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Sequencing and characterization of the citrus weevil, Diaprepes abbreviatus,

trypsin cDNA

Effect of Aedes trypsin modulating oostatic factor on trypsin biosynthesis

Xin-Hua Yan'*, Hendrik L. De Bondt?, Charles C. Powell?, Robert C. Bullock® and Dov Borovskyl*
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Trypsin mRNA from the citrus weevil, Diaprepes abbreviatus, was reverse transcribed and amplified by PCR. A
c¢DNA species of 513 bp was cloned and sequenced. The 3’ and 5’ ends of the gene (262 bp and 237 bp,
respectively) were amplified by rapid amplification of cDNA ends, cloned and sequenced. The deduced sequence of
the trypsin cDNA (860 bp) encodes for 250 amino acids including 11 amino acids of activation and signal peptides
and exhibited 16.8% identity to trypsin genes of selected Lepidoptera and Diptera. A three-dimensional model of
Diaprepes trypsin contained two domains of [3-barrel sheets as has been found in Drosophila and Neobellieria. The
catalytic active site is composed of the canonical triad of His41, Asp92 and Ser185 and a specificity pocket occupied
by Aspl79 with maximal activity at pH 10.4. Southern blot analysis indicated that at least two copies of the gene are
encoded by Diaprepes midgut. Northern blot analysis detected a single RNA band below 1.35 kb at different larval
ages (28—100 days old). The message increased with age and was most abundant at 100 days. Trypsin activity, on
the other hand, reached a peak at 50 days and fell rapidly afterwards indicating that the trypsin message is probably
regulated translationally. Feeding of soybean trypsin inhibitor and Aedes aegypti trypsin modulating oostatic factor
affected trypsin activity and trypsin biosynthesis, respectively. These results indicate that Diaprepes regulates trypsin
biosynthesis with a trypsin modulating oostatic factor-like signal.
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Insect growth and development depends on how efficiently food
is digested by midgut proteinases [1]. Knowledge and under-
standing of how insects use proteinases facilitated the develop-
ment of plant proteinase inhibitors [2], and the use of hormones
that control the biosynthesis of trypsin-like enzymes such as,
trypsin modulating oostatic factors (TMOF) [3-7]. The research
progress of these two approaches can ultimately lead to
biorational insecticides that will control insect growth and
reproduction.

Trypsin is an abundant and important enzyme that is found in
insect midguts [8,9]. Lepidopteran gut has an alkaline pH, and
thus favors a high level of serine protease activity, e.g. trypsin
[10]. In most Coleoptera, however, cysteine proteases are the
predominant enzymes that are found in the midgut [11].
However, in some Coleoptera, e.g. the rice weevil (Sitophilus
oryzaes) and granary weevil (Sitophilus granarius) trypsin
activity in the midgut is very high [12,13]. Similarly, in the boll
weevil (Anthonomus grandis) serine proteases appear to be the
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major enzymes in the midgut [14]. Despite the intense effort that
has been applied to the characterization of trypsin-like enzymes
in insects, only a few trypsin genes have been fully sequenced
and characterized; a few examples are: Lepidoptera, Manduca
sexta [15], Choristoneura fumiferana [16]; Diptera, Aedes
aegypti [17,18], Anopheles gambiae [19], Neobellieria bullata
[20]. These studies showed that these enzymes are highly
conserved and closely related [16,20]. Studies on trypsin
expression and its message in Diptera indicated that an early
trypsin regulated the transcription of a late trypsin [21] and that
juvenile hormone controlled the transcription of the early trypsin
[22]. Several models for the activation and the control of trypsin
biosynthesis were proposed [23,24]. Although information is
available on trypsin activity, gene expression and feeding
conditions in haematophagous insects [20,21] little is known
about phytophagous species.

TMOF, isolated from the mosquito A. aegypti was shown to
be the physiological signal that terminates trypsin biosynthesis
in mosquitoes and fleshflies [4—7,20]. These observations were
viewed as strong evidence that TMOF-like hormones controlled
the biosynthesis of trypsin in insects [25]. In N. bullata TMOF
was shown to exert a translational control on the trypsin gene
[20], whereas TMOF analogs reduced trypsin biosynthesis
significantly in mosquitoes, biting midges, flies and fleas
[4,5,7,20].

The citrus weevil, Diaprepes abbreviatus, is an important pest
of citrus and other agricultural crops. Thus, we felt that it would
be beneficial to explore new environmentally-friendly methods
of controlling this pest insect [26]; one such possibility is to
shut down its digestive system. To determine whether serine
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proteases play a role in food digestion in D. abbreviatus a
trypsin-like enzyme gene from the larval midgut was isolated
and characterized; a three-dismesional model was built and the
effects of soybean trypsin inhibitor and TMOF on larval growth
and development were studied.

MATERIALS AND METHODS

Insects and diet

D. abbreviatus larvae and pupae were obtained from the USDA
Horticultural Research Laboratory (Orlando, FL, USA) and
reared at 27 °C on an autoclaved artificial diet [27]. Soybean
trypsin inhibitor (SBTI) or TMOF were dissolved in distilled
water (10 mg~mL71), adsorbed onto preweighed blocks (2 mg
each) to a final concentration of 0.2% (w/w) and 0.04% (w/w),
respectively. Diet blocks of controls were treated with water.

Reagents

Na-benzoyl-pDL-arginine-4-nitroanilide (BApNA), tosyl-L-lysine
chloromethyl ketone, and SBTI were purchased from Sigma (St
Louis, MO, USA). TMOF was synthesized as described
previously [4].

