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ABSTRACT 

Adult and laIval midgut trypsins from the mosquito Aedes aegypli were isolated 

using benzamidine affinity chromatography. The cDNA of the late trypsin induced 

by the blood meal was isolated using an anti-trypsin monoclonal antibody, cloned 

and sequenced. The 862 bp sequence codes for a 257 amino acid protein, which 

is presumably a trypsin precursor, since the sequence of purified mosquito trypsin 

begins at residue 26, immediately following an arginine residue in the precursor. The 

amino terminal 25 amino acids in the precursor are composed of a putative 15 

amino acid signal peptide and a 10 amino acid activation peptide. The activation 

peptide in the mosquito is different from that of vertebrate trypsinogens and 

suggests that activation takes place by tryptic cleavage. The deduced amino acid 

sequence is homologous to that of other trypsins in those residues around the 

catalytic triad, and in several residues which are found only in trypsins. However, 

the sequence of the specificity pocket in mosquito trypsin, KESPC, differs from that 

found in other trypsins, KDSC. The Asp is thought to bind the basic residue of the 

substrate, and the Glu in the mosquito trypsin may serve the same role. The 

changes in trypsin protein and mRNA levels following a blood meal indicate that 

an important component of the regulation of trypsin synthesis is at the 

transcriptional level. A genomic clone of "late trypsin" was isolated, mapped, and 
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1.2 kb of the upstream regulatory region were sequenced. The gene has no introns 

within the coding region. A TAT A box consensus sequence (TAT AAA) was found 

at position -31 from the 5' end of the mature mRNA. A cluster of five repeat 

sequences homologous to the GCN4 DNA binding site was found within 200 

nucleotides upstream of the cap site. GCN4 is required for derepression mediated 

control of general amino acid biosynthesis in response to amino acid starvation in 

yeast. This suggests that a similar protein might regulate expression of the late 

trypsin gene in the mosquito. Southern blot analysis of genomic DNA suggests that 

the regions flanking the late trypsin coding region are polymorphic. 
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INTRODUCTION 

Overview 

Female Aedes aegypti require a blood meal from a vertebrate host in order 

to obtain the nutrients required for oogenesis. This mosquito can harbor the yellow 

fever and dengue viruses, and serves as the vector for transmission of these diseases 

in humans. Ingestion of the blood meal triggers numerous morphological and 

biochemical changes in the midgut, which are required for its digestion. Amongst 

these changes, there is a large increase in trypsin activity (1) Previous studies have 

shown that, immediately following the blood meal, two trypsins of molecular weight 

32 and 36 kDa are present in the midgut (2). These "early" forms of trypsin are 

replaced a few hours later by a 30 kDa trypsin. This "late" trypsin is the major 

proteolytic enzyme involved in blood meal digestion. Previous studies support the 

suggestion that the "early" and "late" trypsins are different proteins (2). Further 

progress in characterizing these two trypsins is hampered by the small size of the 

mosquito and self-digestion of the trypsins during purification. These problems can 

be overcome by the use of recombinant DNA techniques, which will not only permit 

determination of the amino acid sequences of the two proteins, but will provide 

probes which can be used to study regulation of the expression of the genes. A 

better understanding of this regulation could lead to the development of new 
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strategies for vector control. In this dissertation I describe the cloning and 

sequencing of the cDNA for the "late" trypsin and compare its deduced amino acid 

sequence with trypsins from other sources. A late trypsin genomic clone was 

isolated, mapped and 1.2 kb of the upstream regulatory region were sequenced. 

Blood feeding and oogenesis in Aedes aegypti 

Vitellogenesis in the anautogenous mosquito is initiated by the ingestion of 

a blood meal. The blood proteins are the nutritional source for the synthesis of 

proteins required during oogenesis. Studies on protein catabolism in A.aegypti 

indicate that total excretory and ovarian nitrogen of individual females accounts for 

up to 100% of the blood meal nitrogen ingested. After a gonadotrophic cycle the 

total nitrogen per female is the same as before feeding; none of the excess dietary 

nitrogen is stored (3). The ingestion of blood triggers a cascade of biochemical 

changes that makes oogenesis possible. This process is dynamic and requires the 

coordinated action of multiple systems. The central nervous system coordinates the 

behavioral changes (host seeking, egg deposition, defecation), the midgut is involved 

in digestion, absorption and transport of nutrients, the fat body synthesizes 

vitellogenin that is transported into the egg and the ovary is involved in protein 

uptake and development of the oocyte. We are only beginning to understand how 

these events and many others take place in a coordinated fashion. Studies on the 
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control of egg development have demonstrated the importance of several hormones 

during this process. The regulation of expression of the vitellogenin gene illustrates 

the complexity of the hormonal cascades triggered by blood feeding. 

Decapitation experiments at intervals after a blood meal demonstrated the 

existence of a factor from the head that was essential for egg development (4). Lea 

showed that this factor was produced by the medial neurosecretory cells (5) and 

released from the corpus cardiacum in response to blood feeding (6). He named 

it egg-development neurosecretory hormone (EDNH). In the mature female, 

EDNH stimulates ecdysone synthesis by the ovary (7). The development of 

competence of the ovary to respond to EDNH after emergence is controlled by 

juvenile hormone (8). Ecdysone is converted to 20-hydroxyecdysone (9) and 

induces transcription of the vitellogenin mRNA in the fat body (10). Vitellogenin 

is produced in very large amounts by the fat body (150 Ilg/female) (11) and 

transported to the growing oocyte (12). It is likely that some of these hormonal 

signals have effects on other tissues as well and control the coordinated expression 

of several genes, and that other factors are also involved in vitellogenin regulation. 

Ultrastructure of the mosquito midgut 

The mosquito midgut is divided into two regions. The anterior midgut 

(AMG) is a narrow tuhe with a typical ahsorptive epithelium. It is responsible for 



17 

absorption of sugars passed from the diverticulum when nectar is ingested. Although 

the blood passes through this region, it is not actively involved in blood digestion. 

The posterior midgut (PMG) is an expandable open ended sac involved in water 

regulation, synthesis and secretion of digestive enzymes and absorption of nutrients 

after blood feeding (13). 

The PMG is not fully differentiated at emergence. The epithelial cells are 

highly irregular with few microvilli and a poorly developed synthetic apparatus. One 

day after emergence septate desmosomes develop, the brush border is completely 

formed and the rough endoplasmic reticulum (rer) develops into an organized 

structure (14). In newly emerged adults the midgut lumen contains a dark green 

mass with food debris remaining from the larval stage. This material is evacuated 

before blood feeding, usually on the second day after emergence (15). In the 

mature female the rer of the epithelial cells is organized as whorls of apparently 

concentrically arranged tubes (16). Regenerative cells are present in the PMG, 

but cell division is not observed in the adult. Clear and dark endocrine cells (about 

SOD/midgut) are also present (13). 

Mature females usually engorge a blood volume that is more than twice their 

body weight (15). After the blood meal the gut distends, the epithelial cells flatten 

and the nuclei orient with their long axis at right angles to the gut lumen. The 

intercellular boundary buckles and the luminal and basal surfaces are stretched (16). 
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Within 30 minutes of engorgement a finely particulate material that will form the 

peritrophic membrane appears between the microvilli and at 15 hours post-feeding 

a discrete layer has formed around the meal. After feeding, the rer whorls unfold 

and expand in many directions forming a complex system ramifying widely 

throughout the cytoplasm at 24 hours post-feeding. This is a reversible process and 

by 72 hours the whorls are completely reformed (16). After feeding, the cytoplasmic 

volume, mean nuclear volume, microvillar surface and rer surface also increase in 

a transitory fashion, regressing to a size similar or even smaller than before feeding, 

when the digestion process is completed. Twenty four hours after feeding, lipid 

inclusions and glycogen deposits appear, reach a maximum by 36 hours and have 

disappeared almost completely by 72 hours (17). 

Blood meal digestion 

In 1950 Fisk (15) reported an increase in midgut proteolytic activity following 

a blood meal that was not observed in sugar-fed females. This increase in activity 

was first detected 30 minutes after feeding and reached a maximum 18 hours after 

the blood meal (18). Later studies, using synthetic substrates and specific 

inhibitors, showed the presence of trypsin, chymotrypsin and aminopeptidase 

activities (1,19,20,21,22) while carboxypeptidase A and B activities were 

absent in fed females (20). High levels of trypsin, chymotrypsin (21) and 
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aminopeptidase (22) activities are present in the larval midgut and they drop to very 

low levels during larval-pupal ecdysis. Following a blood meal, both aminopeptidase 

and trypsin activities increase in the adult female reaching a maximum about 24 

hours after engorgement (22), while chymotrypsin activity remains at a constant low 

level (21). Trypsin is the major proteolytic enzyme induced after feeding. When 

trypsin activity was completely inhibited in homogenates from midguts 24 hours 

after feeding, the rate of proteolysis decreased by about 75%, while chymotrypsin 

inhibition decreased the rate of proteolysis by only 1 % (1). An increase in general 

esterase activity 4 hours after feeding, which could be induced by injection of air, 

ringer solutions or triglyceride emulsion into the midgut has been reported (23). 

This however could be due to trypsin esterase activity. Geering and Freyvogel also 

report a triglyceride-splitting esterase that reached a maximal level 15 hours after 

feeding. The lipase activity in the mouse blood used to feed the mosquitoes 

accounted for 75% of the total activity, and it is not clear whether the increase in 

activity after feeding is due to an induction of a mosquito lipase or to tryptic 

activation of some inactive form of mouse blood lipase. 

Characterization of blood meal-induced trypsins 

Huang in 1971 (24) purified A.aegypti trypsin from midguts, 35-40 hours 

after feeding rat blood. Ammonium sulfate precipitation followed by gel filtration 
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and ion exchange chromatography were used. A 144-fold purification was achieved, 

but the sample was degraded during the purification procedure. The molecu]ar 

weight of trypsin in the crude materia] was 21.5 kDa, and, after the ion exchange 

column, two peaks of activity of 17.5 kDa and 21.5 kDa were obtained. All 

estimations of molecu]ar weight were done based on the relative migration in a gel 

filtration column and no SDS-PAGE was done to determine the total number of 

bands. Fourteen years later Graf and Briege] (25) reported the purification of 

trypsin from midgut, 22-24 hours after feeding guinea pig blood. Ion-exchange 

chromatography and affinity chromatography were used, and a purification factor 

of 64 was achieved. Five major bands with mo]ecular weights between 26.7 and 32.0 

kDa. were observed and all of them bound diisopropylfluorophosphate (DFP). 

Rabbit po]ycIona] antibodies were prepared using the purified materia] and used for 

immunocytochemical studies (26). 

Immunoreactive material, using light microscopy, was first detected in midgut 

sections obtained 8 hours after feeding and was most prominent around 24 hours. 

The activity was localized mainly in the posterior part of the posterior midgut, 

within the peritrophic membrane, along the periphery of the blood bolus. No 

immunoreactivity was observed intracellular]y. When electron microscopy and 

protein A-colloidal gold were used, immunopositive materia] was found 

concentrated in numerous secretory granules in midgut samples obtained 18 hours 
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after the blood meal. The granules were often in contact with the apical membrane. 

Membrane fusion and exocytosis at the base of the microvilli were observed. 

Numerous secretory granules were found scattered throughout the cytoplasm and 

in the vicinity of Golgi complexes. In contrast to the vertebrate system, the digestive 

cells of the mosquito contain only a few secretory granules and they were not 

loaded with zymogen granules, as are exocrine cells of the pancreas. In the 

mosquito, secretion and absorption functions were not present in different cells as 

in vertebrates, but seemed to be taking place simultaneously in the same cells (26). 

Graf and Briegel in 1989 studied trypsin synthesis in A.aegypti following a 

blood meal. For the ill vivo studies, radiolabeled methionine was injected at 6 hour 

intervals after feeding. The animals were homogenized 6 hours after the injection 

and trypsin was immunoprecipitated. A second experiment was performed by 

dissecting the midguts at 4 hour intervals after feeding and incubating them ill vitro 

with a mixture of radioactive amino acids for 4 hours. This was also followed by 

homogenization and immunoprecipitation. The autoradiograms of SDS-PAGE gels 

of the immunoprecipitated material showed that initially only two bands of 32 and 

36 kDa are present. By 6 hours a 30 kDa form appears, which is the predominant 

form, and by 8 hours the early bands are no longer observed. No trypsin could be 

detected in western blots of unfed females, indicating that an inactive form is not 

pre-made and stored before feeding. In a pulse-chase experiment during the first 
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6 hours after feeding no evidence of conversion of the 32 and 36 kDa early forms 

to the 30 kDa "late trypsin" form was observed. The early forms are present in 

smaller amounts but seem to incorporate more radiolabeled methionine than the 

late one (2). 

Mechanism of induction of trypsin activity 

In 1952 Fisk and Shambaugh (18) discussed three possible mechanisms of 

enzyme stimulation due to feeding that could regulate proteolysis in the mosquito: 

"( a) secretagogue; the foodstuff itself or its products may chemically stimulate 

secretion; (b) nervous; the act of feeding, detection of food or the presence of food 

may set up a nerve reflex to which the secretory cells will respond; (c) hormonal; 

like nervous mechanism except that feeding results in production of a hormone 

which reaches the digestive tract through the hemolymph". They collected 

hemolymph from fed mosquitoes and injected it into non-fed ones, but were unable 

to induce an increase in protease activity. Their experiments failed to confirm the 

hormonal hypothesis. 

Gooding in 1973 (27) found a significant positive correlation between 

blood meal size and tryptic activity. This correlation did not appear until 16 hours 

post-feeding. In order to determine whether this effect was due to a larger volume 

that will result in more stretching of the midgut or to an increase in the total 
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amount of protein present in the meal, Briegel and Lea performed a series of 

experiments administrating blood meals by enema with different volumes and 

protein contents (1). Enemas with the same blood volume (1 ILl), but with different 

total volumes adjusted with saline (1, 2 and 4 ILl) induced a similar maximal 

protease activity. Administration of enemas with the same total volume (4 ILl) but 

different amounts of blood (1, 2 and 4 ILl) resulted in higher maximal protease 

activity levels as the amount of blood increased. The values obtained were similar 

to those obtained after administration of the same blood volumes without the 

addition of saline to increase the final volume to 4 ILL Administration of different 

protein meals (lactalbumin, egg albumin and blood plasma) resulted in an increase 

in proteolysis. All non-protein meals (peptone, sucrose, glutathione, NaCI (0.7%)), 

and meals containing gelatin and histone showed very low activities. Their results 

favor the secretagogue stimulus hypothesis. They suggest that the substrates of 

proteases should be globular proteins of a minimal molecular weight to be 

recognized by the posterior midgut cells and induce proteolytic activity. 

