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Abstract

Fifteen unique cDNA clones encoding trypsin- or chymotrypsin-like proteins were cloned and characterized from a gut cDNA
library derived from Hessian fly [Mayetiola destructor (Say)] larvae. Based on sequence similarities, the cDNAs were sorted into five
gene groups, which were named MDP1 to MDPS. Two of the gene groups, MDP1 and MDP2, encoded chymotrypsin-like proteins;
the other three encoded putative trypsins. All deduced proteins have conserved His®’, Asp'®®, and Ser**' residues for the catalytic
triad and three pairs of cysteine residues for disulfide bridge configurations. The substrate specificity determination residue at
position 235 was also conserved in the putative trypsins and chymotrypsins. In addition, all the deduced protein precursors had a
typical secretion signal peptide and activation peptide. Northern blot analysis revealed that all these gene groups were exclusively
expressed in the larval stage. The expression profiles for each gene group differed significantly in different ages of the larva, as well as
in different tissues. Protease activity analysis of gut extract, using specific inhibitors, demonstrated that serine proteases were the
major digestive enzymes in the gut of M. destructor larvae. Serine protease inhibitors inhibited as much as 90% proteolytic activities
of gut extract, whereas inhibitors specific to other proteases, including cysteine proteases, aspartic proteases, and metallo-proteases,
inhibited only 10-24% of gut protease activity.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The Hessian fly [Mayetiola destructor (Say)] is one
of the most destructive pests of wheat (Triticum aestivum
L.) (Hatchett et al., 1987, Buntin, 1999). The most
effective measure for controlling this insect pest is
through the release of resistant wheat cultivars (Ratcliffe
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and Hatchett, 1997). As a consequence, most of the
research on M. destructor is related to host—plant
resistance. This includes the identification and introgres-
sion of host—plant resistance genes (Ratcliffe et al., 2003;
Martin-Sanchez et al., 2003; Williams et al., 2003),
molecular mapping of Avr genes (Rider et al., 2002;
Behura et al., 2004), study of the distribution of different
biotypes (Ratcliffe et al., 1994, 2000), and the char-
acterization of induced wheat genes after infestation
(Williams et al., 2002; Jang et al., 2003). All of the
resistance genes so far identified confer resistance
through antibiosis (Ratcliffe and Hatchett, 1997, Harris
et al., 2003). First instar—larvae feeding on resistant
plants die within 4 days without developing into the
second instar (Hatchett and Gallun, 1970; El Bouhssini
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et al., 1998). Molecular mechanisms for the antibiosis
are not yet known. Experimental results demonstrated
that there is no significant difference in the amount of
food ingested from host plants between virulent and
avirulent larvae in the initial feeding (Gallun and
Langston, 1963). This observation raised the possibility
that the antibiosis might be caused by toxic molecules
produced in resistant plants. One of the likely targets for
such toxicity in the insect would be the gut, where food
digestion and detoxification take place (Terra and
Ferreira, 1994; Herrero et al., 2001). It is known that
plants synthesize various toxic molecules upon infesta-
tion, such as inhibitors to herbivore’s digestive enzymes
(Karban and Baldwin, 1997; Moura and Ryan, 2001).
Protease inhibitors from host plants have been found to
have a detrimental effect on insect development and are
being used as targets for bioengineering to generate
resistant plants (Murdock et al., 1988; Burgess et al.,
1994; Huang et al., 1997). Protease activity has been
detected in the gut extract from M. destructor larvae
(Shukle et al., 1985), but little is known about the
molecular and biochemical aspects of these enzymes.
To isolate protease genes that are expressed in the gut of
M. destructor larvae, we systematically analyzed the
genes expressed in the gut of the first instar-larvae
following a transcriptomic approach. Here we report the
cloning and characterization of 15 trypsin- and chymo-
trypsin-like cDNAs identified from this analysis.