Preparation of midgut homogenates

Seven guts each, from different age groups (28, 44, 50, 58, 71,
85 and 100 days old) of D. abbreviatus larvae were dissected in
physiological saline, immediately transferred into 700 pwL of
50 mm Tris/HCI, pH 7.9, containing 5 mm CaCl,, homogenized
in a glass homogenizer at 4 °C and centrifuged at 10 000 g for
20 min at 4 °C. The supernatants (600 wL) were stored at
—20 °C until use. First-instar larvae (13 days old) were
homogenized whole because the insects were too small for
dissection.

Enzyme assay

Trypsin activity was assayed with BApNA as described earlier
[28]. For the pH activity profile the following buffers were
used: 0.2 M citrate/phosphate (pH 3.2-7.2), 0.2 m Tris/HCl
(pH 7.2-8.9) and 0.2 M glycine/NaOH (pH 8.9-10.9).

Feeding SBTI to larvae

Two feeding trials with 24- and 53-day-old larvae were used to
determine the effect of feeding SBTI on larval growth and
trypsin activity. In trial 1, 20 larvae were fed a diet with SBTI
and in trial 2, 10 larvae were fed a diet with SBTI. Each larva
was individually reared in a small plastic cup (20 cm?). Control
groups were not fed SBTI. Each larva was weighed before
feeding SBTI (Wty) and then at 3-day intervals for 12 days. The
relative growth rate (G,) was determined as follows:

G = [logio(Wt.)—logio(Wty)l/D

where Wrt, is the weight at the end of each interval, Wi, is the
weight at the beginning of each interval and D is the length of
each interval in days [29]. Trypsin activity in larval guts of
control and experimental groups was followed every 3 days
(trial 1) and on day 12 (trial 2).

Statistical analysis

Data were analyzed using Student’s ¢-test.
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Feeding TMOF to larvae

TMOF solution (10 mg-mL_l) was adsorbed onto diet blocks at
a final concentration of 0.04% (w/w). Each larva (23 or 33 days
old) was weighed before feeding and at intervals of 3 days
(trials 1-3) or weighed before feeding at days 9 and 11 and at
the end of the feeding intervals (trial 4). Guts were dissected out
and trypsin activity in each gut (trial 1 and 2) or in groups of
guts (3—5 guts per group; trials 3 and 4) was also measured.
Controls were fed diet without TMOF.

Topical treatment of larvae with TMOF

Groups of larvae (12—13 per group; 32 and 43 days old) were
reared individually in plastic cups containing artificial diet.
TMOF (10 mg-mL™") was dissolved in Me,SO, and was applied
onto the cuticle of each larva once a day for 4.0 days. Controls
were treated similarly with Me,SO without TMOF. Group 1
consisted of 32-day-old larvae, whereas group 2 and 3 consisted
of 45-day-old larvae which were treated daily with 2.5 or 7.5 p.g
TMOF, respectively. Each larva was weighed at the beginning of
the experiment and at the end of the experiment, and trypsin like
activity was measured at the end of each experiment in
individual or groups of 3—4 guts.

Genomic DNA extraction

D. abbreviatus genomic DNA was isolated using QIAamp tissue
kit (Qiagen). Larvae (50 mg total weight) were homogenized in
180 wL TE buffer (10 mm Tris/HCI, 1 mm EDTA, pH 8.0) and
processed according to the manufacturer’s instructions. The
genomic DNA was resuspended in TE buffer (100 pL) and an
aliquot (10 pL) was run on 0.8% agarose gel electrophoresis.
Genomic DNA samples of 5-35 kb were stored at —20 °C.

RNA extraction

Midguts (10-20 per group) were dissected from D. abbreviatus
larvae (28-100 days old) in 150 mm NaCl, pH 7.2. Guts were
opened, washed out with 150 mm NaCl, pH 7.2, and homo-
genized in 1.0 mL Trizol reagent (Gibco-BRL). Gut RNA was
prepared as was described by Chomczynski and Sacchi [30], and
stored in 100 pL RNase-free TE buffer, pH 8.0. Aliquots
containing 400—-500 ng RNA were amplified by PCR.

Southern blot analysis

D. abbreviatus genomic DNA was digested with 5 U of EcoRlI,
BamHI or EcoR1l/BamHI (Gibco-BRL). DNA digests (5 g per
lane) were separated on 0.8% agarose gels and transferred to
Hybond-N* nylon membrane using 0.4 M NaOH according to
the manufacturer’s instructions (Amersham) using a Turbo-
blotter (Schleicher & Schuell). The membrane was blocked and
hybridized with a purified 432 bp [**P]cDNA-labeled probe
(nucleotide 1-432, see Fig. 6) that was prepared using the redi-
prime DNA-labeling kit [20]. Prehybridization and hybridi-
zation was performed at 55 °C with [>?P]-labeled cDNA [20].
After washing, the filter was air dried and exposed to X-ray
film.

Northern blot analysis

Ambion Northern Max Kit was used for the Northern analysis
(Ambion; Austin, TX, USA). Total RNA was extracted in
Trizol from larval midgut tissues from different age groups as
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described above. RNA (15 pwg per lane) was separated on
denaturing 1.0% formaldehyde agarose gels at 100 V for 1.5 h
[20], transferred to Hybond-N" nylon membrane, hybridized
with a 432-bp [*?P]-labeled cDNA probe and washed according
to the manufacturer’s instructions and exposed to X-ray film for
48 h at —80 °C.

