to each sample, mixed well
and kept at 25 °C for 20 min. The reaction was
stopped and the absorbance at 405 nm was meas-
ured. The stability at different temperatures was
evaluated in the same way except that different
temperatures (30, 35, 40, 45, 50, 60, 70, and 80 °C)
were used. Controls were performed with samples
maintained at 0 °C for 30 min before reaction.

Inhibitor studies

In order to confirm the nature of the expressed
enzyme, 50 4L of 1 x Mcllvaine’s buffer, pH 8.0,
containing 40 uL of 1:4 diluted enzyme samples
were separately added to 10 4L of 0.001, 0.005,
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0.01, 0.1, 1.0, 10.0, and 100.0 um serine protease
inhibitors (contained in 10 x Protease Inhibitor
Cocktail Set I solution; Calbiochem, La Jolla,
CA, USA). After a 30-min preincubation at 25 °C,
160 uL. BApNA (1.0 mm in 50 mm Tris-HCI, pH
8.0) were added to the reaction solution and kept
at 25 °C for 20 min. The reaction was stopped and
the absorbance at 405 nm was measured. The in-
hibitory effect was measured as the percentage
of activity remaining with respect to the control.

.- A Novel Trypsin-Like Protease from Nilaparvata lugens

Control consisted of the same amount of enzyme
incubated in Mcllvaine’s buffer.

Results
Cloning and sequencing of trypsin-specific RT-
PCR products from N. lugens

An about 470-bp DNA band was generated by
RT-PCR. The DNA fragments were cloned and
sequenced. Homologous analysis revealed that 68
out of the 74 inserts encoded a Part of trypsin-

DmTF
TRY456  IVTAAHCA-VAGTANRFS | RAGLNT--—-LNAPESGFQESNVARV I VHPQYSDRTLGND|IA 56
TRY462  IVTAAHCA-VLGGASAYS | RAGVHN-—— | RFPEAESQEVDVALN IVPEFYSSGILLNDIA 56
TRY447  IVTAAHCVNDVL | ASNIHVRAGEHY--—LDG | DGHEQEHNAGK | TVHPNYDASVFVND|IA 57
TRY453  VVTAAHCAIHI TNYTDYYVALGSNK-——LTN-SKALKKFAISKVTYHNGFSYSTLSND|IA 56
TRY474  IVTAAHCVGHMTKQDVMNLELRLGDHSLYQTGKYAHESRKASRVLYHKGFSMNHLRND|IA 60
TRY483  IVTAAHC|VREKLT IVRLGELDWN----TTDDNANHVDMP | EKAFPHPRYNPVKRATDVG 56
Drome  |LTAAHCVARMTSWDVAALTAHLGDYN|GTDFEVQHVSRRIKRLVRHKGFEFSTLHNDVA 338
o kekskskok Lk
TRY456  IMTLSTPLRLGADTRTEAARL-PSNRYDAKGD—-AT | T-GWGTTSESG-SLS—QQLRTVT 110
TRY462  LMKLATPLKLGAAERTAAIKIAPSGTP IPSGN--ALVVSGNG-TVESG-GLSPAKLRAVD 112
TRY447 | |QIQGEFTL--NEWVNT | AL-PSDQEESNGT--CVVS-GWGSTFEGG- | | A-RNLHAVN 109
TRY453 1 IKLKKP IRFNKNIKPKK | AT-——RVPKQDTK--C | | S-GWGTWNYGD-HV | HDELKAAT 109
TRY474 L IHLSKPVEFKSNIQPVCLHTGSPGFEDGNSN-——ADVTGWGALSEGG-—-SQPADLRTVR 115
TRY483 | IRLREPVRFSADIQP |CLPA-STELRNKNLEN I SPY | TGWGSFSYKSNLSYPSQLYEAQ 115
Drome  |LTLSEPVPFTREIQP ICLPT-SPSQQSRSYSGQVATVAGWGSLRENG-—PQPS ILGKVD 395
kokk . *
SerPR