2. Materials and methods
2.1. Insects

Hessian fly larvae used in this research were derived
from a laboratory colony. The insects were originally
collected from Ellis County, Kansas (Gagne and
Hatchett, 1989). Since then, the insects have been
maintained on susceptible wheat seedlings (‘Newton’
or ‘Karl 92’) in the greenhouse. The majority (95%) of
the insects were biotype GP although biotypes A, B and
others were also found in low frequencies (Harris and
Rose, 1989).

2.2. ¢DNA library construction and sequencing

Two hundred guts were obtained by dissecting 3-day-
old larvae (first instar) under a dissecting microscope.
The guts were immediately transferred into TRI
reagent’ ™ (Molecular Research Center, Inc. Cincinnati,
OH). Total RNA was extracted from the tissue of the
gut using TRI reagent according the procedure provided
by the manufacturer. A cDNA library was constructed
from the RNA sample using a ‘SMART™" ¢cDNA
library construction kit’ from Clontech (Palo Alto, CA)
according to the protocol provided by the manufacturer

with one modification. Instead of using the original
phage vector, PCR fragments were cloned directly into a
plasmid using a TOPO TA cloning kit (Invitrogen,
Carlsbad, CA). Recombinant plasmid DNA was iso-
lated with a Qiagen BioRobot-3000 and sequenced using
an ABI 3700 DNA analyzer.

2.3. RNA isolation and Northern blot analysis

Total RNA was extracted from whole insects using
TRI reagent'™ (see above). For Northern blot, equal
amounts (5 ug) of total RNA were separated on a 1.2%
agarose gel containing formaldehyde and blotted onto
GeneScreen membrane (Perkin Elmer Life Science Inc.,
Boston, MA). The membrane was baked at 80 °C for 2h
to fix RNAs onto the membrane. The membranes were
then hybridized separately to individual cDNA probes
labeled with *?P-dCTP using the random labeling kit
from Stratagene (La Jolla, CA). Hybridization was
carried out overnight at 42 °C in a plastic bag containing
15ml hybridization solution (10% dextran sulfate/1%
SDS/1M NaCl, pH 8.0) as described by Chen et al.
(2004). After hybridization, the membranes were washed
twice with 2 x SSC at room temperature for 30 min,
twice with 2 x SSC plus 1%SDS at 65 °C for 30 min, and
twice with 0.1 x SSC plus 1%SDS at room temperature
for 30 min. The membranes were then exposed to Kodak
SR-5 X-ray film overnight.

2.4. Sequence analysis

Open-reading-frame (ORF) and sequence-similarity
analysis were performed through the website (http://
www.ncbi.nlm.nih.gov/) of the National Center for
Biotechnology Information (Bethesda, MD). Molecular
weight calculations and pl prediction of mature proteins
were carried out with the ‘Compute pI/Mw tool’ (http://
us.expasy.org/tools/pi_tool.html). The ExXPASy Proteo-
mics tools on the website (http://www.expasy.ch/tools/)
of the Swiss Institute of Bioinformatics were used to
process data of deduced protein sequences. ClustalW
(Thompson et al.,, 1994; gap weight=8, gap length
weight=2) was used in pairwise sequence comparison.
The BioEdit (Ver. 5.09; Hall, 1999) program was used to
conduct multiple-sequence alignment and phylogenetic
analysis.

2.5. Analysis of tissue-specific expression through RT-
PCR

RT-PCR was carried out to determine if specific
proteases were expressed in the gut or salivary glands.
Total RNA was separately prepared from dissected guts
or salivary glands. The RNA samples were treated with
RNase-free DNase-I (Promega, Madison, WI) to
remove potential DNA contamination. The RNA was
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then reverse transcribed into cDNA using an oligo-dT
primer with SuperScript II reverse transcriptase (Invi-
trogen). PCR amplification was carried out for 45 cycles
as follows: 30 seconds (s) at 94 °C; 30s at 55°C; 60s at
72°C. DNA fragments from the PCR reactions were
separated on 1% agarose gels, stained with (0.5 pg/mL)
ethidium bromide. DNA bands were photographed with
a Kodak 290 digital camera, and band intensity was
determined using Kodak 1D image analysis software
(Version 3.54).