Graf and Briegel in 1989 (2) found that the injection of blood enemas of 

different size in isolated midguts, followed by a 3 hour incubation in the presence 

of radioactive amino acids resulted in a dose dependent synthesis of the early 

trypsin forms. When enemas of 20% sucrose, 0.6% NaCI or Grace's medium were 

administered, induction was also observed although to a lower extent (1 ILl of 20% 
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sucrose induced about half the amount of trypsin induced by the same volume of 

blood). The late 30 kDa form was not obseIVed. They established that two 

regulatory phases of trypsin synthesis can be recognized: "an immediate response 

due to mechanical/osmotic stimulation, and a delayed response dependent on the 

presence of protein". 

Briegel and Lea (28), studied the effect of EDNH and ecdysone on trypsin 

activity. Removal of the medial neurosecretory cells (MNC) 3 days before the 

injection of a 3 ILl blood enema resulted in a maximal tryptic activity that was half 

of the activity in sham operated controls. The same effect was obseIVed in 

bilaterally ovariectomized females when compared with unoperated or unilaterally 

operated controls. When the ovary from a sugar fed donor was transplanted to the 

ovariectomized female before the meal was given, normal levels of tryptic activity 

were restored. The injection of 2.5 ILg of 20-hydroxyecdysone before the enema also 

restored tryptic activity to normal levels. Even when the maximal trypsin activity was 

reduced by half, the rate of protein digestion did not change. They concluded that 

the neurosecretory system and the ovaries are required for a substantial part of the 

tryptic activity normally found after feeding, however their absence does not block 

completely the secretion of midgut trypsin. 
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Level of regulation 

The administration of drugs that inhibit transcription such as actinomycin D 

(27,29) or a-amanitin (29) resulted in almost complete inhibition of trypsin 

activity 20-26 hours after feeding. The administration of puromycin (27) or 

cycloheximide (30), which inhibit translation, completely inhibited trypsin activity 

after feeding. 

Graf and Briegel in 1989 (2) isolated RNA from non-fed females and blood

fed females 5, 10, 18, 32 and 48 hours after feeding and used it as a template for 

in vitro translation. No products were obtained after immunoprecipitation with anti

trypsin polyclonal antibodies from unfed females and the products after feeding had 

a similar pattern as those immunoprecipitated from midgut homogenates, except 

that they were 1-2 kDa larger. This difference is probably due to lack of processing 

of signal sequences in vitro. 

Felix et al. in 1991 (30), studied the effects of transcription inhibitors on 

trypsin activity during the first 18 hours after feeding. When a-amanitin was 

administered with the meal, trypsin activity was not inhibited in the first 10 hours 

post-feeding. Actinomycin D administered with the blood meal did not have an 

effect until 3-6 hours after feeding. When the drug was fed in 0.9% NaCI with 1 

mM ATP, followed by a second dose 12 hours later with a 4% bovine serum 

albumin (BSA) meal, trypsin activity was reduced from the first time point, and by 
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8 hours the activity was 15% of that observed in the control group. Based on the 

fact that complete inhihition was not ohserved, the authors conclude that: " ... there 

are two major phases to trypsin induction and secretion in the midgut of A. aegypti. 

Phase I. Trypsin synthesis hegins within a few hours of feeding. Trypsin is 

synthesized directly from pre-formed mRNA. .. Phase II. The second phase of trypsin 

synthesis hegins approximately 7-9 h after feeding. Trypsin is synthesized from newly 

formed mRNA and this process is inhihited by the translational (sic) inhibitors a

amanitin and actinomycin D ... " The interpretation of these experiments is 

complicated by the fact that control experiments to quantitate the level of 

transcription inhibition achieved with the drugs (such as radiolabeled dUTP 

incorporation) were not performed. 

Goals of this study 

1. To establish purification protocols to isolate adult and larval trypsins. 

2. To characterize the adult late trypsin by cloning and sequencing the cDNA. 

This will provide information ahout its active site, specificity pocket, pattern 

of disulfide bridges and predicted secondary structure. It will allow direct 

comparison with trypsins from other species. The molecular weight, pI and 

amino acid composition of the intact active form can be determined. It will 
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provide new insight as to whether an inactive precursor form exists, about 

the structure of signal sequences for midgut protein secretion and the 

possible mechanisms of enzyme activation. 

3. To measure directly the changes in late trypsin protein and mRNA levels 

following a blood meal. With this information it will be possible to establish 

whether the early and late trypsin forms are encoded by different mRNAs, 

or if a common precursor is processed into two different mature forms (i.e., 

differential splicing). It will also establish unequivocally the relative 

importance of transcriptional activation on the induction of trypsin activity. 

4. To isolate the late trypsin genomic clone and determine the organization of 

the gene. Once the gene is mapped, the upstream regulatory region will be 

subcloned and sequenced. This will allow us to look for potential consensus 

sequences for regulatory DNA binding proteins. 

5. To map the 5' end of the mature late trypsin mRNA and establish the copy 

numher of the gene. 
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MATERIALS AND METHODS 

Mosquito rearing 

Aedes aegypti from the NIH-Rockefeller strain were reared as described by Shapiro 

and Hagedorn (8). In all experiments adult females 3-5 days old were used. Sucrose 

(20% solution) was available ad libitum, until 14 h before feeding, to animals fed 

an artificial meal and continuously to non-fed animals. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed under reducing conditions using the method of Laemmli (31). 

Electrophoresis was carried out at 35 rnA on 12 % slab gels that were stained for 

protein with Coomassie Brilliant Blue (50% methanol, 10% acetic acid, 0.6% 

Coomassie Blue). 

Purification of adult and larval trypsins 

Trypsins were purified using affinity chromatography fol1owing the procedure of 

Miller et al. (32). For the adult trypsin purification, groups of 250 females were 

fed a meal consisting of porcine 'Y-globulin (15 mg/ml), hemoglobin (8 mg/ml) and 

albumin (102 mg/ml), 10 mM NaCI, 20 mM NaHC03 and 43 J.'M ATP (33). The 
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same meal was used in all feeding experiments. After 24 hours, each group was 

homogenized in 50 ml of 0.3 M imidazole buffer pH 7.4, 0.02 M CaCI2, 0.1 mM 

phenylthiourea (PTU) using a Brinkmann polytron (Brinkmann Instruments, 

Westburg, NY). The homogenate was centrifuged at 100,000 x g for 1 hour. The 

soluble protein was loaded on to a benzamidine-Sepharose 6B affinity column 

(Pharmacia, Piscataway, NJ) with a 1.2 ml volume and a capacity of 13 mg of 

trypsin/ml of gel, which had been equilibrated with homogenization buffer. The 

column was washed with the same buffer, until the absorbance at 280 nm of the 

eluted material was zero. Then the column was eluted with 2.5 ml of 0.3 M 

imidazole buffer pH 7.4, 0.02 M CaCI2, 0.1 M PTU, 0.2 M benzamidine. The sample 

was desalted using a 0-25 column (Pharmacia, Piscataway, NJ) which had been 

equilibrated with 100 mM Tris-HCl buffer pH 8.0. An aliquot of the sample was 

used to determine enzyme activity and protein concentration. The rest of the sample 

was treated with 25 mM diisopropylfluorophosphate (DFP) for 30 minutes at 22 °C 

and tested for trypsin activity to ensure complete inhibition. 

For the larval trypsin purification a similar procedure was followed, except that the 

homogenization and elution buffers also contained 10 mM glutathione and had a 

pH of 7.0 to decrease phenoloxidase activity. A 0.5 ml DEAE trisacryl (lBF, 

France) pre-column was equilibrated with homogenization buffer and connected in 
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series with the affinity column to remove those proteins that had been melanized 

during centrifugation, this pre-column prevented blocking of the affinity column. 

The purified material was subjected to SDS-PAGE. Protein concentration was 

determined using the BCA method (Pierce, Rockford, IL). Trypsin activity was 

determined by incubating the enzyme with 1 mg/ml benzoyl-DL-arginine-p

nitroanilide (BAPNA) in 100 mM Tris-HCI buffer pH 8.0 with 2.5% dimethyl 

sulfoxide (DMSO) at 22°C and measuring the change in absorbance at 410 nm 

every 30 seconds. 

Amino acid analysis 

The purified trypsin samples were subjected to SDS-PAGE followed by 

electrophoretic transfer to a polyvinylidine difluoride (PVDF) membrane. The 

membrane was stained with Coomassie Blue following the same procedure 

described for gel staining. The bands of interest were cut from the membrane and 

analyzed individually. The amino acid analysis was performed at the University of 

Arizona Biotechnology Core Facility, using an Applied Biosystems Model 420A 

amino acid analyzer with automatic hydrolysis (Vapor Phase at 160°C, 6N HCI for 

1 h 40 min.) and pre-column phenylthiocarbamyl-amino acid (PTC-AA) analysis. 
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Amino acid sequence 

The late trypsin N-terminal sequence information was provided by Drs. Hans 

Briegel and Rolf Graf before publication (34), using trypsin which had been 

purified using affinity chromatography and HPLC on a Vydac C4 column. The 

protein was sequenced using a gas-phase sequencer and HPLC to identify PTH

amino acid derivatives. 

Fluorographic analysis of DFP binding 

Samples of crude homogenate (50 Ill), the flow-through fraction from the 

benzamidine affinity column (50 Ill) and purified material (50 III containing 20 Ilg 

of protein) were incubated for 30 min at 22 °C with 5 III of 1,3 [3H] DFP (0.23 

Ilmol/ml, 4.4 IlCi/llmol, NEN, Boston, MA). The samples were subjected to SDS

PAGE and fixed for 2 hours with 10% acetic acid. The gel was soaked for 2 hours 

in a solution containing 200 ml of glacial acetic acid, 0.8 g of 2,5-diphenyloxazole 

and 4 g of ~-methyl naphthalene, washed for 45 min in running water, dried under 

vacuum and exposed to X-ray film for 18 hours. 

Western Blot Analysis 

Anti-late-trypsin monoclonal antibodies were provided by Drs. Hans Briegel 

and Rolf Graf (Zoologisches Institut der Universitat Zurich, Zurich, Switzerland). 
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The antihody specificity and sensitivity was determined by immunobloUing (35). 

Whole mosquitoes were homogenized in 100 mM Tris-HCl buffer pH 8.0 

containing 1 mM DFP (using 50 1'1 of buffer per insect) and the sample was 

centrifuged at 14,000 rpm (all centrifugations expressed as rpm were performed in 

a Beckman microfuge) for 10 minutes. The supernatant was boiled for 2 minutes 

after the addition of an equal volume of 2 x SDS loading buffer (2% SDS, 5% 2-

mercaptoethanol (BME), 20% glycerol, 80 mM Tris-HCI, pH 6.8, 0.01% 

Bromophenol Blue). The proteins in the homogenate were separated by SDS-PAGE 

electrophoresis followed by electrophoretic transfer to a nitrocellulose membrane 

(Schleicher and Schuell, Keene, NH). Completeness of the transfer was monitored 

using colored Rainbow molecular weight markers (Amersham, Arlington Heights, 

IL). The membrane was blocked by incubating with 3% gelatin in TBS buffer (20 

mM Tris-HCI, pH 7.5, 0.5 M NaCI) followed by a 2 hour incubation with the mouse 

anti-late-trypsin monoclonal antibody at a given dilution (1:100,1:1,000, 1:5,000 and 

1:10,000 dilutions were tested) in a 1 % gelatin solution in T-TBS buffer (TBS buffer 

+ 0.05% Tween-20). The membrane was washed twice with T-TBS and incubated 

for 2 hours with a ]: 1 ,000 dilution of a goat anti-mouse JgG conjugated with alkaline 

phosphatase (Bio-Rad, Richmond, CA) in 1 % gelatin T-TBS buffer, followed by two 

washes with T-TBS and one with TBS. The Expression-Blot assay kit (Bio-Rad, 
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Richmond, CA) was used for the developing reaction, following the instructions of 

the manufacturer. 

RNA extraction 

The RNA used to construct the eDNA library was isolated from the midguts 

of adult female A. aegypti 18-20 hours after feeding of artificial blood meal, using 

a modification of the procedure of Chirgwin et al. (36). The RNA for northern 

blot analysis was isolated from whole females. The samples were frozen with liquid 

nitrogen and triturated with a mortar and pestle until a fine powder was obtained. 

For every 80 mosquitoes, the frozen powder was resuspended in 2 ml of 20 mM 

Tris-HCI, pH 7.0, 4.5 M guanidinium isothiocyanate, 100 mM 

ethylenediaminetetraacetic acid (EDTA), 0.1 M 2-mercaptoethanol and 1 % N

lauroylsarcosine. Homogenates were centrifuged 15 minutes at 14,000 rpm and the 

supernatant placed in a clean tube. Nucleic acids were precipitated by adding 0.025 

volume of 1 M acetic acid and 0.75 volume of ethanol and cooling the sample to 

-20°C for 3 hours, followed by centrifugation at 14,000 rpm for 15 minutes. The 

pellet was resuspended in 0.8 ml of homogenization solution that did not contain 

N-lauroylsarcosine. The sample was centrifuged for 15 min at 14,000 rpm and the 

supernatant placed in a clean tube. RNA was precipitated by adding 0.025 volume 

of acetic acid and 0.5 volume of ethanol, cooling the sample to -20°C for 3 hours, 
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followed by centrifugation at 14,000 rpm for 15 minutes. The pellet was resuspended 

in the same solution and the centrifugation and RNA precipitation was repeated. 

The pellet was resuspended in 200 Itl of RNAse f!"ee water and extracted twice with 

1 volume of phenol/chloroform (1:1), once with 2 volumes of chloroform and nucleic 

acids precipitated by adding 2 volumes of ethanol and 0.1 volume of 3 M sodium 

acetate, pH 5.2. 