TRYAS6  VPI | TDAAGRNAYG————QSDVADSM I CAGLNAGGKDISCQGDEGGP 152

TRY462  VPAVTDDEGREAYG-——-ASA | YESMICAGRKEGGKDSCQGDSGGP 154

TRY447  VPYVDDVTCQGNYA-—--GNP | APSMLCAG—-VAGRDACQGDISGGP 149

TRY453  VLISNMTQCRANYS——--DRVDPLTM | CAGLVEGGVDSCQGDISGGP 151

TRY474 VRV | TKSECLQKYA--SSTN-KPTDGM | CAVSDNGEDSCQGDSGGP 158

TRY483  VNVKSNRDCAAAYARLGNKAG | T |DDSVLCAGGKATDPCQGDISGGP 161

Drome  |PIWTNAECARKYG--RAAPGG | IESMICA-GQAAKDSCSGDSGGP 438

*, L%k k sokskokkok

Fig. 1. Alignment of the amino acid residues encoded by the six trypsin-like protease cDNA fragments cloned from
N. lugens larvae by degenerate RT-PCR. The conserved catalytic triads of histidine57, aspartate102, aspartate189,
and serinel95 are boxed. The amino acid residues used for designing the degenerate primers are flanked by ar-
TOWS.
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Table II. Sixty-eight trypsin cDNA fragments amplified by degenerate RT-PCR.

Clone name cDNA length [bp]

Clone number Accession number

tryp453 453
tryp483 483
tryp456 456
tryp447 447
tryp474 474
tryp462 462

30 AJ629011
28 AJ629016
5 AJ629012
3 AJ629014
1 AJ629015
1 AJ629013

like proteases and were classified into 6 groups
(Table II). All the six encoded protein segments
contained the corresponding conserved catalytic
triad of histidine57, aspartatel02, aspartatel89,
and serinel95 (residue numbering after bovine
chymotrypsin) (Fig. 1). The aspartate189, which is
found in the specificity pocket of Drosophila mel-
anogaster o-trypsin (accession number: X02989)
(Davis et al., 1985), determined the six transcripts
encoding trypsin-like proteases in N. lugens.

Cloning and characterization of trypsin-like
protease cDNA from N. lugens

A 483-bp cDNA fragment was used to design
gene-specific primers (GSPs) for RACE. The 5’
and 3’ cDNA ends were aligned to form a full-
length cDNA sequence with 1902 bp in size. The
nucleotide sequence was deposited in the Gen-
Bank with accession number AJ852425.

The cDNA-predicted prozymogen consists of a
signal peptide of 18 amino acid residues at the
N-terminal end predicted by SignalP 3.0 Server,
an activation propeptide of 113 residues and a
mature enzyme of 244 amino acids. Typical fea-
tures of the prozymogen include the propeptide
cleavage signal IVGG® %, a lysine residue, al-
lowing trypsin to self-activate and separating the
activation peptide from the mature protein (Zhu
and Baker, 1999), the catalytic amino acid triad of
serine protease active sites (His'"®, Asp™, Ser’®)
(Greer, 1990), the three residues (Asp®*, Gly*®,
Gly™) that determine specificity in trypsin-like
enzymes, and three pairs of conserved cysteine
residues for disulfide bridges (Wang et al., 1995)
(Fig. 2). The predicted molecular mass and isoelec-
tric point of the mature enzyme are 27014.88 Da
and 8.83. The deduced amino acid sequence has
the highest homology with trypsin (AB073673-1)
of Bombyx mori with an amino acid identity of
38%, the next highest level of identity (32%) to
Anopheles gambiae (AF117749-1), and 30% iden-

tity to serine protease of Ctenocephalides felis
(AF053921-1), when compared to databases in a
BLAST search.

Expression and purification of the expressed
enzyme in E. coli

The E. coli BL21 (DE3) pLysS cells were trans-
formed with the recombinant expression vector
pET-735. Expression of the protease was induced
by adding 0.1 mm IPTG to the cultured cells. The
His-tagged protein was purified using Ni** affin-
ity columns. When electrophoresed, the purified
protein migrated as a massive single band and
showed a molecular weight (MW) of 27.0 kDa by
measuring the distance migrated by the band and
MW standards (Fig. 3).