For primer design, we divided the protease cDNAs
into five gene groups, according to their sequence
similarity (see the Results section). Primer pairs specific
to each gene group were synthesized (see primer
sequences in Fig. 3). The specificity of the primer pairs
to individual groups was tested experimentally using
individual plasmid DNA samples as templates. Primers
MDPIF+MDPIR could flank the corresponding
regions of all five chymotrypsin (A-F) c¢cDNAs in
the MDPI1 gene group to produce 657-bp fragments.
Primers MDP2F + MDP2R were specific to the chymo-
trypsin cDNAs in the MDP2 gene group to produce
601-bp fragments. Primers MDP3F+ MDP3R were
specific to the trypsin cDNAs in the MDP3 gene group
to produce 677-bp fragments. Primers MDP4F +
MDP4R were specific to trypsin cDNAs in the MDP4
gene group to produce 669-bp fragments. Primers
MDPSF + MDPS5R were specific to the trypsin cDNAs
in the MDP5A gene group to produce 486-bp frag-
ments. As a control, a primer pair (MDrDF + MDrDR)
was synthesized according to a cDNA that encodes a
L27A-like ribosomal protein in the 60S subunit. The
RT-PCR products (420 bp) from this ribosomal protein
mRNA were used as an internal control to quantify the
amounts of the protease RNAs.

2.6. Protease activity assay

Midguts of first instar Mayetiola destructor larvae
were dissected under a light microscope in cold
deionized water. The midgut was exposed by pulling
the head with a fine needle, and the salivary gland and
Malphigian tubules were removed. Midguts were
collected in deionized water, mixed through pipetting,
and pooled (20 guts per 20 ul water) in Eppendorf tubes
on ice. The extract was centrifuged at 15,000¢g for 5 min,
and the supernatant was aliquoted to 10 ul and frozen
at —20°C.

Accordingly, inhibition studies were conducted by
measuring the hydrolysis of casein conjugated to a
fluorescent probe, BODIPY-TR-X (Molecular Probes,
Eugene, OR) according to a method previously
described (Oppert et al., 1997). Inhibitors included
antipain, aprotinin, 4-amido-phenylmethylsulfonyl
fluoride (APMSF), bestatin, chymostatin, ethyelenedia-
mine tetraacetic acid (EDTA), ethylene glycol-bis

(beta-aminoethyl-ether)-N,N,N',N'-tetraacetate (EGTA),
transexposysuccinyl-L-leucylamido-(4-guanido)-butane
(E-64), soybean Kunitz trypsin inhibitor (SBTI),
soybean Bowman-Birk trypsin inhibitor (SBBTI), and
N-tosyl-L-phenyalanine chloromethyl ketone (TPCK).
These inhibitors were obtained either from Pierce
Chemical Company (Rockford, IL), Roche Applied
Science (Indianapolis, IN), or Sigma Chemical Com-
pany (St. Louis, MO). Stock solutions were prepared in
solvents per company specifications. The starting con-
centrations of the inhibitors are provided in the legend
of Fig. 4. Protease inhibitors were added to universal
buffer (Oppert et al., 1997) of pH 7.9, which is the
optimal pH for proteolytic activity in mid-gut extract
from Hessian fly larvae (data not shown). Inhibitors
were preincubated with the gut extract (~0.8 gut
equivalents) for 10 min at 37 °C before the addition of
substrate. At time 0, 10 pl of a stock solution of 10 pg/ml
of fluorescent-labeled casein (BODIPY-TR-X casein,
Molecular Probes, Eugene, OR) was added to each well
to initiate the reaction. Inhibition was measured after
4h incubation at 37°C using a fluorescent microplate
reader (Fluoroskan Ascent FL, Labsystems, Thermo
Electron Corp., Milford, MA), with an excitation of
584 nm and emission of 620 nm. The percentage inhibi-
tion was calculated from incubations containing
the inhibitor divided by the control incubations without
the inhibitor, and multiplied by 100. The amount of the
inhibitor resulting in 50% inhibition (ICsy) was calcu-
lated by linear regression from linear data points.