Construction of an adult female midgut cDNA library 

The midgut directional cDNA library was constructed using the ZAP-cDNA 

Synthesis Kit (Stratagene, La Jolla, CA). Total RNA isolated from lOO midguts of 

females that had been fed an artificial blood meal 18 hours earlier was used as 

template for cDNA synthesis. For first strand synthesis the RNA pellet was 

resuspended in 20 Itl of RNAse-free water, 2 Itl of linker-primer (1.4 Itg/ltl) and 17 

Itl of water. The RNA template was heated to 70°C for 15 minutes to remove 

secondary structure and annealed with the primer by cooling the sample to room 

temperature for 15 minutes. Five Itl of lO x first strand buffer (0.5 M Tris-HCI, pH 

7.5, 0.75 M KCI, 0.1 M dithiotreitol (DTT), 1 mg/ml BSA, 30 mM MgCI2), 2.5 Itl of 

first strand nucleotide mixture (lO mM dATP, dGTP, dTTP; 5 mM 5-Me-dCfP) 

and 1 Itl of RNAse block (1 U/ltl) were added and the sample incubated 5 min at 

37°C. Finally, 2.5 Itl of M-MuLV reverse transcriptase (18 U/ltl) were added, 5 Itl 
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of this reaction were placed in a separate tube and 0.5 JLI of [a_32P]dATP (800 

Ci/mmole, NEN, Boston, MA) were added. Both tubes were incubated for 1 hour 

at 37°C. The sample with radioactive material was used to perform a filter binding 

assay to determine the efficiency of the first strand cDNA synthesis reaction. The 

second tube was used for second strand synthesis: 40 JLI of lOX second strand buffer 

(0.5 M Tris-HCI, pH 7.8, 50 mM MgCI2, 100 mM BME, 0.1 mg/ml BSA), 6 JLI of 

second strand nucleotide mix (lOmM dATP, dGTP, dTTP; 26 mM dCTP), 295 JLI 

of water,S JLI of [a}2P]dATP, 0.8 JLI of RNAse H (4 VIJLI) and 8.2 JLI of DNA 

polymerase I (12.2 VIJLI) were added. The reaction mixture was vortexed, 

centrifuged briefly and incubated for 2.5 hour at 16°C, extracted with 

phenol/chloroform (1: 1) and chloroform; five JLI were used for a filter binding assay 

and the rest of the sample was ethanol precipitated overnight at -20°C. To blunt 

the cDNA termini, the DNA pellet was resuspended in 39 JLI of water,S JLI of 10 

x T4 DNA polymerase buffer (0.3 M Tris-acetate, pH 7.9, 0.7 M potassium acetate, 

0.1 M magnesium acetate,S mM DTT, 1 mg/ml BSA), 2.5 JLI of 25 mM dNTP mix, 

3.5 JLI of T4 DNA polymerase (2.9 VIJLI) were added and incubated for 30 minutes 

at 37°C. The sample was extracted with phenol/chloroform (1:1) and chloroform 

followed by ethanol precipitation. 

The EcoRI adaptors were ligated by resuspending the DNA pellet in 7 JLI (2 

JLg) of EcoRI adaptors in aqueous solution, adding 1 JLI of 10 x ligase buffer (0.5 M 
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Tris-HCI, pH 7.5, 70 mM MgCh, 10 mM DTT), lltl 10 mM ATP and lltl of T4 

DNA ligase (4 Weiss U/1t1) and incubated for 24 hours at 4 0c. The ligase was 

inactivated by heating the sample at 70°C for 30 min. The sample was cooled and 

the ends of the adaptor were phosphorylated by adding 1 Itl of lOX ligation buffer, 

21t1 10 mM ATP, 61t1 water, lltl T4 polynucleotide kinase (10 U/It1) and incubated 

for 30 minutes at 37°C. The enzyme was inactivated by heating the sample at 70 

°C for 30 minutes. The DNA was digested with XhoI by adding 28 Itl of XhoI 

buffer supplement, 2 ILl of XhoI (45 U/1t1) and incubating for 1 hour at 37°C. The 

digested DNA was ethanol precipitated after adding 1 Itl 5 mg/ml tRNA and 

resuspended in 12 Itl of column loading buffer. The cDNA was size fractionated on 

a Sepharose CL-4B column that had been equilibrated with 1 x STE buffer (10 mM 

Tris-HCl, pH 8.0, 100 mM NaCI, 1 mM EDT A). The selected fractions were pooled 

and ethanol precipitated overnight at -20°C. To ligate the phage arms, the pellet 

was resuspended in 2.5 Itl of water; 0.5 Itl of lOX ligation buffer, 0.5 Itl of 10 mM 

ATP, 0.5 Itl T4 DNA ligase (4 Weiss U/It1) and 1 It] of Un i-ZAP XR vector (1 

ltg/It!) were added and the sample incubated for 24 hours at 12°C and 2 hour at 

22 0C. 

The DNA was packaged using the Gigapack II Gold packaging extract 

(Stratagene, La Jolla, CA): 4 Itl of the ligation mixture were added to the 

freeze/thaw extract (10 Itl) and placed on ice, 15 Itl of the sonic extract were added 
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and incubated for 2 hours at 22°C; 0.5 ml of SM buffer (0.05 M Tris-HC], pH 7.5, 

0.1 M NaCI, 0.017 M MgS04, 0.01% gelatin) and 201'1 of chloroform were added. 

The sample was vortexed and stored at 4 0c. 

DNA filter binding assay 

The amount of radiolabe]ed dATP that was incorporated during cDNA 

synthesis was determined using a DNA filter binding assay. For each sample, 2 1'] 

of DNA sample were placed on two DE-81 filters (Whatman, Maidstone, England) 

and allowed to dry. One of the filters was washed 6 times for 5 minutes with 0.5 M 

Na2HP04, once with water for 1 minute and once with 95% ethanol for 1 minute 

in order to remove non-incorporated dATP. The washed filter was allowed to dry 

and the two filters were placed in scintillation vials and counted. The percent of 

incorporated label was determined based on the ratio of counts retained/total 

counts. 

Titration and Amplification of the cDNA Library 

To titrate the cDNA library, host PLK-F' cells (Stratagene, La Jolla, CA) 

were infected with different dilutions of the phage stock and plated on Luria-Bernati 

(LB) plates (1.5% agar in 1% tryptone, 0.5% yeast extract, 0.5% NaCl, pH 7.5), 

incubated for 8 hours at 37°C and the number of plaque forming units (pfu) 
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determined (37). To amplify the library, host cells were infected, plated and 

grown in a similar way, adding enough phage stock to obtain approximately 20,000 

plaques/plate. Five ml of SM buffer were added per plate and the plates rocked 

gently overnight at 4 0c. The SM was removed and pooled; each plate was rinsed 

with 1 ml of fresh SM that was also pooled. The sample was adjusted to 5% 

volume of chloroform, mixed and centrifuged for 10 minutes at 1,000 x g. This 

phage stock after amplification was aliquoted in 1 ml fractions, 20 J.'l of chloroform 

added to each tube and stored at 4 0c. The library was titrated again after 

amplification. This time host XLI-Blue cells (Stratagene, La Jolla, CA) were 

infected and 0.1 ml of 100 mM IPTG (isopropyl ~-D-ogalactopyranoside) and 40 J.'I 

of 2% X-gal (5-bromo-4-chloro-3-indolyl-~-D-galactopyranoside) were added to the 

top agar during the plating in order to determine the percentage of phage clones 

that had an insert. 

Screening the cDNA library with monoclonal antibodies 

The amplified lihrary (approximately 60,000 plaques) was screened with the 

anti-late-trypsin monoclonal antibody. Dilutions of the lihrary (approximately 5,000 

pfu/plate) were added to o.~ ml of host XLI-Blue cells resuspended in 10 mM 

MgS04 with an ahsorhance of 0.5 at 600 nm and incubated at 37°C for 15 minutes. 

The cells were mixed with 3.5 ml of top agarose (0.7% agarose in LB medium) at 
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50°C, poured onto 85 mm LB plates and incubated at 37°C for 8 hours. 

Nitrocellulose disks (Schleicher and Schuell, Keene, NH) were soaked in 0.01 M 

IPTG for 30 minutes, dried and placed on the plates followed by a 3 hour 

incubation at 37°C. Filters were asymmetrically marked and processed with the 

same protocol used to detect late trypsin protein in western blot membranes. The 

primary antibody was diluted 1 :5,000 and pre-absorbed with E. coli lysate for 30 

minutes to decrease background. Positive plaques were isolated, re-plated and 

screened until homogeneous. 

In vivo plasmid excision 

Positive plaques were isolated and the phage eluted by incubating the agar 

plug overnight in 0.5 ml of SM buffer and 20 JLI of chloroform. XLI-Blue host cells 

(0.2 ml ~ in 10 mM MgS04), 0.2 ml of phage stock and 10 JLI of R408 helper 

phage (107 pfu/ml)(Stratagene, La Jolla, CA) were combined and incubated at 37 

°C for 20 minutes. Five ml of 2X YT media (1.6% tryptone, 1 % yeast extract, 1 % 

NaCI, pH 7.5) was added and the sample incubated for 4 hours at 37°C with 

shaking. Samples were incubated at 70 °C for 20 minutes and centrifuged at 1,000 

x g for 5 minutes. Ten JLl of rescued phagemid were used to infect 0.2 ml of XL1-

Blue host cells (~ = 1.0) by incubating at 37°C for 15 min; and 50 and 100 JLI 
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of cell were plated on LB plates containing 50 Itg!ml ampicillin and grown overnight 

at 37°C. 

Isolation of plasmid DNA 

Plasmid minipreps were performed using the alkaline method of Birnboim 

(38). Five ml of LB media containing 50 Itg!ml of ampicillin were inoculated with 

a single bacterial colony and incubated overnight at 37°C with shaking. The sample 

was centrifuged for 15 min at 1,000 x g and the pellet resuspended in 0.1 ml of 25 

mM Tris-HCI, pH 8.0, 50 mM glucose, 10 mM EDT A and placed on ice for 5 

minutes. Alkaline SDS solution (0.2 ml of 0.2 N NaOH, 1 % SDS) was added and 

the sample was kept on ice for 5 minutes. High salt solution (0.15 ml of 3 M 

potassium acetate, 1.8 M formic acid) was added; the sample was kept on ice for 

15 min and then centrifuged for 10 minutes at 14,000 rpm. The supernatant was 

transferred to a clean tube, extracted twice with phenol/chloroform (1:1), once with 

chloroform and ethanol precipitated. The pellet was washed with 70% ethanol, 

dried and resuspended in TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA) to a 

final concentration of 1 mg!ml of plasmid DNA. 
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Restriction mapping of isolated clones 

As a result of the excision ill vivo, the inserts of interest are obtained in 

pBluescript SK( -) plasmid. The restriction map of the inserts was determined by 

performing single and double digestions with restriction enzymes present in the 

multiple cloning sites of the vector. For each reaction 1 /-£g of DNA was digested to 

completion in a 15 /-£1 volume using the appropriate buffer and temperature 

required for each enzyme (BRL, Gaithersburg, MD). The DNA was then subjected 

to electrophoresis in a 1 % agarose horizontal gel run in TBE buffer (0.1 M Tris

Hel, pH 8.3, 0.9 M boric acid, 2 mM EDTA). A 1 kilobase (Kb) ladder (BRL) was 

used as a size marker and the gel stained with ethidium bromide (1 /-£g/ml). 

Screening the cDNA library with a DNA probe 

Templates for radioactive DNA probes were obtained by digesting the clones 

of interest with the appropriate restriction enzymes followed by gel electrophoresis 

in 1 % agarose gels in T AE buffer (40 mM Tris-acetate, pH 8.0, 1 mM EDT A). 

The gels were stained with ethidium bromide and the fragments to be labelled were 

cut from the gel and the DNA recovered using GeneClean (BIO 101, La Jolla, CA). 

Approximately 30 ng of DNA template were used for each reaction using random 

primers (BRL, Gaithersburg, MD) and [a}2P]dATP (NEN, Boston, MA). Non-
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incorporated label was removed using a G-25 column (Pharmacia, Piscataway, NJ) 

which had been equilibrated with distilled water. 

The library was plated using the same procedure described for antibody 

screening, but the plates were incubated for 6 hours at 42°C and stored overnight 

at 4 0c. Plaques were lifted for one minute with nitrocellulose disks. DNA was 

denatured by soaking the filters in 1.5 M NaCI, 0.5 M NaOH for 1 minute and 

neutralized in 1.5 M NaCl, 0.5 M Tris-HCl, pH 8.0 three times for 2 minutes each. 

DNA was cross-linked using UV light (Stratalinker, Stratagene). Disks were 

prehybridized for 2 hours at 65°C in 5 X SSC (1 X = 150 mM NaCI, 75 mM 

sodium citrate, pH 7.0), 0.1 % SDS, 0.1 % sodium pyrophosphate, 1 X Denhart's 

solution (0.2% ficoll, 0.2% polyvinylpyrrolidone, 0.2% BSA), 100 J.tg/ml salmon 

sperm DNA. Filters were hybridized overnight at 65°C in the same solution plus 

5 x 105 cpm/ml of labelled probe. Disks were washed twice for 5 min with 2 x SSC, 

0.1 % SDS at room temperature and twice at 65°C with 0.2 x SSC, 0.1 % SDS for 

30 minutes. Disks were allowed to dry and exposed to X-ray film at -80°C using an 

intensifying screen. 

Northern Blot Analysis 

RNA samples were electrophoresed after denaturation using the glyoxal 

method (37). Samples were treated with 1 M deionized glyoxal and 50% DMSO in 
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0.01 M sodium phosphate, pH 7.0 and incubated at 50°C for 60 minutes followed 

by the addition of 4 1-'1 of sterile loading buffer (50% glycerol, 0.01 M sodium 

phosphate, pH 7.0, 0.4% bromophenol blue). The sample was electrophoresed in 

a 1 % agarose gel in recirculating 0.01 M sodium phosphate buffer, pH 7.0 at 

constant current (50 rnA) and stained with ethidium bromide. The RNA was 

transferred to a Nytran membrane (Schleicher and Schuell, Keene, NH) using the 

capillary method with lOX SSC (37). The sample was cross-linked, hybridized and 

washed using the same procedure described for cDNA library screening with a DNA 

probe. 

Exonuclease III deletions 

Deletion clones were obtained using the Erase-a-Base system (Prom ega, 

Madison, WI) that is based on the method of Henikoff (39). Nicked DNA 

molecules were removed by resuspending 20 I-'g of plasmid DNA in 50 mM sodium 

acetate, pH 4.0, 75 mM NaCI and extracting it twice with an equal volume of acid 

phenol (adjusted to pH 4.0 with 50 mM sodium acetate pH 4.0). The aqueous phase 

was separated and neutralized by adding 0.05 volumes of 1 M Tris-HCI, pH 8.6, and 

extracted with 1 volume of chloroform/isoamyl alcohol (24:1). DNA was ethanol 

precipitated and the pellet washed with 80% ethanol and dried. 
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For each deletion series the plasmid was digested twice using two restriction 

sites present in the multiple cloning site and absent in the insert. The appropriate 

enzymes were used so that one enzyme produced a 5'-end overhang proximal to the 

insert which made it susceptible to digestion by exonuclease III; the second enzyme 

produced a 3'-end overhang proximal to the vector that made it resistant to 

exonuclease III. For the cDNA deletions Sst! + XbaI and ApaI + XhoI were used, 

and SstI + BamHI and ApaI + XhoI for the genomic ones. 