PCR primers

Forward and reverse primers were synthesized at the University
of Florida DNA synthesis core (Gainesville, FL, USA). The
primer sequences (5’ to 37 and their melting temperatures (,,)
are: DB117 (reverse), CCIGA(AG)TCICC(CT)TG(AG)CA (t,,,
71.5 °C), derived from the consensus active site sequences of
A. aegypti, Anopheles gambiae, M. sexta and Drosophilla
melanogaster [15,18,19,31]. DBI111 (forward), AA(AG)A-
T(ACT)GTIGGIGG (t,,, 59 °C), DB112 (forward) (AC)GIA-
T(ACT)GTIGGIGG (f,,, 56 °C) and DB46 (forward),
AA(GA)GA(CT)TCITG(CT)CA(GA)GGIGA(TC) (t,, 74 °C),
derived from the N-terminal sequences and the conserved active
site of Aedes, Anopheles, Manduca and Drosophila. (RIVGG,
KIVGG and KDSCQGD, respectively) [15,18,19,31].

For rapid amplification of the 3’ and 5’ cDNA ends (RACE)
the following primers were synthesized and used: dT;; adapter
(reverse), GACTCGAGTCGACATCGATTTTTTTTTTTTT-
TTTT (t,, 74 °C); adapter (reverse), GACTCGAGTCGA-
CATCG (tm, 66 °C) [32]; DB177 (reverse)
GCGAACATTTAATGTAGCAAGTGTGGG (¢, 77.4°C);
DB178 (reverse), AAATAGACGTAGTGTAACACAGT-
GAGCTGC (t,,, 78.8 °C) and DB179 (reverse), AGCTGCAGT-
CAGAACTACTCTAGGAGC (t,, 80.4 °C).

Trypsin cDNA synthesis by PCR

The method was adapted from Borovsky et al. [20]. A modified
Gene Amp RNA PCR kit (Perkin-Elmer) was used. Briefly, a
mixture of 4 nL 25 mm MgCl,, 2 pL 500 mm KCI, 100 mm
Tris/HCI, pH 8.3, 6 pL sterile distilled water, 4 wL. dNTP
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Fig. 1. Trypsin activity in the gut of D. abbreviatus during different
developmental stages of the larva and pupa. D. abbreviatus (eight per
group) were fed a diet and at different stages during larval development: I
(28 days), II (45 days), III (50 days), IV (58 days), V (72 days), VI
(87 days),VII (100 days) and pupal stage (over 100 days). Guts were
removed and assayed for trypsin activity using BApNA. Results are an
average of three determinations and are expressed as trypsin activity
(nmol-min~") at 410 nm per gut = SEM.
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Fig. 2. The effect of pH on trypsin-like activity in the midgut of
D. abbreviatus larva. Three groups (seven guts per group) of 43-day-old
larvae were assayed for trypsin-like activity using BApNA at pH 3.2-11
in the presence of citrate/phosphate buffer (pH 3.2-7.2), Tris/HCI
(pH 7.2-8.9), glycine/NaOH (pH 8.9-11). Results are expressed as
trypsin activity (nmol-min~' per gut) at 410 nm, and are an average
of three determinations = SEM.

(10 mMm each of dATP, dTTP, dCTP, and dGTP), 1 pnL RNase
inhibitor (20 U), 1 pL reverse transcriptase (50 U) and 1 pL
15 pMm primer DB117 was prepared. To each reaction tube,
19 pL of this mixture was added. Template RNA (400 ng in
1 pL) was added and the samples were overlaid with 50 pL
light mineral oil. Reverse transcription (RT) was performed in a
DNA thermal cycler 480 (Perkin-Elmer) at 42 °C for 15 min,
99 °C for 5 min and 5 °C for 5 min. After RT, 29 uL 50 mm
KCl, 10 mm Tris/HCI, pH 8.3, Ampli7ag DNA polymerase
(2.5 U), 1 pL primer DB111 or DB112 were added to each
reaction. PCR was carried out as follows: denaturation for 3 min
at 95 °C (1 cycle), annealing for 5 min at 48 °C and extension
for 40 min at 60 °C (1 cycle), followed by denaturation for
1 min at 95 °C, annealing for 1 min at 48 °C and extension
for 3 min at 60 °C (40 cycles); the final cycle extension was for
15 min at 60 °C. After PCR, tubes were incubated at 4 °C.
Amplified cDNA was recovered and stored at —20 °C.

RACE of trypsin cDNA 3’ and 5’ ends

The initial mixture (20 wL per sample) for the 3’ RACE was the
same as described above for the RT-PCR except that the dT;
adapter (15 pm) was used. PCR conditions were as follows:
10 min at 24 °C, 1 h at 42 °C and 30 min at 52 °C, followed by

Table 1. Feeding of D. abbreviatus larvae with a diet containing SBTI.
Groups of 24-day-old D. abbreviatus larvae (5—6 per group) were fed a diet
containing SBTI (0.2%, w/w) for the number of days indicated and trypsin
activity was measured at different intervals after feeding [20]. Control larvae
were fed a diet without SBTI. Results are the means of two determinations.