3. Results

In order to isolate genes that encode potential
digestive proteases, we sequenced 1014 random clones
from a gut cDNA library derived from first instar—lar-
vae. GenBank searching with the cDNA sequences
revealed 55 clones (or 5.4%) encoding various proteases.
Among these 55 clones, 27 coded for chymotrypsin- or
trypsin-like proteins, 19 coded for carboxypeptidases,
six for signal peptidases, two for cycteine proteases
(Cathepsin L), and one for lysosomal aspartic protease.

3.1. Chymotrypsin- and trypsin-like cDNAs

Of the 27 clones (all except one were full length) that
encoded chymotrypsin- or trypsin-like proteins, 15
cDNAs were unique clones that encode different
proteins. The GenBank-accession numbers for the
unique clones, lengths of the ¢cDNAs and predicted
proteins, estimated molecular masses, pls, putative
secretion signal peptides, and activation peptides are
listed in Table 1.

Sequence comparison indicated that these 15 cDNA
clones could be sorted into five groups, which were
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Table 1

Serine proteinase cDNAs and putative proteins from the gut of M. destructor

Clone name GenBank cDNA (bp) Encoded Molecular pl Signal peptide Activation Putative
number residues mass(kDa) peptide proteinase

MDPIA AY596471 1046 275 26.71 5.44 19 8 Chymotrypsin
MDPI1B AY596472 1049 275 26.81 5.44 19 8 Chymotrypsin
MDPIC AY 665658 953 275 26.78 5.44 19 8 Chymotrypsin
MDPI1D AY 665659 1045 275 26.78 5.55 19 8 Chymotrypsin
MDPIE AY 665660 1068 275 26.81 5.44 19 8 Chymotrypsin
MDPIF AY665661 1048 275 26.78 5.44 19 8 Chymotrypsin
MDP2A AY 596478 1052 269 26.24 8.66 21 10 Chymotrypsin
MDP2B AY596479 1052 269 26.25 8.66 19 12 Chymotrypsin
MDP3A AY596476 1116 268 26.11 8.41 17 14 Trypsin
MDP3B AY596475 1065 268 26.12 7.72 17 14 Trypsin
MDP3C AY 665662 1121 268 26.09 7.72 17 14 Trypsin
MDP4A AY596477 1077 273 25.76 5.79 23 13 Trypsin
MDP4B AY 596473 1075 273 25.71 5.79 23 13 Trypsin
MDP4C AY596474 1078 273 25.76 5.79 23 13 Trypsin
MDP3SA AY 669864 1147 263 25.67 5.75 17 13 Trypsin

Table 2

Pairwise comparison of cDNA and [putative protein] sequence identity (showing as % in upper-right corner) and phylogenetic distances (showing in

lower-left corner) among the 15 serine proteinase clones

MDPIA MDPIB MDPIC MDPID MDPIE MDPIF MDP2A MDP2B MDP3A MDP3B MDP3C MDP4A MDP4B MDP4D MDPS5A

Clones

MDPI1A 99[99]  90[99]  99[99]  97[99]  99[99]  48[25]
MDPIB 0.01 90[99]  99[99]  98[99]  99[99]  48[25]
MDPIC 0.02 0.01 90[99]  88[99]  90[99]  47[25]
MDPID 0.02 0.01 0.01 97[99]  99[99]  48[25]
MDPIE 0.02 0.01 0.01 0.01 97[99]  48[25]
MDPIF 0.02 0.01 0.01 0.01 0.01 48[25]
MDP2A 2.65 2.66 2.67 2.66 2.68 2.66