Biochemical characterization of the expressed
trypsin-like protease

The trypsin-proteolytic activity of the enzyme
was detectable with BApNA as substrate, and the
specific activity was 120 U/mg protein.

A rise of the proteolytic activity was observed
at pH 5.0-8.0, then the activity decreased from
pH 8.0 to 11.0. The maximum activity of the en-
zyme was measured at pH 8.0 (Fig. 4A). The sta-
bility of this enzyme was recorded at pH values
from 4.0 to 12 and the best stability was observed
at pH 6.0. However, inactivation of the enzyme
occurred in acidic environments, i.e. at pH 2.0
(Fig. 4C).

A relatively high activity was observed at
25-35°C, and the temperature for the highest
activity was 30 °C. Furthermore, the enzyme still
had 32% of its maximum activity at 5 °C (Fig. 4B).
When the temperature increased to 35 °C, the
residual activity of the trypsin-like protease was
95% of its maximum activity, and 80% at 40 °C
(Fig. 4B). Maximum stability was recorded at
0 °C, i.e. the control temperature tested. At 30
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Nlug MSLTLIVILLSLATISYCDN IEFTVGNRFRRQAANTCETPSKQQGQCIN IMGCKQLYDMLSNP-NRPPAQTSL
Bmor ———=—-MRILCALLCFILCTELVF—=———- C-QFDEPCQTVENEVGSCLNLLQCKPYLKITVKEF-KTNPAAAVL
Agam -MSPQAGRFLLLLVCVFCGV IGLS———-DALNLQDACETPDGKVGTCVYLRSCLS IRNVLLKKENMTPEDRSL
Cfel —  ————— MFLLICALLFVKN IVLIN-AQISVIGDSCTRSYDGEAGECALITQCPSANRILQTT——=—————- G
HE HE . Dokok ok MM
Nlug LQGSFCGYENEKPRVCCPRQLISAPRPPSQ———————————— PQPPSKPNPVNNQQQSQAN———————————
Bmor LRKAHCGFEGSNPKVCCPLPGFPTVPPDTT -~~~ TTTTTTTTTTQAPAPTQSAKSA TEDLVPAF
Agam VMK SKCGQEGRSVLVCCPLVRKLTGR FDAP VELPPPGECG———————————
Cfel IRPDVCGYSTYEPIVCCVQQRYNSNWNSNREGNKR ISEQKCDGYSTAVKQTLTVLPLVSDPNP——————————
: koL ckekk : .. . :
v oy
Nlug ——===CGLSTVS INKIVGGRPATLRAWPWMAL IGFNSMSR——PQWRCGGALVNTRHVITAAHCIVR———-KKL
Bmor PEPPYCGVSNASFSRVVGGV SAKLGDFPWMVNLGYKPRRGGGVRWLCGGSLITSRHVLTAAHCMHNH——DDDL
Agam —————— KMQMDRIVGGEVAPIDGYPWLTRIQYYKGSNR-YGFHCGGVLIHNQYVLTAAHCTEGVPSSWIV
Cfel ISFTVEKCDYNSVPLIVGGE VAKLGEFPHMAATGWTETSG-AVNWWCGGTLISPEYVLTAAHCASVN--SEQP
THREE Ok 1 ok 1L oo Dok k: L skdekkk

Nlug TIVRLGELDWNT————- TDDNANHV—DMPIEKAFPHPRYNPVK——RAT%VGIIRLREPVRFSADIQPICLPAS
Bmor YLVRVGELDLAR———- DDEGATPV-DVLIKTKIKHEQYDAAS—YTNDIGILVLEKDVPITDLIKPICIPKD
Agam YQVRLGEFDTTTTIDCVEDDCADPVRDVPINAYVVHPDY YKQNGADYNDIALLQLSETVEFTDFIRPICLPTS
Cfel DIVRLGEHNLKH-———- SDDGADPT-DVPVDSVITHPSYHYPS——KYNDIALVKLRYPVSLSNSTRPSCLWAN

kkkk o kiokoonokror, L %Xk . Jkioun X koo kik ok
Nlug TELRNKNLENISPYITGWGSFSYKSNLSYPSQLYEAQVNVKSNRDEAAAYARLGXKAGIT——IDDSVLEAGG—
Bmor TELRSRSFEDYNPTTAGWGDTEFRG-—PSATHLQVLQLPVVSNDFCAQAYSPYKNQK———— IDERVLCAGYK
Agam EESRTVNLTGKYATVAGWGQTENST——-SSTKKLHLRVPVVDNEVCADAFSSIRLE I TP—————— TQLCAGGE
Cfel DEFDT-——-DS—STATGWGK IDYAE-—SRSDDLLKVVLKTIDNRQCAPLYVDQINRRRLRNGIVDTQMCAGEL