STBI-containing Trypsin Trypsin

diet for stimulation (%) inhibition (%)
3 days 14 0

6 days 21.6 0

9 days 11.5 0

12 days 43.7 0

12 days

(53-day-old larvae) 0 47
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denaturation at 99 °C for 5 min and incubation at 5 °C for
5 min. The reaction mixture was then diluted to 1.0 mL with
Tris/EDTA (10 mm/1 mm), pH 8.0, and this solution was stored
at —20 °C. PCR was carried out by means of the hot-start
method using Ampli7ag Gold. Each reaction tube contained
4 pL 25 mm MgCl,, 5 pL 500 mm KCL, 100 mm Tris/HCI,
pH 83, 4 uL dNTP, 1 pL DB46 (15 pm), 1 pL adapter
(15 pwm), 29.5 pL sterile distilled water, 0.5 pL AmpliZag
Gold (2.5 U) and 5 pL of cDNA. To each tube a wax nugget
(Perkin-Elmer) was added. PCR was carried out as follows:
3 min at 95 °C, 5 min at 55 °C and 40 min at 72 °C (1 cycle),
denaturation at 95 °C for 1 min, annealing at 55 °C for 1 min
and extension at 72 °C for 3 min (40 cycles). The final extension
was at 72 °C for 15 min. After PCR, the reaction tubes were
incubated at 4 °C. Samples were recovered and stored at —20 °C.

The initial RT-PCR mixture (20 pL/sample) for the 5" RACE
was the same as that described above for the 3’ RACE except
that primer DB177 (15 wM) was used. The template RNA was
denatured at 76 °C for 5 min before it was added to the reaction
mixture. The RT-PCR conditions were as described above for
the 3’ RACE. After incubation, the ssDNA was purified on

QIAquick column (Qiagen) and concentrated by Speed Vac to
10 pL.

Polyadenylation of the ssDNA was carried out in a reaction
mixture containing 10 wL ssDNA, 4.9 pL sterile distilled water,
4.0 pL tailing buffer (0.5 M potassium cacodylate, 10 mm
CoCl,, 1 mm dithiothreitol) (Gibco-BRL), 0.4 pnL dATP and
0.7 pL terminal deoxynucleotide transferase (10.5 U) (Gibco-
BRL) at 37 °C for 5 min, followed by 65 °C for 5 min. After
incubation, the reaction mixture was diluted to 60 pL and stored
at —20 °C. The polyadenylated ssDNA was amplified by PCR in
a total volume of 50 pL: 4 pL 25 mm MgCl,, 5 wL 500 mm
KCl, 100 mm Tris/HCI, pH 8.3, 4 uL dNTP, 29.3 pL sterile
distilled water, 1 pL 15 pm DB157 and 0.2 pL 15 wm DB158
forward primers, 0.5 L AmpliZag Gold (2.5 U), 1 pL 15 pm
DB179 reverse nested primer and 5 wL polyadenylated ssDNA.
PCR was carried out as follows: 95 °C for 5 min, 37 °C for
5 min and 72 °C for 40 min (1 cycle), denaturation at 95 °C
for 1 min, annealing at 55 °C for 1 min and extension at
72 °C for 3 min (35 cycles); the final extension was for 15 min
at 72 °C. After PCR, tubes were incubated at 4 °C. Samples
were recovered and stored at —20 °C.

Table 2. Effect of topical treatment of TMOF on D. abbreviatus larval weight gain and trypsin-like activity. D. abbreviatus larvae were treated with
Me,SO/TMOF (2.5 wg-day " for 4.0 days). Controls were treated with Me,SO. Each larva was weighed before and 4.5 days after treatments. Trypsin-like
activity was checked in each gut 4.5 days after the first treatment. Results are expressed as mean of 12 determinations = SEM.

n

Before TMOF treatment 12
4.5 days after TMOF treatment 12
Before Me,SO treatment (control) 12
4.5 days after Me,SO treatment (control) 12

Weight Trypsin activity
(mg/larva) (nmol-min~" per gut)
12.85 + 2.25° ND

15.58 + 2.47° 3.7 *£0.9°

14.24 + 1.98* ND

23.63 = 3.95" 6.2 = 1°

 Not significant P > 0.05. ® Significant difference 0.005 < P < 0.01. ¢ Significant difference 0.025 < P < 0.05.
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Fig. 4. The effect of feeding TMOF on the weight gain and growth rate
(Gy). D. abbreviatus larvae (n = 29; 28 days old) were fed TMOF (0.04%)
with their diet for 9 and 11 days. Larval mean weight (A) and growth rate
(B) were monitored 9 and 11 days later. Results represent the mean of 29
determinations = SEM The mean weight increase after 11 days (A) and the
growth rate after 9 days (B) were significantly different (P < 0.05) between
controls (®) and TMOF-fed insects (H).

Cloning, sequencing and analysis of PCR products

The cDNA species after PCR amplification of gut RNA
were subcloned into pCR2.1 vector by means of TA
cloning kit (Invitrogen, Inc.). Plasmid DNA was purified
after lysis of the bacterial cells using QIAprep Spin
Miniprep Kit. Plasmid DNA was digested with EcoRI
(5U) and analyzed by electrophoresis. Plasmids that
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Fig. 5. Partial restriction map (bottom bar) and sequencing strategy
(horizontal arrows) of the 860 bp trypsin of D. abbreviatus. Several
overlapping PCR fragments (horizontal arrows) were amplified, cloned and
sequenced as indicated. Restriction endonucleases: A, Asull; B, Bstyl; D,
Ddel; E, EcoRII; N, Nspll; P, Pstl; S, SnaBI; X, Xmnl.
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contained inserts were sequenced by the dideoxynucleotide
chain termination method [33] with [a’”S]dATP[S] and the
enzyme sequenase (version 2.0; U.S. Biochemicals) [34].
Sequences were analyzed with MacDNASIS v 3.7 (Hitachi
Software Engineering).