DNA was resuspended to a final concentration of 0.3 p.g/p.1 in exonuclease 

III buffer (66 mM Tris-HCl, pH 8.0, 0.66 mM MgCI2); 0.75 p.g (2.5 p.l) were used 

for each time point. The DNA sample for a deletion series (15 p.l for 6 time points) 

was equilibrated to 30°C, 1 p.l of exonuclease III (400 U) added and equilibrated 

for 20 seconds; from this point, 2.5 p.l samples were removed every 60 seconds (to 

delete approximately 200 bp/min). The exonuclease III reaction at each time point 

was stopped, and the S1 nuclease reactions initiated by placing the 2.5 p.l sample in 

a tuhe containing 7.5 p.l of SI nuclease reaction mixture (40 mM potassium acetate, 

pH 4.6, 340 mM NaCI, 1.35 mM ZnS04, 6.8% glycerol, 2.25 U SI nuclease) and 

incubating at 22°C for 30 min. The S1 nuclease reaction was stopped by adding 1 

p.l of 0.3 M Tris hase, 0.05 M EDT A, followed by heat inactivation at 70°C for 10 

minutes. The ends of the DNA were blunted by equilihrating the sample to 37°C, 

adding 1 p.l of Klenow mix (20 mM Tris-HCI, pH 8.0, 100 mM MgCI2• 0.1 U 
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Klenow), 2 ILl 0.125 mM dNTP mixture and incubating for 5 minutes at 37°C. The 

blunt ends were re-ligated by adding 40 ILl of ligation mix (50 mM Tris-HCI, pH 7.6, 

10 mM MgCI2, 1 mM ATP, 5% polyethylene glycol, 1 mM DIT, 0.2 U T4 DNA 

ligase) to each sample and incubating overnight at 16°C. The deleted plasmids 

were used to transform host XLI-Blue cells (Stratagene, La Jolla, CA) and clones 

with appropriate insert size to obtain overlapping sequences were selected and 

sequenced. 

Double stranded DNA sequencing 

Double stranded DNA template was denatured by incubating in 0.2 M 

NaOH, 0.2 mM EDTA at 22°C for 5 minutes, neutralized by adding 0.1 volumes 

of 2 M sodium acetate, pH 4.6, followed by ethanol precipitation. DNA sequencing 

was performed using the dideoxy chain termination method of Sanger et al.( 40) 

with a modified T7 DNA polymerase (41) (Sequenase, United States Biochemical 

Corp., Cleverland OH). Sequencing reaction mixtures were electrophoresed on 6% 

denaturing polyacrylamide gels containing 8 M urea. Gels were dried under vacuum 

for 45 minutes at 80°C and exposed to X-ray film at room temperature. 
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Isolation of Genomic DNA 

Genomic DNA was isolated from 100 A. aegypti pupae using the method of 

Bradfield and Wyatt (42). Pupae were removed from the water, frozen 

immediately in liquid nitrogen and triturated to a fine powder in a mortar. The 

frozen powder was dissolved in 15 ml of 0.5% SDS, 100 mM EDTA pH 8.0, 200 

I-tg/ml proteinase K and incubated for 2 hours at 55°C. The sample was extracted 

twice with 10 ml of phenol + 10 ml of chloroform/isoamyl alcohol (24:1) and the 

supernatant removed with a wide end pipette and transferred to a 120 ml 

erlenmeyer flask. Fifty ml of ice-cold 95% ethanol were added and the flask swirled 

to precipitate the DNA. The DNA pellet was transferred with forceps to 70 % 

ethanol, rinsed briefly and resuspended in 10 ml of 10 mM Tris-HCl, pH 7.5, 20 

mM NaCl by heating to 65°C. DNAse-free RNAse was added (100 I-tg/ml) and 

incubated at 60°C for 30 minutes. SDS to a final concentration of 0.5% and 

proteinase K (100 I-tg/ml) were added, followed by incubation at 55°C for 1 hour. 

The sample was extracted twice with phenol/chloroform/isoamyl alcohol, ethanol 

precipitated and washed with 70% ethanol as before. The pellet was resuspended 

in 3 ml of TE buffer and stored at 4 dc. 
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Construction and screening of a Genomic Library 

Genomic DNA was partially digested with SauIIIA, size fractionated using 

a sucrose gradient and cloned into a compatible vector following the procedure 

described in Maniatis et al. (37). The amount of restriction enzyme to be used was 

determined by performing a series of test digestions using 2 p.g of genomic 

DNNreaction with serial dilutions of enzyme at 37°C for 1 hour. To stop the 

reactions, the samples were heated at 70 °C for 5 min. Two reactions with 20 p.g of 

DNA each were performed using the appropriate amount of enzyme and reaction 

conditions determined during the test digestions. One tenth of each sample was run 

in a 0.7% agarose gel and the size of the fragments established. Fresh enzyme was 

added when necessary, incubated for 30 minutes, heat inactivated and the size of 

the fragment determined again; this procedure was continued until most of the 

DNA fragments were between 8-20 kilobases (kb). The sample was extracted with 

phenol/chloroform (1:1), chloroform and ethanol precipitated. The digestion 

products were size fractionated using a 10-40% sucrose gradient in 10 mM Tris-HCl 

pH 8.0, 10 mM NaCl, 1 mM EDTA, centrifugating at 35,000 x g for 22 h at 20°C. 

Samples were dialyzed overnight with 10 mM NaCl to remove the sucrose, ethanol 

precipitated and the pellet washed with 70 % ethanol. Each fraction was 

resuspended in 25 p.l of TE buffer and heated to 65°C for 5 minutes. Three p.l 

were used to analyze the size in a 0.7 % agarose gel. Those fractions with digestion 
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products between 8-20 kb were pooled and ethanol precipitated. The genomic DNA 

fragments were ligated to EMBL3 BamHI predigested arms (Stratagene, La Jolla, 

CA) and packaged using the Gigapack II Gold packaging extracts following the 

same procedure described for the cDNA library. The library was plated, titrated and 

screened using the host cell P2392 (Stratagene, La Jolla CA) that does not allow 

growth of wild type EMBL3 (without insert). A total of approximately 350,000 

clones were obtained and screened using a radioactive DNA probe complementary 

to the cDNA clone. 

Mapping and subcloning of the Genomic DNA clone 

The isolated trypsin genomic clone was amplified using the same procedure 

described to amplify the cDNA library. Six plates were used with 5,000 plaques/plate 

and eluted in 10 ml of SM/plate. Phage DNA was isolated using the small scale 

procedure of Benson and Taylor (43). One volume of SM was mixed with one 

volume of DE52 by inverting the tube 20-30 times and centrifuged for 5 minutes at 

1,000 x g. The supernatant was placed in a clean tube, more DE52 added and the 

procedure repeated. Phage DNA was precipitated by placing 0.8 ml of supernatant 

in each microfuge tube and adding 0.1 ml of 5 M NaCI and 0.54 ml of cold 

isopropanol, cooling the sample to -20°C for 20 minutes followed by centrifugation 

at 14,000 rpm for 5 min. The pellets were washed with 70% ethanol and 
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resuspended in TE buffer. All the pellets from one initial plate were pooled and 

resuspended in a final volume of 0.2 ml, extracted twice with one volume of phenol, 

ethanol precipitated, the pellet washed with 70% ethanol, dried under vacuum and 

resuspended in 0.1 ml of TE buffer by heating at 65°C for 10 min. 

The trypsin genomic DNA insert was released from the phage by digesting 

with SaIL The sample was phenol extracted, ethanol precipitated and resuspended 

in TE buffer. In order to determine the size of the insert, if the genomic DNA had 

. ,ding region and to map the flanking regions, the released insert was 

digested with those enzymes found to cut within the coding region (single cuts with 

HindIII, EcoRI, SmaI ana PstI) and combinations of these enzymes (double cuts 

with HindIII + SmaI, HindIII + Pstl, Sma I + EcoRI). The size of the digestion 

products was determined hy Southern blot analysis (see next section). The blot was 

first hybridized with a radioactive probe corresponding to the region of the cDNA 

upstream of the internal EcoRI site. This probe was then removed and the same 

membrane hybridized with a probe to the region downstream of the internal EcoRI 

site. 

A Pst! site was found 1.2 Kb upstream of the coding region and was used to 

subclone the insert. Phage DNA was digested with Pst! and ligated to Bluescript 

SK+ plasmid (Stratagene, La Jolla, CA) that had been linearized with Pst! and 

treated with phosphatase to prevent self ligation. XLI-Blue host cells were 



50 

transformed and screened for the appropriate insert. A nitrocellulose filter was 

placed on each LB plate (50 JLg/ml ampicillin), the transformed cells were plated on 

the surface of the filter and incubated until individual colonies were 1 mm in 

diameter. The filter was removed and placed on 3MM filter paper (Whatman, 

Maidstone, England) facing upward. A second membrane was pre-wetted on a LB 

plate and carefully placed over the first one, marking their orientation with ink dots. 

The same procedure was repeated with another nitrocellulose filter. The master 

filter was placed back on the LB plate and stored at 4 0c, The other two filters 

were placed on LB + Amp. plates and grown at 37°C until the colonies were 1 

mm in diameter. The bacteria were lysed and the plasmid DNA denatured by 

sequentially placing the filters on 3MM paper soaked with the following solutions: 

1) 5 minutes in 0.5 M NaOH; 2) 2 minutes in 1 M Tris-HCl, pH 7.5, 3) to-15 

minutes in 0.5 M Tris-HCl, pH 7.5, 1.5 M NaCl; excess fluid was removed by 

blotting the filters facing upwards on dry 3MM paper for 2 minutes before moving 

them to the next tray. The DNA was cross-linked, the filters hybridized and washed 

following the same procedure described for screening a library with a DNA probe. 

The colonies with the appropriate insert were isolated from the master 

nitrocellulose filter, plasmid DNA was obtained and the sequence determined using 

ExoIII deletions performed as described before. 
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Primer extension 

Total mRNA was isolated from whole mosquitoes 24 h after feeding an 

artificial blood meal. The homogenization and the first ethanol precipitation were 

performed as descrihed in a previous section. The nucleic acid pellet was 

resuspended in the guanidinium thiocyanate solution and extracted with phenol

chloroform as described by Chomczynski and Sacchi (44). The RNA was isolated 

from the aqueous phase using the RNaid Kit (BIO 101, La Jolla, CA) following the 

instructions of the manufacturer. 

The purified primer 51-TACT ACCCGACCTGTTGTCCAA-31 (positions 83-

63 of the lower strand of the late trypsin eDNA, see Figure 5) was 51-end labeled 

with 32p using T4 polynucleotide kinase (37). The labeling efficiency was determined 

using the filter binding assay and free dATP was removed using a Sephadex G-25 

column as described in previous sections. The RNA pellet (30 Ilg of total RNA) and 

2 x 106 dpm of laheled primer were resuspended in 10 III of RNAse free annealing 

buffer (200 mM KCI, 10 mM Tris-HCI, pH 8.3), and incubated at 85°C for 3 min., 

followed by a 1 h incuhation at 50°C. For the extension reaction, 8 III of 5X reverse 

transcriptase buffer (100 mM Tris-HCI, pH 8.3, 50 mM MgCI2), 4 III 0.1 M DTT, 

8 III 2.5 mM of each dNTP, 5 III of reverse transcriptase (200 UIIlI), 2 III RNAse 

inhihitor (1 UIIlI) and 3 III of water were added to the 10 III annealing reaction. The 

sample was incubated at 43°C for 90 min. followed by phenol/chloroform extraction 
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and ethanol precipitation. The sample was resuspended in 6 JLl of TE buffer and 4 

JLl of loading dye (95% formam ide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% 

xylene cyanol) were added. After boiling for 2 min., the sample was submitted to 

electrophoresis in a 6% polyacrylamide, 8 M urea sequencing gel and visualized by 

autoradiography. A sequencing reaction using the Pstl genomic subclone as a 

template and the same primer, but without label, was used as size marker for the 

extended product. 

Southern blot analysis 

Genomic DNA was digested with enzymes that cut within the coding region 

(EcoRI, HindIII, PstI) as well as with some that do not cut in this region (PvuII, 

XbaI, XhoI). Twenty JLg of DNA were used for each digestion, followed by gel 

electrophoresis in 1 % agarose. DNA was denatured by soaking the gel for 45 

minutes in 1.5 M NaCl, 0.5 M NaOH, and neutralized with 0.2 N HCl for 10 

minutes, rinsed with tap water, followed by a 30 minutes incubation in 1 M Tris

HCI, pH 7.4, 1.5 M NaCI. The DNA transfer, cross-linking, hybridizations and 

washings were performed using the same procedures described for northern blot 

analysis. 
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RESULTS 

Adult and larval mosquito trypsin purification 

When 250 fed females were used as starting material for the adult trypsin 

purification, the total amount of purified protein recovered was 150-200 p.g, and the 

specific activity was 120-130 fold higher than that of the crude homogenate. A 

Coomassie Blue stained gel after SDS-PAGE of the crude homogenate (H), the 

flow through of the affinity column (FT) and the purified material (T) is shown in 

Figure 1. The main purification product is a 30 kilodalton (kDa) protein. In some 

gels this band appears as a doublet. Two other bands of higher molecular weight 

(33 and 34 kDa) can also be observed. The 25 kDa band represents a degradation 

product that increased in intensity with time when the purified sample was stored. 

The autoradiogram when these fractions were incubated with radioactive DFP 

before electrophoresis is shown in Figure 2. For the crude homogenate and flow 

through fractions the strongest signal is observed at 32 kDa. This could represent 

an esterase or other non-trypsin serine protease. The 34, 30 and 25 kDa proteins 

in the purified sample all bind DFP. 