MDP2B 2.67 2.67 2.68 2.67 2.69 2.67 0.01

MDP3A 2.37 2.38 2.39 2.38 2.38 2.38 1.94

MDP3B 2.36 2.36 2.37 2.36 2.37 2.36 1.94

MDP3C 2.36 2.36 2.37 2.36 2.37 2.36 1.94

MDP4A 2.17 2.17 2.18 2.17 2.18 2.17 1.77

MDP4B 2.19 2.19 2.20 2.19 2.20 2.19 1.79

MDP4C 2.17 2.19 2.20 2.19 2.20 2.19 1.77

MDPS5A 2.50 2.51 2.53 2.50 2.52 2.51 1.88

48[25]  51[28]  SI[28] S1[28] 50[32]  SO[31] SO[31]  49[25]
48[25]  S0[28]  SI1[28] S0[28] SO[31] SO[31] SO[31]  49[25]
47025]  48[27]  49[28] 47[28] S0[31]  49[31] S0[31]  47[24]
48[25]  S0[28]  SI1[28] S0[28] SI[31] SI[31] SI[31]  49[25]
48[25]  50[28]  50[28]  SO0[28] 50[31]  SO[31] 50[31]  49[25]
48[25]  S1[28]  SI[28] S0[28] SI[31] SI[31] SI[31]  49[25]
98[99]  50[36]  S1[37] SI[37] 52[40]  52[39] 52[40]  53[37]

SI[36]  S1[36] S1[36] S1[40] 52[39]  52[40]  S3[38]
1.97 95[99]  99[99]  58[48]  S58[48]  58[48]  62[60]
197 0.0l 95[99]  58[48]  58[48]  S58[48]  61[60]
197 002 001 57[48]  57[48]  57[48]  62[60]
179 140 1.38 1.38 99[99]  99[99]  57[49]
1.81 1.41 140 140 0.0l 99[99]  57[49]
.79 141 140 140 0.0l 0.01 57[49]
189 094 091 0.93 1.33 1.35 1.35

named MDPI, MDP2, MDP3, MDP4, and MDPS5,
respectively. The MDP1 and MDP2 groups encode
chymotrypsin-like proteins whereas the other three
encode trypsin-like proteins. Members from the same
group share more than 95% sequence identity at both
nucleotide and amino acid levels (Table 2), except
chymotrypsin MDPI1-C, which has only 88-90% se-
quence identity compared with the other member in the
same group at the nucleotide level. The lower sequence
identity for chymotrypsin MDP1-C was caused by a
short 3 UTR showing 80 bp insertion/deletion (indel)
(data not shown). Excluding this indel, sequence identity
is also more than 95% between MDP1-C and other
members in this group. Members from different groups
share little sequence similarity at the nucleotide
level. No sequence alignments between members from

different groups could be found using BLASTN (data
not shown). Pairwise comparison of the nucleotide
sequences between members from different groups with
ClustalW (Gap open=10; Gap extension=0.1) again
revealed only low- (ranging from 47 to 62%) sequence
identity. At the amino acid level, there were conserva-
tions around regions that are common to serine
proteases between members from different groups
(Table 2 and see Section 3.2).

3.2. Structure of the deduced proteins

Sequence comparison of the fifteen deduced protease
precursors is shown in Fig. 1. Forty-six residues are
conserved among all sequences. Most of the conserved
residues are located in the vicinity of the histidine and
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Fig. 1. Multiple alignment of the predicted amino acid sequences of the 15 proteinase-like precursors from M. destructor. Putative secretion signal
peptides were bold and underlined. Functionally important residues H, D, and S (active sites) were boxed. Cysteines corresponding to the sites of the
predicted disulfide bridges were marked with arrow lines at the bottom. Trypsin specificity determinant residues were indicated with (4 ) on the top of

sequences. Identical residues among all fifteen sequences are highlighted with gray background. Hyphens represent sequence alignment gaps.