Three-dimensional model

A three-dimensional ribbon model of D. abbreviatus (L) trypsin
was built using SYBYL molecular-modeling software (version
6.3) and composer as was carried out previously for Neobellieria
and Drosophila trypsins [20]. Briefly, the model was aligned
with 18 homologous chains in the Brookhaven protein data bank
using a gap penalty of eight and homology matrix [20]. The
topologically equivalent amino acids of the structurally
conserved regions were iteratively refined by weight-least-
square fit. The loops of the structurally variable regions were
identified and the coordinates adjusted to the model. The model
was refined by scanning the side-chain torsions to relieve weak
van der Waals’ contacts, and the energy of the backbone and the
entire protein was minimized [20]. The three-dimensional
structure was converted into a ribbon representation by the
program MOLSCRIPT [35].

RESULTS

Trypsin-like activity in the midgut of D. abbreviatus

Trypsin-like activity was measured at 30 °C with BApNA
during the larval pupal stages of D. abbreviatus. The highest
level of trypsin-like activity was observed in the larval stage,
and traces of trypsin-like activity were detected at the pupal
stage (Fig. 1). During larval development, trypsin-like activity
increased fivefold from the early larval instar (28 days old)
to the third larval instar (50 days old). The activity declined
2.5-fold and then reached a low plateau between the fifth
and seventh instar (71-100 days old) and fell to a minimum at
the pupal stage (Fig. 1). The increase and decline in trypsin-like
activity indicates that trypsin biosynthesis is regulated.

pH activity profile

Maximum activity of D. abbreviatus trypsin-like enzyme at
different pH values occurred at pH 10.4 (Fig. 2). These results
indicate that trypsin catalysis in D. abbreviatus favors the gut
alkaline environment and is similar to trypsins from Heli-
coverpa armigera [36], S. littoralis [37] and Heliothis virescens

[38].

The effect of feeding SBTI on trypsin-like activity and larval
growth

Feeding 24-day-old larvae for 3, 6, 9 and 12 days with 0.2%
(w/w) SBTI in the diet caused 14%, 21.6%, 11.5% and
43.7% stimulation of trypsin-like activity, respectively, as
compared with controls that were fed a diet without SBTI
(Table 1). Feeding SBTI to 53-day-old larvae for 12 days
decreased trypsin-like activity by 47%, indicating that in
53-day-old larvae trypsin biosynthesis is probably down-
regulated which prevented overstimulation of the trypsin gene.
The mean weight gain of 24-day-old larvae was not affected
(Fig. 3A). The relative rate of larval growth decreased slightly
when larvae were fed SBTI for 9-12 days (Fig. 3B). When
53-day-old larvae were fed 0.2% SBTI, a decrease in larval
mean weight was observed on days 3 and 6 but the decrease was
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Fig. 6. Nucleotide sequence and predicted amino acid sequence of
D. abbreviatus trypsin. Predicted site of cleavage of the signal peptide and
activation peptide are denoted by arrows. The conserved sequence around
Ser185, and the two polyadenylation signals are underlined by single and
double lines, respectively. The position of the catalytic triad residues is
denoted by closed triangles and the positions of the eight cysteines are
marked by closed circles. Numbering of the mature enzyme starts at the
isoleucine residue (+1) after the cleavage site of the activation peptide.

not significant. The inhibitory effect decreased with time and
larval weight at day 10 was similar to that of control larvae
(Fig. 3C). The same pattern was also observed with larval
relative growth rate: this was twofold lower during the first
3 days of treatment in 53-day-old larvae and disappeared on
days 6 and 10 (Fig. 3D). These results indicate that SBTI is
more effective in inhibiting trypsin activity in older larvae.

The effect of feeding TMOF on larval growth and
trypsin-like activity

Larval mean weight decreased by feeding larvae with a diet
containing 0.04% (w/w) TMOF. Four feeding trials were run: in
trials 1-3, larval mean weight and relative growth rate were
lower when larvae were fed 0.04% (w/w) TMOF as compared
with controls that were fed a regular diet; however, the
differences were not statistically significant (P > 0.05). In
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trial 4, significant decrease in mean weight was observed on day
11 (P <0.05, n=29, df. =28) (Fig. 4A) and significant
decreases in growth rate were observed on days 9 and 11
(P < 0.003, n = 29, d.f. = 28) (Fig. 4B). The results from these
feeding experiments show that TMOF affects trypsin bio-
synthesis in the gut of D. abbreviatus larva.

The effect of topical application of TMOF on larval growth
and trypsin-like activity

When 32-day-old larvae were treated topically with 10 pg
TMOF (2.5 pg per day for 4.0 consecutive days), trypsin-like
activity and larval weight gain were 40% and 70%, respectively,
lower than in controls (Table 2). The lower weight gain and
lower trypsin-like activity were significant as was shown by
Student’s r-test (Table 2). When 45-day-old larvae were treated
with 10 ug TMOF (2.5 pg per treatment for 4 consecutive
days), larval mean weight was not affected; however, trypsin
activity decreased by 19.5% (results not shown). Topical
application of 45-day-old larvae with 30 wg TMOF (7.5 pg
per treatment for 4 consecutive days) caused a decrease in larval
mean weight gain and decreased trypsin-like activity in the gut
by 65% (data not shown). These results indicate that TMOF
affects trypsin biosynthesis in the gut when it is adsorbed
through the cuticle into the hemolymph as was shown in
mosquitoes and other dipterans.