The purified material from the larval preparation after SDS-PAGE is shown 

in Figure 3. The main protein has a molecular weight of 24 kDa; a less abundant 
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Figure 1. SDS gel of the fractions during benzamidine affinity purification of adult 
mosquito trypsins. H = crude homogenate, Ff = flow through and T = purified 
trypsins. 
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Figure 2. Autoradiogram of the SDS gel, from the fractions of the benzamidine 
affinity purification, after incubation with radiolabeled DFP. H = crude 
homogenate, FT = flow through and T = purified trypsins. 
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Figure 3. SDS gel of the purified material, from whole larvae homogenates, using 
benzamidine affinity chromatography. MW = molecular weight markers, P = 
purified material. 
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29 kDa protein is also present. The 24 kDa protein was transferred to PVDF paper 

and the results of the amino acid composition analysis are given in table 1. 

Isolation and identification of the late trypsin cDNA clone 

When the midgut cDNA library was constructed, a total of 50,000 clones 

were obtained. After amplification, the library had a titer of 1 x 105 pfu/JLI and more 

than 99% of the plaques had an insert. Six plates with approximately 10,000 

plaques/plate were screened using the anti-trypsin monoclonal antibody. One 

positive clone was found and re-screened until individual plaques were isolated. 

Plasmid DNA was obtained using in vivo excision and the size and sequence of the 

insert was determined. The clone had a 450 bp insert with a long open reading 

frame and a poly A tail at the 3' end. The deduced amino acid sequence was 

homologous to that of the C-terminus of trypsins from other species. The insert was 

isolated and used as template to synthesize a radioactive probe, which was used to 

re-screen the library to obtain a full length clone. 

In order to determine the size of the full length mRNA and whether the 

message was induced by feeding, total RNA from fed and non fed females was 

isolated and Poly A + (5JLg) and Poly A (20JLg) RNA from each sample were 

subjected to northern blot analysis using the same radioactive probe. A single band 



58 

Table 1. Amino acid composition of the 24 kDa larval trypsin 

amino acid # residues 

Asp 29 

Glu 35 

Ser 24 

Gly 42 

His 0 

Arg 13 

Thr 15 

Ala 24 

Pro 12 

Tyr 0 

Val 13 

Met 0 

IIe 7 

Leu 15 

Phe 7 

Lys 5 
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of approximately 900 bp was present only in the poly A + RNA isolated after feeding 

(Figure 4). Twenty positive clones were found during the primary screening of 

60,000 plaques using the radioactive probe. These clones were re-screened until 

homogeneous. Five clones with an insert of approximately 850 bp were found and 

one of them was selected for detailed restriction map analysis and sequencing. 

Nucleotide sequence of trypsin cDNA 

The cDNA clone had an insert of 862 bp with the longest open reading 

frame coding for a 257 amino acid protein. A partial restriction map, the sequencing 

strategy, nucleotide sequence and deduced amino acid sequence are shown in figure 

5. An AUG codon for methionine is present at position 3 with an open reading 

frame extending to position 773. The consensus poly-adenylation signal AA T AAA 

is present at position 820, followed after 14 bases by the poly A tail. The underlined 

region represents 35 amino acids of the sequence deduced from the cDNA that 

match exactly with the N-terminal sequence of the active trypsin protein purified by 

affinity chromatography. The amino acid composition of the unprocessed protein 

(starting with the initiating methionine) and the active enzyme are shown in Table 

2. The amino acid codons used are shown in Table 3. The codon preference for 

valine was the only marked difference in codon usage between Drosophila and the 



Kb 

4.40-

2.37-

1.35-

0.24- .. 

60 

A+ A-
F NF F NF 

Figure 4. Induction of the "late trypsin" mRNA synthesis by a blood meal. Poly A + 

(A +) RNA (5 Jlg) and poly A (A-) RNA (20 Jlg) from female Aedes aegypti fed a 
blood meal 18 h earlier (F) and non-fed females (NF) were used for northern blot 
analysis. The membrane was hybridized with a cDNA probe and submitted to 
autoradiography. 
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H E P 

M ATG TTC ACT TCA ACG GTG GTT TTC GCA TCT CTG ATG GCT TTG GCT TCG GCC TTC CCA TCG TTG GAC MC GGT CGG 77 
Met Phe Thr Ser Thr val Val phe Ala Ser Leu Met Ala Leu Ala Ser Ala phe Pro Ser Leu ASP As" Gly Arg 2S 

I I 
GTA GTA MC GGA CM ACG GCT ACC CTC GGT CAG TTC CCA TTC CM GTT CTC TTG AM GTT GAIl CTC TCT CAG GGA CGT 155 
val val As" ely GIn Thr Ala The Leu ely GIn Pha Pro Pha GIn Val Leu Leu Lys val Giu Leu Ser GIn ely Arg 51 

GCC TTG TGT GGC OOA AGC TTG CTG AGT GAC CM TOO GTC CTC ACG GCT GGA CAC TGC ACA GAT GGII GCC AM TCA TTC 233 
Ala Leu eya ely ely Sec Leu Leu Ser Asp GIn Trp Val Leu Thr Ala ely His eya Thr Asp ely Ala Lys Ser phe 77 

GM GTC IICT CTC OOG GCT GTT GAT TTC GAG GAC IICA ACT AAT GilT 0011. CGT GTT GTA CTG IICC GCII ACG CM TAC CIIC J 11 
Glu Val Thr Leu Gly Ala Val ASp pha Clu ASp Thr Thr Asn A9p cly Ar9 val val Leu Thr Ala Thr Glu Tyr Hi. 103 

CCC CAC GAG MG TAC MC CCA CTG TTC GCT ACG MT GAT CTC GCC GTT CTC AM CTA CCA M1T CCG GTA GAIl TTC AIIC JB9 
Arg Hia Glu Lye Tyr Asn Pro Leu Phe Ala Thr As" Asp Val Ala Val Val Lyo Leu Pro Thr Pro val Glu phe ADn 129 

GAC CGA CTC CAlI CCG GTII AM CTG CCC ACC 0011 AGT GAT ACC TTT ACC GAC CGC GAC GTA GTC CTC IICT CCC Too GCA 467 
Asp IIr9 Val Cln Pro val Lys Leu Pro Thr Gly Ser Asp Thr Phe Thr Asp Ar9 Glu Val Val Val ser Gly Trp Gly 155 

CTG CIIG MG AIIC OOA OOA MC CTA GCC CAC MG TTC CIIG TIIC CCT CCC CTC ACG CTC ATC AGT MC AIIC GAIl TCC TCG 545 
Leu Cln Lys A9n Gly Gly Asn Val Ala A9p Lys Leu Gin Tyr Ala Pro Leu Thr val Ile Ser A.n A9n clu cy. Ser 1B1 

MG CCC TAC ACC CCC TTC GTG ATC MC AIIG TCC ACT CTC TCC GCC AIIC CGT CAlI CAC AIIG CAlI TCC CCG TGC CAlI CCA 62 J 
Lyo Ala Tyr Ser Pro Leu Val lle Lyo Lys Sec Thr Leu cys Ala Lys cly Glu His Lys Glu Sec Pro cy. Gin Gly 207 

GAT TCC GGT OOC CCA TTG GTT TTG GAIl GCC GAC MC GTT CAG GTG OOA GTG CTC ACC TTC CGC CAT CCT GTC GGA TGC 701 
Asp Ser Gly Gly Pro Leu Val Leu Glu Gly Glu Asn Val Gin val Gly val Val Ser phe Gly His Ala Val Gly cy. 2JJ 

GAG CAG GGA TAC CCG GGA GCA TTC GCT CGG CTG ACG TCC TTC GTC GAT TroG ATC AIIG CAG AIIG ACT GGA CTG TGAGCAG 779 
Glu Gin Gly Tyr Pro Gly Ala Pha Ala Arg Leu Thr Ser Phe Val A.p Trp Ile LY. Gin Lys Thr Gly Leu 257 

OOTAIITGAAAAAGCGGTTTGAMCCATGTTTTTTTATGAMTi\MTATT1'TTATGCIIAAAAAAAA1IAAAA B 6 2 

Figure 5. Partial restriction map, sequencing strategy, and nucleotide and deduced 
amino acid sequence of the 862 bp A. aegypti trypsin eDNA. At the top of the 
figure is shown the restriction map in which H = HindIII; E = EcoRI; P = PstI; 
and S = Sma!. The lines below show the length of the sub clones sequenced: full 
lines are clones sequenced from left to right, and dotted lines are clones sequenced 
from right to left. On the sequence, the arrow indicates the predicted site of signal 
sequence cleavage (between Ala and Ser), and the site of cleavage of the putative 
activation peptide (he tween Arg and Val). The underlined protein sequence 
matches exactly that obtained from the N-terminal amino acid sequence of purified 
mosquito trypsin. The underlined nucleotide sequence shows the consensus 
polyadenylation signal. 



Table 2. Amino acid composition of the unprocessed and active late trypsin 
enzyme based on the deduced protein sequence. 

amino acid unprocessed active 
protein enzyme 

Asp 13 12 

Glu 13 13 

Ser 18 14 

Gly 26 25 

His 5 5 

Arg 7 6 

Thr 5 3 

Ala 19 15 

Pro 12 11 

Tyr 5 5 

Val 30 29 

Met 2 0 

lie 3 3 

Leu 25 22 

Phe 13 10 

Lys 14 14 

Asn 11 10 

GIn 12 12 

Cys 6 6 

62 
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Table 3. Codon usage of the late trypsin eDNA 

Codon No. (%) Codon No. (%) Codon No. (%) 

TTT-Phe 1 (0.4) CCG-Pro 5 (1.9) AGT-Ser 4 (1.6) 

TTC-Phe 12 (4.7) CAT-His 1 (0.4) AGC-Ser 3 (1.2) 

TTA-Leu o (0.0) CAC-His 4 (1.6) AGA-Arg 0(0.0) 

TTG-Leu 9 (3.5) CAA-Gln 5 (1.9) AGG-Arg 0(0.0) 

TCT-Ser 2 (0.8) CAG-Gln 7 (2.7) GTT-Val 8 (3.1) 

TCC-Ser 3 (1.2) CGT-Arg 2 (0.8) GTC-Val 9 (3.5) 

TCA-Ser 2 (0.8) CGC-Arg 2 (0.8) GTA-Val 7 (2.7) 

TCG-Ser 4 (1.6) CGA-Arg 1 (0.4) GTG-Val 6 (2.3) 

TAT-Tyr o (0.0) CGG-Arg 2 (0.8) GCT-Ala 9 (3.5) 

TAC-Tyr 5 (1.9) ATT-Ile o (0.0) GCC-Ala 6 (2.3) 

TGT-Cys 1 (0.4) ATC-Ile 3 (1.2) GCA-Ala 3 (1.2) 

TGC-Cys 5 (1.9) ATA-Ile o (0.0) GCG-Ala 1 (0.4) 

TGA-End 1 (0.4) ATG-Met 2 (0.8) GAT-Asp 7 (2.7) 

TGG-Trp 3 (1.2) ACT-Thr 6 (2.3) GAC-Asp 6 (2.3) 

CTT-Leu o (0.0) ACC-Thr 5 (1.9) GAA-Glu 8 (3.1) 

CTC-Leu 5 (1.9) ACA-Thr 2 (0.8) GAG-Glu 5 (1.9) 

CTA-Leu 1 (0.4) ACG-Thr 7 (2.7) GGT-Gly 4 (1.6) 

CTG-Leu 10 (3.9) AAT-Asn 2 (0.8) GGC-Gly 5 (1.9) 

CCT-Pro o (0.0) AAC-Asn 9 (3.5) GGA-Gly 16 (6.2) 

CCC-Pro 2 (0.8) AAA-Lys 4 (1.6) GGG-Gly 1 (0.4) 

CCA-Pro 5 (1.9) AAG-Lys 10 (3.9) 
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mosquito trypsin. The four possible codons (GTG, GTA, GTT and GTC) were used 

with a similar frequency in the mosquito (20%, 23%, 27% and 30% respectively), 

while in Drosophila the GTG codon is preferred and GT A is used less; the 

frequency of the nucleotide in the third position is: G = 48%, A = 6%, T = 17% 

and C = 27% (45). The GTA codon is rare in Drosophila (0.4% of all codons), 

but appeared seven times in the late trypsin cDNA (2.7% of all codons). Based on 

the deduced amino acid sequence the unprocessed protein has a molecular weight 

of 27,457 and a pI of 5.45. The active enzyme has a molecular weight of 24,841 and 

a pI of 5.44. 

The most likely secondary structure of the different regions of the protein 

based on the deduced amino acid sequence was calculated using the IBI PUSTELL 

Sequence Analysis Software (Kodak Company, New Haven) which uses the methods 

of Chou-Fasman (46) and Rohson-Garnier (47). As can be observed in Figure 

6, using the Chou-Fasman or both methods combined, the signal sequence of the 

precursor is predicted to have a a helical configuration, while the rest of the protein 

is devoid of a helices. 