serine active site, including a highly conserved N-
terminus (IVGG or VIGG preceded by an arginine or

conserved to form the catalytic triad that is character-
istic of serine proteases (Kraut, 1977; Wang et al., 1993;

lysine), which marks the N-termini of the active enzyme Peterson et al., 1994). Other important residues,

(Jany and Haug, 1983; Wang et al., 1993). The three
critical residues, His®’, Asp136, and Ser”*' (numbers are
assigned according to the multiple alignments) are all

including D*°, G*%°, and G*’® (®), which define the
substrate binding pocket, also are conserved in all
trypsin-like proteins encoded by the MDP3 to MDP5
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gene groups. The D> residue determines specificity in
both invertebrate and vertebrate trypsins by stabilizing
the Lys or Arg residue at the substrate cleavage site
through ionic interactions (Hedstrom et al., 1992; Wang
et al., 1993). The D**° residue was replaced by either a
Gly or Ser residue in all the chymotrypsin-like proteins
encoded by the MDP1 or MDP2 gene groups.

Among all the deduced proteins, there are six cysteine
residues that are conserved at positions 72, 88, 206, 225,
237, and 269 (marked by arrows). These cysteine
residues are predicted to occur in disulfide bridge
configurations in trypsins and chymotrypsins (Wang
et al., 1993).

3.3. Differential expression in different developmental
stages

To examine the expression profiles of different
proteases in different developmental stages, Northern
blot analysis was performed with RNA samples derived
from larvae (at different ages), pupae, and adults. The
blots were examined separately for each gene group with
probes specific for each. As shown in Fig. 2, all of the
proteases were exclusively expressed in the larval stage.
No RNA could be detected in pupae or adults. Within
the larval stage, the RNA levels corresponding to each
gene group differed significantly in larvae of different
ages. The MDP1 gene group (chymotrypsin MDP1-A to
MDPI1-F) was expressed in all larval stages with the
maximum amount expressed in 4-day-old larvae. In
comparison, the MDP2 gene group (chymotrypsin
MDP2-A and MDP2-B) was mainly expressed in 4-
and 6-day-old larvae. The MDP3 gene group (trypsin
MDP3-A to MDP3-C) was expressed at a low level in 2-
days old larvae, significantly increased in 4- and 6-days
old larvae, and then disappeared in 12-day-old larvae.
The expression for the MDP4 gene group (trypsin
MDP4-A to MDP4-C) was unique. It was highly
expressed in 0- (freshly hatched) and 12-day-old larvae,
but the expression level was significantly less in 2- and
4-day-old larvae. The MDP5 gene group (trypsin
MDP5-A) was abundantly expressed in freshly hatched
larvae, but no RNA could be detected in larvae after
4 days.

3.4. Analysis of tissue-specific expression through RT-
PCR

RT-PCR was carried out to examine tissue-specific
expression of the five gene groups in the gut and salivary
glands. All PCR reactions generated DNA fragments
with expected sizes. As shown in Fig. 3, the majority of
the protease groups were expressed in both the gut and
salivary glands. The only group that was specifically
expressed in the gut was the trypsin MDPS5 group.

MDP1

MDP2

MDP3

MDP4

MDP5

18 S

Fig. 2. Northern blot analysis. RNA samples were extracted from 0-
day (freshly hatched, nonfeeding), 2-day, 4-day, 6-day and 12-day-old
larvae, pupae (P), and adults (A), respectively, as indicated in the
figure. Probes specific to MDP1, MDP2, MDP3, MDP4, and MDP5
gene groups were used for blot analysis. Hybridization and washing
were performed as described in the Materials and Methods section.
The bottom panel of the figure shows the hybridization image of a
probe derived from an 18-S rRNA cDNA clone as a control for equal
loading.