D. abbreviatus-cDNA synthesis and characterization

Three fragments of cDNA (262 bp, 273 bp and 513 bp) of
D. abbreviatus trypsin were synthesized from mRNA extracted
from midguts of 25-day-old larvae. A 513-bp trypsin cDNA was

Fig. 7. Ribbon drawing, made by MOLSCRIPT, of D. abbreviatus trypsin.
Two antiparallel 3-barrel domains, B-strands in domain 1 (red) and B-strands
in domain 2 (green) are shown. The side chains of the catalytic-triad residues
and of Asp179 in the specificity pocket is shown in blue. The C-terminal (C)

helix is in domain 1 and is shown in purple and the N-terminus (N) is in
domain 2 and is shown in green. Coils that connect the two domains are
shown in yellow.
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Fig. 8. Phylogentic tree based on multiple-sequence alignment according
to the Higgins—Sharp algorithm (cLUSTRAL 4) of MacDNASIS 3.7. The
branching-order similarities (%) are based on the sequences shown in [20].

reverse transcribed using downstream primer DB117 and
amplified by PCR using upstream primer DB111 or DB112.
The 513 bp amplified cDNA was separated by electrophoresis
on an agarose gel (2%) and stained with ethidium bromide and
purified. PCR with primer DB117 alone indicated that upstream
primers DB111 and DB112 did not hybridize to the N-terminal
of the trypsin gene and did not recognize D. abbreviatus trypsin
mRNA. A 5" RACE was used to amplify a 273-bp cDNA at the
5’ end using primer DB117 and primer DB179 or DB178. A
262-bp trypsin cDNA fragment at the 3’ end was amplified by
PCR with primer pair DB46/adapter using 3’ RACE [32]. The
273 bp and 262 bp cDNA fragments at the 5’ and 3’ ends were
separated by electrophoresis on agarose gel (2%), stained with
ethidium bromide, eluted from the agarose by centrifugation
using Amicon preparatory spin columns and further purified on
QIAquick columns (Qiagen).

Cloning and sequencing of D. abbreviatus trypsin cDNA

The three cDNA fragments (262 bp, 273 bp and 513 bp) were
subcloned and sequenced. The sequencing strategy and partial
restriction map are shown in Fig. 5. The nucleotide sequence
and deduced amino acid sequence are shown in Fig. 6. The
860 bp cDNA nucleotide sequence encodes for a 250-amino
acids open reading frame that has a methionine codon at
position 1. The N-terminal sequence is hydrophobic and
represents a signal peptide with a cleavage site after Glyll

Kb

-9.49
-7.46

-4.40

-2.37

-0.24

Fig. 9. Northern blot analysis of gut trypsin mRNA from D. abbrevi-
atus. Guts were removed from larvae of different ages and RNA (15 pg per
lane) was analyzed by Northern blot. Age of larval gut in lane: a, 100 days;
b, 87 days; c, 70 days; d, 56 days; e, 50 days; f, 45 days; g, 28 days. The
sizes of RNA markers are given on the right and D. abbreviatus trypsin
mRNA is indicated by an arrow.
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[39], which upon cleavage would release a trypsinogen with an
11-amino acid activation peptide. Cleavage after Arg22 would
generate active trypsin (Fig. 6). The mature enzyme (residues
23-250) has 228 amino acids and eight cysteines that could
form four cysteine bridges. Two consensus polyadenylation
signals (AATAAA) are found at positions 811 and 826, and a
poly A tail begins at position 844 (Fig. 6).

Multiple sequence and three-dimensional structure analyses

The deduced amino acid sequence of D. abbreviatus trypsin was
compared with the amino acid sequences from several other
insects found in the National Biomedical Research Foundation
Protein identification Resource database. The Higgin—Sharp
alogarithm (CLUSTAL4) of MacDNASIS 3.7 was used in the
multiple-sequence alignment against several other serine
proteinases. The N-terminal sequence IVGG is conserved in
all the sequences except that of N. bullata in which Asn is
replaced by Gly [20]. The catalytic active center containing
residues His41, Asp92 and Serl85 was highly conserved in
other serine proteinases [15,16,18-20,31]. The specificity
pocket sequence is RDSC for D. abbreviatus and RDQC for
M. sexta and C. fumiferana. In Diptera, the sequence was either
KDSC for A. aegypti, or KDAC for A. gambiae, D. melano-
gaster and N. bullata [18,19,31]. Asp179 lies at the bottom of
the specificity pocket (Fig. 7) and is conserved in C. fumiferna,
M. sexta, A. gambiae, A. aegypti and D. melanogaster. The 10
amino acids around Serl85 are conserved in most of the
sequences examined and form a coil as part of the active site
(Fig. 7). Aspl79 sits at the bottom of the coil and Ser185
at the top and the oxygenation hole is located below
Ser185 in published models of Neobellieria and Drosophila
trypsins [20] and in this model (Fig. 7). A single helix is
found at the C terminus. The active site is situated in a
crevice between two antiparallel-B-barrel type domains.
Domain 1 contains two residues of the catalytic triad,
His41 and Asp92, whereas Ser185 is in the second domain
(Fig. 7). These features are also similar in the Neobellieria
and Drosophila models [20] and have been reported in
models of other trypsins and chymotrypsins which are
based on X-ray-diffraction data [40,41]. The model predicts
that only three pairs of disulfide bonds form between
Cys26 and Cys42, Cysl56 and Cysl170 and Cys181 and
Cys205. The model predicts that Cys84 and Cys87 do not
form a disulfide bond because they do not interact (they
are further than 1.0 nm from each other). A phylogenetic
tree, based on the homology of the amino acid sequences
among seven insects (Fig. 8) indicates that D. abbreviatus
trypsin has only 16.8% identity to that of Lepidoptera and
Diptera species (Fig. 8).