* . N O .. DonoLk kk . <ok

eV O [ I 4 ()
Nlug ~EATDSCQGDSGGPLMIPIKQN—————— FYLFGVVSYG-HKCAEPGFPGVYTRVTEFVDWIQSNI ————
Bmor KGGKDACQGDSGGPLMQPIWNSQTYKTYFYQIGVVSFG-KKCAEAGFPGVYSRVTHFVPWIQEKV VGHA
Agam —KGKDSCRGDSGGPLMRYGDGRSSTKS-WY LTIGLVSFGLEQCGTDGVPGVYTRMSEYMDWVLDTME———
Cfel DGGKDTCQGDSGGPLQITXQSN-—-KCIFY IVGITXFG-RGCGAPNSPGVYTRVSKYVDWIESVVWXN-
Lk ok kst ckoUckn,orko kg skeekkkr,orr koL

Fig. 2. Alignment of N. lugens (Nlug), B. mori (Bmor), A. gambiae (Agam), and C. felis (Cfel) trypsin or serine
protease sequences. Identical amino acids are indicated by asterisks and conservative substitutions by dots. The
catalytic amino acid triads of serine proteinase active sites are marked with an open cycle (o), the three residues
that determine specificity in trypsin-like enzymes are marked with a dot (e), and three pairs of conserved cysteine
residues for disulfide bridges are marked with an inverted triangle (v). The propeptide cleavage signal, IVGG, is
underlined.

Fig. 3. SDS-PAGE analysis of the proteins produced in transformed
E. coli and of the proteins purified by Ni** affinity spin columns.
Lane M, low-molecular weight standards (Tiangen Laboratories,
Beijing, China); lane 1, crude extract; lane 2, flowthrough; lane 3,
wash; lane 4, eluate. The samples were loaded onto 10% polyacryl-
amide gel. The enzyme produced in E. coli is shown at 27.0 kDa
(indicated by an arrow), which corresponds to the deduced mo-
lecular weight for the mature trypsin-like protease.

45kDa e
35kDa—ws

27kDa—%%

20 kDa—‘

14kDa
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Fig. 4. Biochemical characterization of the expressed trypsin-like protease. (A) Activity of the trypsin-like protease
at different pH values. Enzyme solutions were adjusted to the desired pH, incubated for 1 h at 37 °C, cooled on
ice, and subsequently the optimal pH for the enzyme activity was determined at 25 °C for 20 min in several buffer
systems from pH 5.0 to 11.0. (B) Activity of the trypsin-like protease at different temperatures. Enzyme solutions
were incubated for 30 min at temperatures ranging from 5 to 40 °C, cooled and assayed with BApNA. Controls
were prepared with samples maintained at 0 °C for 30 min before reaction. (C) Effect of pH value on the stabil-
ity of the trypsin-like protease. pH stability was determined with a discontinuous buffer system (pH 2.0 — 12.0).
(D) Stability of the trypsin-like protease at different temperatures. The temperature ranged from 30 to 80 °C. (E)
Effect of the serine protease inhibitor on the activity of the trypsin-like protease. Reactions were performed in
the presence of 1.0 unit of enzyme sample, 160 uL of 1.0 mm BApNA and 0.001 — 100 gM inhibitor. All values are
means of three determinations = SD.
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or 35°C, the enzyme was substantially stable,
whereas the stability decreased sharply when the
temperature increased above 40 °C. The enzyme
was completely inactivated when the temperature
was above 60 °C (Fig. 4D).