Comparative sequence analysis 

Figure 7 shows the sequence alignment of the deduced amino acid sequence 

of the mosquito late trypsin with that of other serine proteases obtained from the 
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Figure 6. Secondary structure predicted based on the deduced amino acid sequence 
of the late trypsin cDNA. CF = Chou-Fasman method, RG = Robson-Garnier 
method and CfRg = both methods combined. 
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1· • * *1 T 
THOS VVNGCT A nGCfPFeVL lKVEl SCGRAl CGCSll SDC"'VL T AGHeT DGAKS FeVT l GAVe FEOl T NDGRVVL T A TEYHR HEKYNPl F AlNO 
TOQO IVGGSATTISSFP"OISLORS GSHSCGGSIYSANIIVTAAHCL OSVSASVLOVRAGS TY" SSGGVVAKV SSFKNHEGYNANTHVNO 
TCR F I VGGTOAVLGE FPYOL SFOE T FLGFSFHFCGAS I YNENYA I T AGHCVYGOOYENPSGLO I VAGE L TCRFOMSVNEGSEOT I TVSKII L HENFOYOLLONO 
T SO F I VGGYECPKHAAP"TVSL N VGYHFCGGSLI APGWVSAAHC YORR 10VRL GEH 0 I SANEGOETY 10SSHV I RHPNYSGYOLONO 
TRAT IVGGYTCPEHSVPYOVSL N SGYHFCGGSLlNOQWVSAAHC YKSRIOVRL GEH HINVLEGOEOFINAAKlIKHPNYSS"TLNNO 
TSOV I VGGYTCGANTVPYOVSL N SGYHFCGGSLI NSOWVSAAHC YKSG I OVRL GEO N I NVVEGNEOF I SASKS I VHPSYNSNTLNNO 
KERH I VGGTOAPRGKYPYOVSL RA PKHFCGGS I SKRYVLT AAHCL VGKSKHOVTVHAG SVLLNKEEAV YNAEEL I VNKNYNS I RL/ NO 
KeRH IVGGTNAPRGKYPYOVSL RA PKHFCGGS ISKRYVLTAAHCL VGKSEHOVTV G SVLlNKEEAV YNAKELlVNKNYNSIRLlNO 
KRAT IVNGEOAIPGSUPIIOVSLOOK TGFHFCGGSLISEOWVTAAHC GVKTSOVVVA GEF OOGSOEEN 10VLKIAOVFKNPKFNHFTVRNO 
KSOV IVNGEOAVPGSUPUOVSLOOS TGFHFCGGSLI SEOWVTAAHC GVTTSOVVVA GEF OOGLETEOTOVLK I GKVFKNPKFSI LTVRNO 
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CHYl II NGYEAYTGL FPYOAGLO I TLOOORRV"CGGSL IDNKUll TAAHCV HOAVSVVVYl GSAV OYEGEAVVNSER II SHSHFNPOTYlNO 
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TCRF GOSGGPLAlAASOTGSTYlAGIVSUG YGCARPGYPGVYTEVSYHVOUI KANAV 
TSOF GOSGGPVVVVCNGH lOGIVSUG YGCAEROHPGVYTRVCHYVSUIHET IASV 
TRAT GOSGGPVVVVCNGQ LOG I VSUG YGCAlPONPGVYTKVCNFVGUI 0011-'AN 
TSOV GOSGGPVVVVCSGK lOG I VSUG SGCAOKNKPGVYTKVCNYVSUI KOT I ASN 
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KRAT GOSGGPl Vl VCOKoGWTlAG I VSUG SGVCS TSTPAVYSRVTAlMPWOO IlEAN 
KSOV GOSGGPlVlVCOKNGAUTlAGIVSUGSS TCS ISTPAVYARVTAlMPWOETlAAN 
poR2 GOSGGPl VTHo GN Rl VGVTSFGSAAGCOSGAPAVFSRVTGYLOUI RoNTGI SY 
CSFC GOSGGPlNlNyoGl TYG I TSFGAAAGCE AGYPoAFTRVTYFLoUIOTOTG I TP 
CHYl GOSGGPFVFVl SDK NL 1I GVVSFVSGAGCE SGKPVGF SR VTSYMoUI OONTG I KF 
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Figure 7. Multiple sequence alignment of selected serine proteases. The sequences 
are taken from the NBRF-protein database (release 25.0), except for the Drosophila 
trypsin precursor (TDRO) which is from Davis et al.(48). Only the sequence of 
the active enzymes is shown. TMOS = mosquito (A.aegypti) trypsin; TDRO = 
putative D. melallogasler trypsin; TCRF = crayfish (Aslaclls astacus) trypsin; TSDF 
= spiny dogfish (Sqllalus acmllizias) trypsin; TRAT= rat trypsin; TBOV = bovine 
trypsin; KERH = european hornet (Vespa crabro) chymotrypsin; KORH = oriental 
hornet (Vespa orientalis) chymotrypsin; KRAT = rat chymotrypsin; KBOV = bovine 
chymotrypsin; PDR2 = putative serine protease fromD.melanogasler; CSFC = sand 
fiddler crab (Uca pugilalor) collagenase; CHYL = early cattle grub (Hypoderma 
lillealllm) collagenase. * Indicates identical residues in all sequences; T = trypsin
specific residues; + - indicates the adjacent positive and negative charges in the 
trypsin specificity pocket; the numbers (1 to 3) give the disulfide pairings of 
conserved cysteines; and the arrows indicate active site residues. 
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NBRF-protein database (release 25.0) using the FASTA program (49) and 

subjected to multiple sequence alignment using the programs of Feng and Doolittle 

(50). The residues participating in the catalytic triad (51) (His-45, Asp-IOO and 

Ser-203, assigning the numbers based of the total length of the alignment, 256 

residues) are conselVed in all sequences and are indicated with an arrow. The 

numbers I to 3 give the disulfide pairings of conselVed cysteines. The aspartic acid 

that stabilizes the catalytic triad (Asp-202) by forming a salt bridge with the amino 

terminal amino acid of the activated protease is also conselVed. In most cases the 

amino terminal amino acid is Ile, but in the mosquito trypsin and rat elastase it has 

been replaced by Val. Gly-229, Gly-237 and Asp-196 are important determinants of 

the trypsin specificity pocket. The Asp residue provides a negative charge at the 

bottom of the substrate binding pocket (51). Both glycines are conselVed in all 

trypsins. In the mosquito trypsin Asp-196 is not present. It should be noted that in 

all trypsins a positively charged residue followed by a negatively charged one is 

conselVed in that region (Lys-195 and Glu-196 in the mosquito). The presence of 

a proline at position 198 in the mosquito is unique for a trypsin. 

Late trypsin protein and mRNA levels following a blood meal 

To study the effect of feeding on the protein and mRNA levels, 160 females 

were fed an artificial blood meal and sacrificed in groups of 20 after 2, 4, 8, 12, 18, 
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24, 36 and 48 hours. A group of 20 non-fed insects was used for the zero time point. 

From each group, 15 mosquitoes were used to prepare RNA, which was analyzed 

by northern blot analysis (Figure 8). The remaining mosquitoes were used for 

protein SDS-PAGE (Figure 9) and western blot analysis (Figure 10) using the anti

trypsin monoclonal antibody (loading either 0.5 or 1.0 mosquito equivalent per lane 

in two different blots). 

The proteins present in a crude homogenate of 0.25 mosquito equivalent at 

different times after feeding are shown in Figure 9. The sample at time 0 represents 

a non-fed female. The main 66 kDa protein in all other samples represents the pig 

serum albumin present in the meal. The disappearance of this protein with time 

reflects the process of digestion. Forty eight hours after feeding the meal is almost 

fully digested. 

The trypsin mRNA levels at different times after feeding were determined 

by quantitating the amount of radioactivity bound to individual bands of the 

northern blot (Figure 8) using a Beta Scope (Betagene, Waltham, MA) (Figure 11). 

The mRNA was absent in non-fed females and could first be detected 4 hours after 

feeding. From this point the levels increased dramatically reaching a peak by 24 

hours. After 24 hours the mRNA levels decreased and no message could be 

detected at 48 hours. This increase in mRNA was followed by an increase in protein 
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Figure 8. Northern blot analysis of total RNA isolated from 15 females at different 
times after the blood meal. 
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Figure 9. SDS gel of whole mosquito homogenate at different times after ingestion 
of an artificial blood meal. (0.5 mosquito equivalents) 
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Figure 10. Western blot analysis of whole mosquito homogenates at different times 
after a blood meal using anti-trypsin monoclonal antibodies. (0.5 mosquito 
equivalents ). 
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levels. The late trypsin protein levels were determined by scanning the photographic 

negatives of the western blots (Figure 10) using a densitometer (Hoefer Scientific, 

San Francisco, CA) to determine the relative intensity of the bands. Two different 

amounts of protein were loaded (0.5 and 1.0 mosquito equivalents) in order to 

achieve high sensitivity in the samples with low amounts of protein and remain 

within the linear range of the densitometer for the samples with high trypsin levels 

(Figure 11). Trypsin protein could first be detected 8 hours after feeding and was 

maximal at 36 hours. At 48 hours the protein could still be detected, although the 

mRNA was absent. These data indicate that the transient expression of the late 

trypsin message after feeding is a determining factor in the regulation of trypsin 

levels during digestion. 

Isolation and mapping of a late trypsin genomic clone 

The whole genomic library (350,000 independent clones) was screened before 

amplification using a radioactive DNA probe complementary to the late trypsin 

cDNA. One positive clone was found and re-screened until homogeneous. The size 

of the insert, the structure and location of the coding region and a partial restriction 

map were determined by Southern blot analysis. Phage DNA was amplified, 

purified and digested with different restriction enzymes. The sample was first 



en 
......... 
• .-4 

c= 
::J 

>. 
'-rc 
'-......... ....... 
..a 
'-c-=: 

73 

100.------------------.. 

80 

60 

40 

20 , 
... JA 

" 

, , 
, 

, , , , 

I 
I 

I 
I 

.A 

I 
I 

I 

I 
I 

I 

0...---.--- ... ---

... .".."..-

o 4 8 12 16 20 24 28 
Time (hours) 

32 36 40 44 48 

Figure 11. Relative amounts of trypsin mRNA (circles and solid lines) and protein 
(triangles and dashed lines) at various times following ingestion of an artificial blood 
meal. mRNA levels were determined by northern analysis and protein levels by 

western blotting. 
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digested with SalI to release the insert from the phage arms, and then digested with 

those enzymes that have restriction sites within the coding region (HindI II, EcoRI, 

SmaI, Pst!) or with combinations of two of these enzymes (HindIII + SmaI, HindIII 

+ PstI, SmaI + EcoRI). The same blot was hybridized with two different probes 

obtained by digesting the trypsin cDNA clone with EcoRI (see Figure 5) and using 

either one of the two fragments as templates for the radioactive prohe. The blot 

was first hybridized with the probe upstream of the EcoRI site to map the 5' region 

(Figure 12), this probe was removed and the blot hybridized with the second probe 

to map the 3' region (Figure 13). Some of the genomic DNA digestions were partial 

and this resulted in extra bands, however, only the smaller fragments (whose size 

represents the distance between the restriction site within the coding region and the 

next site from it) were analyzed. The restriction fragments obtained with each 

enzyme have been diagramed in the lower part of Figures 12 and 13. The fragments 

obtained from the double digestions correspond to the distance of those sites in the 

eDNA clone, indicating that there are no introns present in the coding region 

between the HindIII and SmaI sites (nucleotides 170-718 of the eDNA). The 

mapping of the 5' region with HindIII, EcoRI and SmaI indicated that the genomic 

clone extends approximately 1.2 kb upstream of the coding region. The 1.6 kb Pst! 

fragment was selected to be subcloned and sequenced. It included 472 bp of the 



Sal I 

HindIII 

EcoRI 

PstI 

SmaI 

H + s 

H + P 

S + E 

Kb 

4.0 

3.0 

2.0 

1.6 

1.0 

0.5 

0.3 

(H) 

(E) 

(P) 

(S) 

1 , 

21 

3 I 

5 I' 

4 

61 

71 

81 

75 

12345678 

5 ' probe **** 
H E P 5 

I II I 
I cDNA 4.1 Kb 

1.3 2.8 
II 

1.5 
II 

1.6 
'L-

1.8 
I I 

1.3 0.5 
I b:d' 

1.3 0.3 
Ibdl 

1.5 
! ' 

Figure 12. Southern blot analysis of the late trypsin genomic clone to map the 5' 
end. The double lines indicate the fragments detected by the probe, fragment sizes 
are given in kb. 
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Figure 13. Southern blot analysis of the late trypsin genomic clone to map the 3' 
end. The double lines indicate the fragments detected by the probe, fragment sizes 
are given in kb. 
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cDNA coding region and 1.1 kb upstream from it. Based on the information 

obtained from both Southern blots a partial restriction map of the genomic clone 

was constructed (Figure 14a). During the subcloning of the genomic clone, a 

subclone with a 3.8 kb insert was also obtained. A restriction map of this clone, 

visualizing all the fragments directly by staining with ethidium bromide, matches the 

one obtained from Southern blot analysis (figure 14b). 

Nucleotide sequence of the late trypsin upstream regulatory region 

Figure 15 shows the partial restriction map, sequencing strategy and 

nucleotide sequence of the 1.6 kb Pst! fragment. The clone had a 1,594 bp insert, 

with 472 bp representing the 5' end of the cDNA clone and 1,122 bp upstream from 

it. There are three differences in the nucleotide sequence of the coding region when 

compared with the cDNA sequence. All of them represent changes in the third base 

of the amino acid codons and will not change the deduced amino acid sequence 

(Asp-86: GAC to GAT, Asp-90: GAT to GAC, Gly-91: GGA to GGC) and there 

are no introns present. The upstream regulatory region is rich in A and T bases (A: 

36.6%, T: 32.2%, G: 15.3%, C: 15.9%), while the coding region has a similar 

content of the four bases (A: 23.7%, T: 23.5%, G: 26.2%, C: 26.8%). Figure 16 

shows the percent of GC over a window of 50 bases of the sequence; values above 

50% were observed only in the cDNA coding region. 
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Figure ] 4. Partial restriction maps of the late trypsin genomic clone. A) Map 
obtained using Southern blot analysis. B) Restriction map of the 3.8 kb PstI 
subclone visualizing the fragments directly after staining with ethidium bromide ( X 
= XbaI, E = EcoRI, H = HindIII, P = Pstl and S = SmaI). 
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HindIII EeoRI 
XbaI I I leONA 

I I 
PstI PstI 
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< < < < 
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1 CTGCAGGTCA ACGGATCATA TAAAATACCA CAACGAACAC CTAATTTAGC TAAAGAATCA 
61 GCCTGCTCAT TACCATAAAT ATTTGAATGC GCAGGAACCC AAACAAATTT GATAATGTAA 

121 CCCTGGGTAT ATAAATGAAA TAACTCTTCT TTCAATTTCA AAATAATATG ATGAATTTTT 
181 GAATTAAAAT TGATTGATTT AATTGCATTC AAACAGCTTA AACTATCTGT ACATATGATA 
241 AAAACATTTT GAGATGATTT TTTAATCAAT GTACATGTGA AATACAATGC AGTTAACTCA 
301 GCAACAAAAA TTGAACAAGG TGATTGTAAT TTAAAAAAAT ATGCCGAATA ATGATTATAT 
361 ACACCAAAAC CAGCAATATT TTGAATTAAT GAACCATCGG AAAAATAAAT TTGATTAGTA 
421 TCAAGACCAA CAAATTTACG TTTGAAAAAT AATGGAGCAA AACGTGAATA TTCATTACCG 
481 GAAATTTGTT TTAATTCTTG CGTTATGAGT TGTAGAAAAT TTCAGCCTCA AATAAGCACT 
541 TTTGAGTTCT TGGGAATTTT TAGAAGTTTT AGTTTCCTCC CATACTGCCA TAAAATGCAC 
601 ACTTGGTATT CCATTTACTC AACGACTACT TTTGTGGAAT GTTACAAATA TGCAGTTATG 
661 GGCAGTGCTT GCGTTATAAA ATTGTCACAG GTAGCATTTG AAATGCTTTA ATGAAAAATA 
721 CATAAATATA GAAATATTTG TTTGCTCAAA AAATACTATG ATACTCGATA TCAACAAAGT 
781 CGTACCACAG TATGGGACAC TTCATATTCA AATACTTCAC TGATTTGAAC ACCATTTAAA 
841 AATAGAAAAT TTTGAAAATT ATTACTCTAG AAGCTAATCG ATATTAGATG TCAACTCACT 
901 TGAGATTTGT CCCCATAGAA CAGAGGATTA CTGACTGGTA GAGACTGTGT TTCCTATGGT 
961 AGGTTGTCGA TCATTATCTA TGTACGTTAT CATATGACTT AATTCAAGTG ATTCGTCTTT 