D. abbreviatus trypsin mRNA levels during larval
developmental stages

Northern analysis was carried out to determine trypsin mRNA
expression level during larval development. Total RNA was
extracted from midgut tissues of several different age groups. A
single RNA band below 1.35 kb was detected in all seven age
groups (Fig. 9). The level of the trypsin transcript increased with
age from 28-day-old larvae to 100-day-old larvae (Fig. 9),
whereas trypsin-like activity was highest in 50-day-old larvae
and 2.5-fold lower in 100-day-old larvae (Fig. 1). These results
indicate that in older larvae there is accumulation of trypsin
transcript that is not translated.
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Genomic organization of D. abbreviatus trypsin gene

Southern blots of D. abbreviatus genomic DNA with several
restriction enzymes (EcoRI, Xbal, Xbol, BamHI) revealed two
bands of 3 and 4 kb with EcoRI and one band with the other
enzymes (4—7 kb) suggesting the existence of two trypsin genes
in D. abbreviatus (data not shown). Several trypsin genes have
been identified in mosquitoes [18,19]. PCR amplification of the
genomic DNA with two primers that amplified the gene from the
methionine start signal to the polyA adenylation signal (Fig. 6)
amplified only one band of 810 bp (data not shown) which
indicates that if there are two trypsin genes they probably have
similar sizes lacking long introns — very short introns cannot be
identified on a 0.8% agarose gel.

DISCUSSION

A trypsin-like enzyme of D. abbreviatus was characterized and
its role in protein digestion was studied. Trypsin-like activity
was found in all the developmental stages of D. abbreviatus
larvae indicating that the enzyme is involved in food digestion
(Fig. 1). The trypsin-like enzyme was most active at an alkaline
pH of 10.4 (Fig. 2) indicating that the pH of D. abbreviatus gut
is probably alkaline as shown for Lepidoptera and mosquitoes.
Trypsin-like activity has been detected previously in several
weevils, such as the rice weevil (S. oryzae), granarius granary
weevil (S. oryzea Summers), and sweet potato weevil (Cylas
formicarius elegantus) [13,41,42]. The major proteinase of the
boll weevil (Anthonomus grandis) was found to be a trypsin-like
enzyme, with maximal midgut activity at pH 10-11 [14].
McGhie et al. [43] detected trypsin-like activity in three soil-
dwelling grubs which fed on plant roots, suggesting that food
and living environment possibly played a critical role in the
insect’s digestive enzyme development. The results of this study
show that the root feeder D. abbreviatus also uses trypsin-like
enzymes in its digestive system. Trypsin-like activity in the
midgut of D. abbreviatus larva was age related (Fig. 1). These
results confirm previous reports that proteinase activity changed
with larval development [44]. The trypsin-like activity profile of
D. abbreviatus did not follow those of Lutzomyia anthophora
[45] or Culex pipiens [46]. Trypsin-like activity in these insects
was correlated positively with larval age and increased
throughout the larval developmental stages, whereas trypsin-
like activity in D. abbreviatus larva increased with age up to
50 days and then declined and reached a minimum in the pupal
stage (Fig. 1). Minimal trypsin activity was also reported for
mosquitoes and sand flies during the pupal stage [45,46].

The effect of SBTI on insect growth and trypsin activity has
been reported for several phytophagous insects [47]. McManus
and Burgess [29] proposed that age should be considered as a
factor for the evaluation of proteinase inhibitors as potential
insect control agents. Compared with older larvae, younger
larvae were more sensitive to SBTI [29]. This may imply a
different digestive physiology and adaptation to the inhibitor in
older larvae. Our results indicated that feeding younger larvae
(24 days old) with SBTI caused trypsin overproduction and a
slight decrease in growth (Fig. 3 and Table 1). Similarly, trypsin
activity increased twofold in 13-day-old larvae when they were
fed SBTI (data not shown). These results support Broadway and
Duffey’s [44, 48] observation that proteinase inhibitors cause
overproduction of trypsin. However, feeding SBTI to older
D. abbreviatus larvae (53 days old) caused a 46% decrease in
trypsin-like activity indicating that other proteinases in older
larvae assume the role of trypsin-like enzyme after feeding them
SBTI. This adaptive mechanism negated the effect of SBTI, and
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no significant growth inhibition was observed (Fig.3 and
Table 1). Similarly, Purcell ef al. [14] and Wu et al. [49]
reported that in vivo, SBTI had little effect on boll weevil and
Helicoverpa armigera larval growth, respectively.