3.5. Protease activity in gut extract

The isolation of trypsin- and chymotrypsin-like
cDNAs from a gut library, and subsequent detection
of transcripts in gut by RT-PCR, indicated that serine
proteinases were major digestive enzymes in M.
destructor larvae. To further determine the composition
of gut proteases, specific protease inhibitors were used to
categorize proteolytic activities contributed by different
digestive enzymes. From the data in Table 3 and Fig. 4,
serine proteases were the major digestive enzymes
because serine protease inhibitors inhibited as much as
90% of the proteolytic activities of gut extract.
Inhibitors specific to cysteine proteases, aspartic pro-
teases, or metallo-proteases were less effective, causing
only 10-24% inhibition. One exception was the inhibitor
bestatin, which caused nearly 90% inhibition. Bestatin
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MDP1F |MDP2F [MDP3F | MDP4F
MDP1R |MDP2R|MDP3R| MDP4R

SG |Gut{SG|Gut|SG (Gut[SG|Gut| M

SG |Gut|SG |Gut|SG |Gut

Primer Sequences

MDP1F |ACATCAAATTTCAATGCGAAATCGA MDP1R |GCATGAATCCAATCGAGGTACA
MDP2F |GACTCGAATTGTCGGTGGAACA MDP2R |TCCATCTTTGGCAAGACAACTT
MDP3F |TAGCGAGCATTTTGATTGCATCA MDP3R |GATCAACTCGGCATCATTTGTT
MDP4F |ATTGGTGTTGGTTGGTGCCTTC MDP4R | TCCAGAGAACTTTCCACATCG
MDPS5F |ATGGACGTATGGACATTTGTTTGAAG | MDP5R |CAAGTTCAAGTAATGCAAAGTCATACG

29

Fig. 3. Analysis of tissue-specific expression through RT-PCR analysis. Primer names are given at bottom of corresponding lanes. M =100 bp

molecular markers.

Table 3

Effect of protease inhibitors on the hydrolysis of BODIPY conjugated casein by M. destructor midgut extract

Different class of inhibitors Concentration BODIPY-TR-X hydrolysis (% of control) 1Cso
Serine protease inhibitors

Aprotinin 13.5uM 19.72 2.38uM
APMSF 0.5mM 52.25 0.51 mM
Chymostatin 5.0mM 16.97 82uM
SBTI 0.03mM 11.63 22uM
SBBTI 1.5mM 10.43 1.2uM
TPCK 0.1mM 18.41 12uM
Cysteine protease inhibitors

Antipain 0.175mM 76.01 —

E-64 0.1mM 89.0 —
Aspartic protease inhibitor

Pepstatin 0.05mM 80.93 —
Metallo protease inhibitors

Bestatin 2.8 mM 10.54 0.83mM
EDTA 0.05mM 135.0 —
EGTA 5.0mM 90.59 —

inhibits metalloproteases, aminopeptidase, and exopep-
tidases (Taylor et al., 1993).

4. Discussion

In this report, we have identified five groups of cDNA
clones that encode chymotrypsin- or trypsin-like pro-
teins. Members from the same group encode similar
proteins. These group members could represent different
alleles since the cDNA library was made from multiple
insects. If that is true, these cDNAs could be converted
into molecular markers for genetic mapping. Different

cDNAs from the same group could also represent
different genes that arose by gene duplication. Indeed,
most of the genes encoding secreted proteins in the
salivary glands or gut of the Hessian fly have multiple
copies, which are clustered within a short chromosome
region (Chen et al., 2004). Clustered organization of
trypsin genes has been reported in A. gambiae (Muller
et al., 1993). Different cDNAs in the same group from
M. destructor could be recent duplicates in the early
phase for diversification.

In contrast to highly conserved sequences within the
same group, members from different groups encode very
different proteins. Sequence identities between proteins
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Fig. 4. Casein hydrolysis by M. destructor larval gut extract in the presence of various protease inhibitors.

from different groups ranged from 24% to 60%
(Table 2). On the other hand, sequence identity ranged
from 44% to 51% between these proteins and serine
proteases from other insects (data not shown). The
greater homology between proteases from different
species (M. destructor and A. gambiae, for example)
than between proteins from the same species indicates
that these genes are orthologues that existed before the
divergence of the two species.