1021 CCGGGAAGAG CTTGGGATTA ACGGATTTAC ATTTACTCGA AACCATCTAC TATAAAAGCA 
1081 ACCAGTAGTT CATTCAGTTG ATACAGTACC AGTATTCGGC AAAATGTTCA CTTCAACGGT 
1141 GGTTTTCGCA TCTCTGATGG CTTTGGCTTC GGCCTTCCCA TCGTTGGACA ACGGTCGGGT 
1201 AGTAAACGGA CAAACGGCTA CCCTCGGTCA GTTCCCATTC CAAGTTCTCT TGAAAGTTGA 
1261 ACTCTCTCAG GGACGTGCCT TGTGTGGCGG AAGCTTGCTG AGTGACCAAT GGGTCCTCAC 
1321 GGCTGGACAC TGCACAGATG GAGCCAAATC ATTCGAAGTC ACTCTCGGGG CTGTTGATTT 
1381 CGAGGATACA ACTAATGACG GCCGTGTTGT ACTGACCGCA ACGGAATACC ACCGCCACGA 
1441 GAAGTACAAC CCACTGTTCG CTACGAATGA TGTGGCCGTT GTCAAACTAC CAACTCCGGT 
1501 AGAATTCAAC GACCGAGTCC AACCGGTAAA ACTGCCCACC GGAAGTGATA CCTTTACCGA 
1561 CCGCGAGGTA GTCGTCAGTG GCTGGGGACT GCAG 

Figure 15. Partial restriction map, sequencing strategy and nucleotide sequence of 
the 1.6 kb late trypsin PstI subclone. 
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Figure 16. Percent GC content over a window of 50 nuc1eotides of the 1.6 kb late 
trypsin genomic suhc1one. 
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Consensus sequences for the binding of regulatory proteins 

The sequence of the 1.6 kb PstJ subclone was analyzed for consensus 

sequences using the GCG sequence analysis software package (Genetics Computer 

Group Inc., Madison, Wisconsin. Version 7, April 1991). When one mismatch was 

a))owed, a total of 2,719 matching sequences were found. If only perfect matches 

were considered, the number was reduced to 72. After eliminating the sequences 

that were present more than once and those in the coding region, a total of 47 

sequences were analyzed closely. After analyzing the references for these sequences, 

six of them are the most likely to be of physiological significance, and are shown in 

Figure 17. 

Most eukaryotic promoters for genes transcribed by RNA polymerase II 

contain a TAT A element that has a critical role in transcription. The yeast his3 

gene has two TAT A elements. One is involved in constitutive transcription (Tc) and 

the other one in regulated transcription (Tr). The sequence TAT AAA is sufficient 

for Tr function, this element can function together with the GCN4 binding site in the 

natural his3 promoter to induce a three fold increase in mRNA levels during amino 

acid starvation (52). This consensus sequence was found 31 residues upstream of 

the cap site (see next section). 



82 

841 AATAGAAAAT TTTGAAAATT ATTACTCTAG AAGCTAATCG ATATTAGATG TCAACTCACT 
GCN4 HIS3 

901 TGAGATTTGT CCCCATAGAA CAGAGGATTA CTGACTGGTA GAGACTGTGT TTCCTATGGT 
GCN4 HIS4 

961 AGGTTGTCGA TCATTATCTA TGTACGTTAT CATATGACTT AATTCAAGTG ATTCGTCTTT 
GCN4 ILVI GCN4 I LV2 

1021 CCGGGAAGAG CTTGGGATTA ACGGATTTAC ATTTACTCGA AACCATCTAC TATAAAAGCA 
Cap site GCN4 HIS3 TATA box 

1081 ACCAGTAGTT CATTCAGTTG ATACAGTACC AGTATTCGGC AAAATGTTCA CTTCAACGGT 

Figure 17. Potential regulatory elements upstream of the late trypsin gene. The 
consensus sequences for GCN4 binding, the TAT A box and initiating methionine 
are shown in bold characters and underlined. The cap site is indicated by the arrow. 
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The GCN4 gene is required for general amino acid control derepression 

response in yeast. The optimal GCN4 binding site is 5'-RRTGAcrC-3' followed by 

a short stretch of thymidines. Several repeats present in the 5' untranslated region 

of HIS4, HIS3, IL VI and IL V2 genes, that differ slightly from the TGAcrC 

consensus, are also completely protected during in vitro DNAseI protection assays. 

The relative binding affinity of GCN4 to these repeats, relative to HIS4 GCN4 

(TGAcrC) = 1, was found to be: HIS3 GCN4 (TTAcrC) = 0.02, HIS4 GCN4 

(TGAcrG) = 0.3, ILVI GCN4 (TGACTT) = 0.04 and ILV2 GCN4 (TGATTC) 

= 0.5 (53). These four repeats were found upstream of the TATA box, within 

200 nucleotides of the cap site (the HIS3 GCN4 TT AcrC consensus is present 

twice). 

Mapping the 5' end of the mature trypsin mRNA 

Figure 18 shows a Pstl subclone DNA sequence and the primer extension 

product using an mRNA template. The same primer was used in both experiments. 

For the primer extension the primer was labeled with 32p at the 5' end. For the 

sequencing reaction unlabeled primer was used and the strand was labeled using Ct-

35S dATP. The arrow indicates the location of the cap site (see Figure 17). Based 

on this experiment, the ATG codon is located at position + 22 and the putative 

TATA box at -31. 
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Figure 18. Primer extension using whole mosquito mRNA isolated 24 hours after 
feeding. The sequence from the Pst! genomic subc10ne using the same primer is also 
shown. The location of the TAT A box and ATG codon for the initiating methionine 
are indicated. The arrow shows the location of the cap site. 
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Genomic Southern 

Genomic DNA was digested with three enzymes that have a restriction site 

within the coding region (HindIII, EcoRI, PstI) and three that do not (PvuII, 

XhoI, XhaI). The blot was hybridized with a radioactive probe using the complete 

cDNA insert as a template. Figure 19 shows the autoradiogram after a 48 hour 

exposure. The restriction fragments predicted on the basis of the restriction map of 

the isolated clone (see Figure 14) for a single copy gene with the same flanking 

regions in all individuals and those found when genomic DNA was digested are 

compared in Table 4. As it can be observed, the fragments obtained do not match 

the predicted ones. When more than one band was observed and they had a 

different relative intensity, the size of the strongest band was written in bold 

characters. 
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Figure 19. Genomic Southern blot of genomic DNA isolated from 100 mosquito 
larvae. The membrane was hybridized with a radioactive probe complementary to 
the late trypsin cDNA (20 f,1.g of DNNlane) after complete digestion with different 
restriction enzymes. 1 = HindIII, 2 = EcoRI, 3 = PstI, 4= PvuII, 5 = XhoI and 6 
= XbaI. 



Table 4. Restriction fragments expected based on the genomic clone map 
and fragments obtained from genomic DNA digests. 

Restricion Genomic Genomic 
enzyme clone DNA 

HindIII > 2.8 kb (3') 2.4 kb 

EcoRI > 1.5 kb (5') 1.4, 1.5 kb 
1.8 kb (3') 

Pst! 1.6 kb (5') 0.8,2.0 kb 
0.8 kb (3') 

Pvull one band 3.1, 1.5 kb 

XhoI one band 8.0,2.8 kb 

XbaI one band 0.8,3.9 kb 
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DISCUSSION 

Characterization of late trypsin 

It was possible to establish a one step purification procedure to isolate adult 

and larval trypsins. In the initial experiments, the adult females were fed porcine 

blood. The proteins in the homogenate from these females blocked the benzamidine 

column, giving it a "brownish" color (probably caused by free heme in the sample) 

and trypsins were not retained. This problem was solved by feeding the insects an 

artificial blood meal. The major band isolated from females 18 hours after feeding 

has a molecular weight of 30 kDa and corresponds to the late trypsin form 

described in the immunoprecipitation studies of Graf and Briegel (2). This 

estimated molecular weight is higher than the calculated value for the active enzyme 

based on the amino acid sequence from the cDNA of 24,841 daltons. The 33 and 

34 kDa bands probably represent the early trypsin forms, because they do not cross

react with the late trypsin monoclonal antibody. We know from the partial length 

clone that was isolated with the monoclonal antibody that it reacts with the carboxy

terminal half of the protein. If these bands were precursors of the late form, they 

should have a common carboxy-terminus that would be recognized by the 

monoclonal antibody. If they were inactive forms, they should not bind to the 

affinity column. It has been shown that synthesis of the early trypsin forms has 
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already ceased 8 hours after feeding. This enzyme must be very stable to be 

present at least 10 hours later in the presence of high levels of late trypsin activity. 

The main problem during larval trypsin purification was the high levels of 

phenoloxidase activity present at this stage. To prevent melanization of the sample, 

the pH of the homogenization buffer was lowered from 7.4 to 7.0 (at a lower pH 

the larval trypsin binding to the benzamidine column decreased significantly), 10 

mM glutathione was added and the sample kept at 4 °C throughout the procedure. 

Even after these modifications, a small degree of melanization was observed. The 

melanized material was prevented from blocking the affinity column by connecting 

a 0.5 ml DEAE pre-column, which did not retain trypsins, but removed melanized 

proteins, in series with the affinity column. The adult late trypsin monoclonal 

antibody does not recognize the larval form (54) and the amino acid composition 

of the larval trypsin is different from that of the adult (see Tables 1 and 2). The 

immunoprecipitation studies indicated the presence of methionine in the early forms 

(2), and our results indicate that the larval form does not contain methionine. The 

larval form is very unstable, and self-digestion takes place unless the sample is 

inactivated with DFP as it is being eluted from the desalting column. These data 

indicate that at least three different trypsin forms are present in the mosquito 

midgut, the larval, and the adult early and late forms. 
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Graf and Briegel (2) found that early trypsin synthesis has already started 3 

hours after feeding. We were first able to detect late trypsin in western blots 8 

hours after feeding. mRNA could first be detected 4 hours post-feeding using the 

late trypsin cDNA as template for the probe. In all samples a single 0.9 kb band 

was detected. These obseIVations indicate that the early and late forms are encoded 

by different mRNAs. This excludes the possibility that the two trypsin forms arise 

from a common mRNA precursor that is processed to two different mature forms 

(i.e., by alternative splicing). 

The conseIVation of His-80 and Ser-234 in the active site is in agreement 

with the obseIVation that late trypsin is inhibited by tosyl-Iysyl-chloromethyl-ketone 

(TLCK), phenyl methyl sulfonylfluoride (PMSF) (20) and DFP. The specificity 

pocket was found to lack the classic Asp-228 found in all other trypsins. Instead, 

a glutamic acid (Glu-227) is found in close proximity. It is interesting that in all 

trypsins the combination of a positively charged residue, followed by a negative one 

is present in the region predicted to form the specificity pocket. We also found a 

proline (Pro-229) two amino acids away from the glutamic acid. We do not know 

how these differences will affect the substrate specificity of this enzyme. 

The secondary structure based on the deduced amino acid sequence predicts 

that the active enzyme is virtually devoid of ex helical strands. This is also obseIVed 

in bovine trypsin and chymotrypsin (55).The position of the 6 cysteine residues 
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that are involved in the formation of the three disulfide bridges that have been 

found in all serine prot eases are conserved. These findings suggest a tertiary 

structure similar to that of other serine proteases whose structures have been solved 

by X-ray crystallography. Keil (55) has defined trypsins as follows: "a family of 

enzymes of molecular weights ranging from 20,000 to 25,000 which catalyze 

preferentially the hydrolysis of ester and peptide bonds involving the carboxyl group 

of basic amino acids, arginine and lysine, and in which a serine and histidine residue 

participate in the mechanism of catalysis". All the available information indicates 

that the late trypsin belongs to this family of proteases. 

Secretion and activation of late trypsin 

The amino terminus of the protein sequence deduced from the cDNA is rich 

in hydrophobic residues and probably represents the signal sequence for secretion. 

We know from the amino terminal sequence obtained directly from the protein that 

cleavage at the Arg-25 gives rise to the active enzyme. Based on the sequence it is 

not possible to determine with certainty the cleavage site of the signal peptide. The 

three amino acids Ala-17, Phe-18 and Pro-19 are also present in the rat trypsin 

precursor. In the rat, the signal sequence for secretion is cleaved between Ala-17 

and Phe-l8. Cleavage at this position also follows the rules for signal sequence 

cleavage described by von Heijne (56). Graf and Briegel (2) noticed that in their 



92 

studies of ill vivo protein synthesis, after injection of radiolabeled methionine, late 

trypsin synthesis seemed to decline after 12 hours post-feeding. In similar 

experiments in which the midgut was removed and incubated ill vitro with a mixture 

of radiolabeled amino acids, active late trypsin synthesis was observed at 16 and 20 

hours. Our deduced amino acid sequence of late trypsin indicates that there are only 

2 methionine residues in the protein, and both are present in the region predicted 

to be in the signal sequence for protein secretion. This implies that between 12-18 

hours post-feeding the rate of protein synthesis is faster than the rate of secretion 

and the precursor form accumulates. Only the precursor form is detected when the 

protein is labeled with methionine. After 18 hours the newly synthesized trypsin is 

secreted almost immediately, losing the radiolabeled methionine residues during 

processing and therefore the active trypsin cannot be detected by autoradiography. 

When the newly synthesized proteins are labeled with a mixture of different amino 

acids the active trypsin can be detected after removal of the signal sequence. 

The existence of a trypsinogen form for late trypsin has not been confirmed 

directly. The midgut trypsinogen from Stromoxys calcitralls (57) and the maxillary 

galeae prococoonase from the silkmoth AllIheraea polyphemus (58) are the only 

insect zymogens that have been isolated. Their activation was found to be 

autocatalytic. The presence of Arg-25 in late trypsin suggests that auto-activation 

could take place. The early trypsin forms could also be important in initiating late 
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trypsin activation. This immediately raises the question of what activates the early 

forms. We do not have any information about this process, but one could speculate 

that this could be one of the functions of the low levels of chymotrypsin activity that 

are always present in the adult. 