TMOF is the physiological signal that terminates trypsin
biosynthesis in mosquitoes, flies, fleas and biting midges
[4,5,50]. Trypsin-like activity, larval weight and growth
significantly decreased after topical treating or feeding
D. abbreviatus larvae with TMOF (Fig. 4 and Table 2). These
results imply that TMOF-like hormones probably regulate
trypsin-like enzyme biosynthesis in D. abbreviatus. Thus, the
use of TMOF-like factors to control food digestion in
D. abbreviatus larva is a better approach because these factors
affect trypsin biosynthesis and not trypsin activity. Furthermore,
proteinase inhibitors which inhibit trypsin activity may cause an
over stimulation of the gene, as was shown in 24-day-old larvae
(Table 1), or increase the level of activity of proteolytic enzymes
that were not susceptible to inhibition by SBTI [51].

To study the properties of D. abbreviatus trypsin a full-length
cDNA that encodes trypsin was sequenced. As many trypsins
from mammals and insects exhibit sequence similarity around
the serine residue in the active-site pocket and the N-terminus
[17-19,31,52] (Fig. 7), degenerate primers from these two
regions were designed and used to amplify a trypsin cDNA from
D. abbreviatus. A cDNA band of 530 bp was identified by
agarose gel electrophoresis. The 530 bp cDNA was initially
considered to be too short to be trypsin cDNA, because in most
insects and mammals there are approximately 600 nucleotides
between the N-terminus and the serine at the active site.
Subcloning and sequencing of the cDNA showed that the
downstream primer (DB117) hybridized 94 nucleotides
upstream of the methionine start signal (Figs 5 and 6). The
sequence obtained from the clone was used to construct primers
to be used for RACE [32] and to amplify the cDNA up to the
poly(A) tail. Thus, a complete cDNA sequence was obtained
(Figs 5 and 6). The deduced amino acid sequence encodes a
preproenzyme of 250 amino acids (M, = 25 000) similar to
trypsin from N. bullata [20] and from M. sexta [15]. The
enzyme contains a string of hydrophobic amino acids charac-
teristic of signal peptides [53] (Fig. 6). The signal peptide has a
cleavage site between Glyl1 and Thr12 [39] cleavage of which
would liberate a trypsinogen with an 11 amino-acid activation
peptide. In M. sexta a seven amino-acid activation peptide
was reported and in A. aegypti, D. melanogaster and
N. bullata 10—-6 amino-acid activation peptide was suggested
[15,17,20,31].

D. abbreviatus trypsin has an even number of cysteines
(eight) as was shown in Bombyx mori [54] in contrast with other
reports that showed an odd number of cysteines (nine) in
N. bullata, C. fumiferana, and two trypsins from M. sexta and
seven cysteines in the early trypsin of A. aegypti [15,18,20]. A
three-dimensional model (Fig. 7) predicts that only three pairs
of disulfide bonds between Cys26 and Cys42, Cysl156 and
Cys168, and between Cysl179 and Cys203. The distance
between Cys84 and Cys87 is 12 A which precludes a stable
disulfide bond (2-3 A; Fig. 7). The model exhibits the
antiparallel 3-barrel characteristic of the chymotrypsin super-
family that includes trypsin, chymotrypsin, elastase and
thrombin [41] and was also shown for Neobellieria and
Drosophila trypsins [20]. The theoretical isoelectric point
(8.28) of D. abbreviatus trypsin compared with that of
N. bullata trypsin (6.97) [20]; this may indicate that the pH in
the gut of D. abbreviatus is basic and is probably close to the
optimum pH of 10.4 that is required for maximal enzymatic
activity (Fig. 2). D. abbreviatus trypsin has positively charged
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amino acids (15 arginines and four histidines) and negatively
charged amino acids (nine asparagines, eight cysteines, two
glutamic acids and six tyrosines).

Multiple-sequence alignment shows that the amino acid
sequence of D. abbreviatus trypsin has a highly conserved
sequence at the histidine and serine catalytic sites. The three
amino acids GInGlyAsp precede Serl85 at the active site and
Asp92 and His41l complete the catalytic triad (Fig. 7). The
aspartic acid residue that determines the enzyme specificity is
found at position 179 of the mature enzyme (Fig. 7).

Northern blot analysis of guts that were removed from larvae
of different ages showed that the trypsin mRNA in the midgut
increased with larval age and reached a maximum at 100 days
(Fig. 9). Trypsin-like enzyme activity in the midgut increased
only during the early stages reaching a maximum at 50 days and
then rapidly decreased (Fig. 1). These results indicate that
trypsin mRNA is controlled translationally, probably by
TMOF-like hormones as was shown in N. bullata [20]. In
some haematophygous insects, the early trypsin mRNA was
shown to be under a translational control [55]. Synthesis of other
proteins has been shown to be regulated at the translational level
including the ferritin/transferrin receptor [56], ribonucleotide
reductase [57], heat-shock proteins [58], tubulin [59] and oocyte
proteins [60]. Although late larvae might consume less food the
abundant message in the late larval stages indicates that trypsin
is probably under a translational control in D. abbreviatus.

PCR of D. abbreviatus genomic DNA using primers DB185
and DB182 (positions 1-810; Fig. 6) amplified one DNA band
of 810 bp indicating that the D. abbreviatus trypsin gene
probably does not have introns. Davis et al. [31] also reported
that the trypsin gene in Drosophila does not have introns. Two
introns have been reported in the C. fumiferana trypsin gene,
and one in A. aegypti early trypsin [16,61]. Digestion of the
genomic DNA by EcoRI produced two bands, possibly
indicating that in D. abbreviatus there are at least two trypsin
genes; however, point mutations or pseudogenes might also
contribute to this observation [62].
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