The deduced amino acid sequences of the 15 proteins
showed several structural features typical of serine
proteases (Kraut, 1977), including: (i) the amino acid
residues considered to determine trypsin or chymotryp-
sin substrate specificities; (ii) conserved histidine and
serine catalytic sites; (iii) the catalytic triad; and (iv) six
cysteine residues, all located at conserved positions. All
these features suggested that these cDNAs encode active
trypsins or chymotrypsins. All deduced proteins con-
tained at their N-termini a typical secretion signal
peptide consisting of 17-23 amino acids (Table 2,
Fig. 1). Between the predicted signal peptides and the
mature enzyme sequences, all deduced proteins con-
tained a stretch of 8-14 amino acids characteristic of
putative activation peptides. In addition to the three
pairs of conserved cysteines that are believed to form
disulfide bonds, additional cysteine residues were also
found in some of the deduced proteins. These extra
cysteine residues included one at position 170 in all
deduced trypsins and one at position 247 in the
chymotrypsin MDP2 group (Fig. 1). In addition, all
proteinase precursors, except for the trypsin MDP4

group, had at least one cysteine on the putative signal or
activation peptide. Extra cysteine residues have been
found in vertebrate, as well as in some insect serine
proteases (Colebatch et al., 2002; Jongsma et al., 1996;
Zhu and Baker, 1999; Zhu et al., 2003). It has been
speculated that free cysteine residues might be respon-
sible for the vulnerability of the enzymes to some typical
thio-reacting inhibitors (Jongsma et al., 1996; Gate-
house et al., 1997). The exact role and the pairing mode
for disulfide bonding of these extra cysteines have yet to
be established.

Different insects use different types of proteases as
major digestive enzymes (Terra and Ferreira, 1994).
Digestive cysteine proteinases constitute the major gut
proteolytic activity in many coleopterans (Murdock
et al., 1987; Matsumoto et al.,, 1997). Proteinase
activity assay using various inhibitors demonstrated
that serine proteinases were the major digestive enzymes
in the gut of M. destructor larvae. As shown in Table 3
and Fig. 4, cysteine proteinase inhibitors reduced the
proteinase activity of gut extract only marginally
(~10%), but serine proteinase inhibitors suppressed
gut proteinase activity as much as 90%. This observa-
tion is consistent with our transcriptomic analysis,
from which we have found only two identical cysteine
proteinase clones compared with 27 chymotrypsin
or trypsin clones. We are currently generating anti-
bodies which will be used for assays to establish the
connections between the detected serine protease activ-
ity in the gut and the specific protease genes we have
identified.
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Northern blot analysis revealed that all of the
proteases were exclusively expressed in the larval stage
(Fig. 2). Considering the fact that adults of this insect do
not feed, the exclusive expression of these genes in the
larval stage indicated a role in protein digestion of
ingested food. Although all of the protease genes were
expressed in the larval stage, the transcriptional control
of these genes seemed to be quite different. The
expression level of RNA corresponding to different
groups differed greatly in larvae at different ages. In
addition, the abundance of the transcripts detected by
probes specific to individual gene groups also differed in
different larval stages. Differential regulation of similar
proteases was also observed in other insects (Muller et
al., 1993), but the biological implication of differential
expression remains to be resolved. RT-PCR analysis
revealed that all of these gene groups except MDP5 were
expressed in both the gut and salivary glands (Fig. 3).
M. destructor larvae have sucking mouthparts and these
proteinases may also be injected into host plant tissue
for partial digestion before sucking the juice up (Hase-
man, 1930; Hatchett et al., 1990; Cohen, 1998). The
function of diversified serine proteinase genes and
differential expression of these genes in different
developmental stages remains to be characterized.
Further research will be also needed on the expression
of different proteinase genes in response to feeding and
alteration in host plants and on the development
of techniques to manipulate protein digestion in
M. destructor larvae.
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