The slope of the inhibitory curve slightly de-
clined when the inhibitor concentration increased
from 0.001 to 0.01 um. But the BApNAse activity
significantly decreased when the inhibitor concen-
tration increased from 0.01 to 0.1 gm. The enzyme
activity was completely repressed in the presence
of 10 uM inhibitor (Fig. 4E). The result, combined
with the data concerning the molecular mass and
substrate specificity (strong BApNAse activity),
indicates that the enzyme can be grouped in the
same class like bovine trypsin (EC 3.4.21.4).

Discussion

Previous studies revealed that a single digestive
trypsin-like protease is present in some insects
like Musca domestica (Lemos and Terra, 1992),
Choristoneura fumiferana (Milne and Kaplan,
1993), Ostrinia nubilalis (Bernardi et al., 1996),
Periplaneta americana (Lopes and Terra, 2003),
Pediculus humanus (Kollien et al. 2004) and Za-
brotes subfasciatus (Magalhaes et al., 2007). But
more studies showed that trypsin-like proteases
frequently are present as multi-gene families
(Gatehouse et al., 1997; Zhu et al.,2000,2003, 2005;
Mazumdar-Leighton and Broadway, 2001; Pa-
tankar et al., 2001; Oliveira et al., 2005; Vinokurov
et al., 2006; Chougule et al., 2008; George et al.,
2008). The gut of Helicoverpa armigera alone is
known to contain about twenty different types
of active serine protease isoforms at any devel-
opmental stage (Gatehouse et al., 1997; Patankar
et al., 2001). The trypsin-like protease diversity in
insects can be correlated with the adaptation to
various proteins in plant diets as well as to expo-
sure to plant-derived protease inhibitors (PIs) and
lectins (Srinivasan et al., 2006). In the midguts of
well-studied insects, such as the Lepidopteran lar-
vae, serine proteases are known to dominate the
insect larval gut environment and contribute to
about 95% of the total digestive activity, and only
a few of them in the trypsin-like protease family
contribute significantly to digestion (Srinivasan et
al., 2006). However, a broader array of protease
isoforms could be advantageous for the insect in
dealing with the diverse plant proteins, which may
be harmful, given a narrow choice of proteases
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(Srinivasan et al., 2006). In the present study, we
successfully isolated six individual trypsin-like
protease cDNA fragments from N. lugens (Fig. 1
and Table II). The data demonstrated that mul-
tiple gene families encoding digestive proteases
exist in N. lugens gut.

Trypsins possess a catalytic triad that char-
acterizes all serine proteases, consisting of His,
Asp, and Ser amino acid residues, and typically
shows two characteristics that distinguish them
from other serine proteases: (1) specificity for
the peptide bond formed by the carboxylic side
of Arg or Lys residues and (2) ability to activate
other pancreatic zymogens (de Albuquerque et
al., 2001). The full cDNA obtained in the present
study encodes a novel protein with all character-
istics of trypsin-like protease as described above.
To confirm that the protease is active, the coding
region of the mature trypsin was heterogeneously
expressed in E. coli cells. The expressed enzyme
was biochemically characterized (Fig. 4). The pro-
tein had the trypsin-like activity for its ability of
hydrolysis of BApNA. It was strongly inhibited
by the serine protease inhibitor. The results com-
bining the characteristics of the predicted amino
acid sequence strongly suggest that the trypsin-
like protease in N. lugens gut is active and pos-
sibly responsible for digestion of at least part of
the proteins in rice sap.

Transgenic rice plants constitutively expressing
the soya bean Kunitz trypsin inhibitor (SKTI)
were found to show resistance to N. lugens (Lee et
al., 1999). The mortality of N. lugens is increased
during insect development. And N. lugens infesta-
tion could induce the protease inhibitor gene in
rice plants (Zhang et al.,2004). These data readily
explain that N. lugens contains digestive protease
activity. In this work, the multi-genes of trypsin-
like proteases were confirmed in N. lugens. Their
expression profiles in response to different fami-
lies of PIs in cultivating rice and in transgenic rice
plants will be investigated in our recent work. A
comprehensive analysis of the trypsin-like pro-
tease/inhibitor interaction could help in the de-
sign of optimized insecticides and improving of
the control of this rice pest.
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