Mechanism of induction of trypsin activity 

When considering the mechanisms that results in increased trypsin activity 

after a blood meal, it is essential to consider that one is dealing with two different 

genes that are under different regulation. The experiments of Graf and Briegel (2) 

with isolated midguts, in the presence of a mixture of radiolabeled amino acids, 

indicate that a mechanical/osmotic ~timulation can trigger the synthesis of the early 

trypsin forms. It is not clear how the epithelial cells recognize these signals. A 

stretch receptor could be present or the midgut endocrine cells might secrete a 

peptide hormone that activates a second messenger system in the epithelial cells. 

The enzyme is synthesized very early after feeding. The lack of early trypsin 

translation when non-fed female mRNA was used as template could indicate that 

the message is synthesized de novo. If this were the case, then transcriptional 

activation is remarkably fast. It is possible that a precursor mRNA is already 

present, but it has to be processed to a mature form before it can be used as 

template for translation. 
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The changes in late trypsin mRNA after a blood meal indicate that induction 

of enzyme synthesis involves transcriptional activation of the gene. The nature of the 

activation signal is unknown. The finding of a cluster of sequences homologous to 

the GCN4 DNA binding sites present in genes that are activated during amino acid 

starvation in yeast suggests some interesting possibilities. One could speculate that 

the action of the early trypsin, in combination with other proteases, results in the 

release of free amino acids. This could lead to an increase in translation or 

activation of a pre-formed late trypsin enhancer that is analogous to GCN4 and thus 

binds similar DNA sequences. This would allow the mosquito to "assess" the quality 

of the meal before committing to the expression of high levels of late trypsin, which 

could result in self-digestion in the absence of a protein meal substrate. 

During the digestion process one tends to think of the protein meal only as 

the substrate for enzymatic activity. In the case of the mosquito, the midgut has a 

limited amino acid pool before blood feeding. Gooding (27) fed mosquitoes a 

mixture of radiolabeled amino acids with a blood meal. Trypsin was purified using 

gel filtration followed by ion exchange chromatography. In this last column a single 

peak with radioactive material was found, and it co-eluted with the fractions 

containing trypsin activity. This indicates that the amino acids released by the meal 

are being used to synthesize late trypsin. If this were the case, then the digestibility 

and amino acid composition of the proteins present in the blood meal will have a 
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direct effect on the translation rate of the enzyme. Briegel and Lea (1) found that 

the rate of protein digestion (expressed as loss of protein in p.g per midgutlhour) 

showed a good linear correlation with the amount of protein administered by 

enema. It is likely that an equilibrium state between the rate of digestion and trypsin 

translation is established for a given amount of protein in the meal. This would 

explain the lag observed between the increase in mRNA levels and late trypsin 

protein (Figure 11). It is clear that the increase in enzyme is slower between 8-18 

hours than between 18-36 hours. This is in agreement with the results of Gooding 

(27) who found a significant positive correlation between the meal size and trypsin 

activity only after 16 hours post-feeding. 

It is possible that only a small increase in free amino acids is required to 

activate transcription, but subsequently translation becomes the rate limiting step. 

It then becomes evident that it is not possible to study transcriptional activation by 

measuring trypsin activity or protein levels, because these also reflect the translation 

rate, which depends directly on the efficiency of digestion and amino acid 

composition of the meal. In the experiments by Fisk and Shambaugh (18), the 

injection of hemolymph of a fed female to a non-fed one could have activated 

transcription, but the limited pool of amino acids limited the translation of the 

message. The poor induction of trypsin activity in non-protein meals could have the 
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same explanation. The poor induction with gelatin and histone could be due to the 

fact that both proteins lack tryptophan or that they are poorly digested. 

A.aegypti does not depend on blood nucleic acids as a nutritional source for 

RNA and DNA synthesis. It is possible to rear a colony for 8 generations with an 

artificial meal free of nucleic acids without any adverse effects (33). By measuring 

trypsin mRNA levels directly, it is possible to study the signals responsible for 

transcriptional activation. 

Another important aspect of blood digestion is the repression of trypsin 

activity when digestion has been completed. Briegel and Lea (1) found that the 

maximal protease activity always coincides with the time at which 70-80 % of the 

initial amount of protein had been digested. This indicates that the insect is able to 

detect that only 20-30 % of the meal is left and is able to decrease the amount of 

trypsin being synthesized. As the rate of amino acid release decreases, translation 

could slow down. It is known that 30-40 hours after feeding, the mosquito defecates 

what is left of the undigested meal and active trypsin (59). When they were 

prevented from doing so by sealing the anus 12 hours after feeding, the protease 

activity reached a maximum at 24 hours and remained at the same high level until 

the animals died at 72-96 hours (59). 

It is likely that trypsin mRNA stability also changes during digestion. Gander 

et al. (60) isolated ribosomal material from midguts and included radiolabeled 
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RNA as a control to determine whether RNAse activity was present in the sample. 

Intact RNA was recovered from the midgut of sugar-fed females. When midguts 

were used 20 hours after blood feeding, the RNA was completely degraded. In fact, 

the high RNAse activity in the midgut tissue was the main technical problem when 

we began project. In order to isolate intact RNA to construct the cDNA library 18 

hours after feeding, it was necessary to freeze each midgut in liquid nitrogen 

immediately after dissection and follow the Chirgwin method for isolating RNA 

from RNAse rich tissues. Any deviation from this protocol (such as freezing the 

samples in dry ice instead of liquid nitrogen) resulted in RNA degradation. This 

"induction" of RNAse could be important in suppressing the expression of late 

trypsin when digestion has been completed. It is also possible that, as the 

translation rate diminishes, the mRNA becomes more susceptible to degradation. 

Copy number of the late trypsin gene 

The discrepancy between the fragments expected based on the restriction 

map of the genomic clone and the fragments when genomic DNA was digested (see 

Table 4) indicate that one is dealing either with a multiple copy gene or a single 

copy polymorphic gene. These two possibilities cannot be distinguished unless 

genomic DNA from individual animals is analyzed. If this gene were present in two 

copies with no polymorphism, one would predict that the two bands obtained with 
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PvuII, XhoI and XbaI digestion should have the same intensity and this is not 

observed. 
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SUMMARY AND FUTURE STUDIES 

The adult late trypsin cDNA has been characterized, and the ability to 

measure mRNA levels directly makes it possible to study the processes of 

transcriptional activation and translation efficiency independently. This is necessary 

to determine the nature of the signals that activate gene expression. The two 

inducible trypsins, the early and late forms, are encoded by different genes and 

seem to have different activation mechanisms. In order to understand the physiology 

of protein digestion at the molecular level and begin to understand the interactions 

between the two trypsins it is necessary also to clone and characterize the early 

form. 

It is now possihle to use an expression system such as yeast or E. coli to 

over-express the protein and obtain large amounts of the inactive precursor, and to 

study the activation process, kinetics and substrate specificity. The amino acid 

sequence deduced from the late trypsin cDNA suggests the presence of a zymogen 

that could he activated by tryptic cleavage. At this point, we have no direct 

information on how the putative protein precursor is processed. Enzyme kinetics 

and substrate specificity studies have not been carried out with the purified, 

undegraded enzyme. It will be interesting to determine the effect that the change 
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of Asp for Glu, and the presence of a Pro have on the three dimensional structure 

and substrate specificity. 

After 24 h the late trypsin mRNA levels decrease rapidly. It will be 

interesting to study the role of RNA stability in regulating trypsin levels. 

The sequence repeats in the upstream regulatory region suggest the 

existence of a regulatory protein analogous to the yeast GCN4 protein. In order to 

establish if this is actually the case, it will be necessary to perform gel retardation 

and DNA 'tel protection assays with DNA fragments containing the putative binding 

regions and nuclear protein extracts from the mosquito. In order to isolate this or 

other regulatory proteins, it will be necessary to establish an ill vitro transcription 

assay. It might be possible to use the basic transcriptional machinery from another 

eukaryote, such as yeast or Hela cells, that can be grown easily and for which there 

are well established protocols to obtain active extracts. Such a system will allow 

study of both cis elements and trails acting factors. It would be possible to study the 

effects of different deletions or mutations in the upstream regulatory regions on 

transcription after adding whole nuclear extracts from induced mosquito midguts. 

Once the important regulatory regions have been established, it would be possible 

to start fractionating the mosquito nuclear extracts to isolate specific regulatory 

proteins. It would be interesting to determine if the similarity of the putative 

GCN4-like regulatory sites in the mosquito gene is close enough for the upstream 
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regulatory region of the late trypsin to be activated by GCN4 during amino acid 

starvation in yeast. This could be done by making a construct with the late trypsin 

regulatory region and a reporter gene in a yeast vector, and looking at the 

expression of the reporter gene in yeast during amino acid starvation after 

transfection. 



102 

REFERENCES 

1. Briegel H. and Lea A.O. (1975) J. Insect Physiol. 21: 1597-1604. 

2. Graf R and Briegel H. (1989) Insect Biochem. 19: 129-137. 

3. Briegel H. (1986) J. Insect Plzysiol. 32: 455-462. 

4. Gillett, J.D. (1956) Ann. Trop. Med. Parasit. 50: 375-380. 

5. Lea, A.O. (1967) J. Insect Physiol. 13: 419-429. 

6. Lea, A.O. (1972) Gen. compo Endocr. 3: 602-608. 

7. Hagedorn H.H., Shapiro J.P. and Hanaoka K. (1979) Nature 282: 92-94. 

8. Shapiro J.P. and Hagedorn H.H. (1982) Gen. compo Endocr. 46: 176-183, 

9. Hagedorn H.H., O'Connor J.D., Sage B., Schlaeger D.A. and Bohm M.K. 
(1975) Proc. natl. A cad. Sci. U.S.A. 72: 3255-3259. 

10. Racioppi J.V., Gemmill RM., Kogan P.H., Calvo J.M. and Hagedorn H.H. 
(1986) Imect Biochem.16: 255-262. 

11. Hagedorn H.H. (1985) In: Comprehensive Insect Physiology, Biochemistry and 
Pharmacology (Edited by Kurkut G.A. and Gilbert L 1.) pp.205-262. 
Pergamon Press. New York. 

12. Raikhel A.S. (1984) J. Ultrastnlct. Res. 87: 285-302. 

13. Billingsley P.F. (1990) AIl11U. Rev. En tom 01. 35: 219-48. 

14. Hecker H., Freyvogel T.A., Briegel H. and Steiger R (1971).Acta Trop. 28: 
80-104. 

15. Fisk F.W. (1950) Ann. Ellf. Soc. Amer. 43: 555-572. 

16. Bertram D.S., Bird RG. (1961) Trans. R. Soc. Trop. Med. Hyg. 55: 404-423. 

17. Rudin V. and Hecker H. (1979) Cell Tissue Res. 200: 193-203. 

18. Fisk F.W. and Shambaugh G.F. (1952) Ohio J. Sci. 52: 80-88. 



103 

19. Gooding R H. (1966) Compo Biochem. Physiol. 17: 115-127. 

20. Gooding R H. (1969) Proc. ent. Soc. Ont. 100: 139-145. 

21. Yang Y.l. and Davies D.M. (1971) 1 Insect. Physiol. 17: 117-131. 

22. Graf R and Briegel H. (1982) Reveu suisse Zool. 89: 845-850. 

23. Geering, K and Freyvogel T.A (1975) 1 Insect. Physiol. 21: 1251-1256. 

24. Huang C. (1971) Insect Biochem. 1: 27-38. 

25. Graf R and Briegel H. (1985) Insect Bioclzem. 15: 611-618. 

26. Graf R, Raikhel AS., Brown M.R, Lea A.D. and Briegel H. (1986) Cell 
Tissue Res. 245: 19-27. 

27. Gooding RH. (1973) Can. Ent. 105: 599-603. 

28. Briegel H. and Lea A (1979) 1. Insect Physiol. 25: 227-230. 

29. Fuchs M.S., Fang W. (1976) 1 Insect Physiol. 22: 465-471. 

30. Felix C.R, Betschart P.F., Billingsley P.F. and Freyvagel T.A (1991) Insect 
Biochem. 21: 197-203. 

31. Laemmli U.K (1970) Nature 227: 680-685. 

32. Miller 1.W., Kramer Kl. and Law 1.H. (1974) Compo Biochem. Physiol. 48B: 
117-129. 

33. Kogan P.H. (1990) 1 Med. Emomology 27: 709-712. 

34. Graf R, Bohlen H. and Briegel H. (1991) Experiemia. 47: 603-609. 

35. Burnette W.N. (1981) Anal. Biochem. 112: 195-203. 

36. Chirgwin 1.M., Prybyla AE., MacDonald R.J. and Rutter W.l. (1979) 
Biochemistry 19: 5294-5299. 

37. Maniatis T., Fritsch E.F. and Sambrook 1. (1989) Molecular Cloning: A 
Laboratory Manual, Cold Spring Harbor Laboratory Press, Cold Spring 
Harbor, NY. 



104 

38. Birnboim H.C. (1983) Methods Ellzymol. 100: 243-255. 

39. Henikoff S. (1984) Gene 28: 351-359. 

40. Sanger F., Nicklen S. and Coulson A.R (1977) Pmc. Natl. Acad. Sci. U.S.A. 
74: 5463-5467. 

41. Tabor S. and Richardson c.c. (1987) Pmc. Natl. Acad. Sci. U.S.A. 84: 4767-
4771. 

42. Bradfield J.Y. and Wyatt G.R (1983) Chmmosoma 88: 190-193. 

43. Benson S.A. and Taylor RK. (1984) BioTeclmiques. May/June: 126-127. 

44. Chomczynski P. and Sacchi N. (1987) Analytical Biochemistry 162: 156-159. 

45. Ashburner M. (1989) Drosophila: A Laboratory Handbook, Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY. 

46. Chou P.Y. and Fasman G.D. (1974) Biochemistry. 13: 222-245. 

47. Garinier J., Osguthorpe D.J. and Robson B. (1978)1 Mol. Bioi. 120: 97-120. 

48. Davis c.c., Riddler D.C., Higgins M.J., Holden J.J.A. and White B.N. (1985) 
Nud. Acid Res. 13: 6605-6619. 

49. Pearson W.R and Lipman D. (1988) Pmc. Natl. Acad. Sci. U.S.A. 85: 2444-
2448. 

50. Feng D.F. and Doolittle RF. (1987) 1 Mol. Evol. 25: 351-360. 

51. Kraut J. (1977) Amzu. Rev. Bioclzem. 46: 331-358. 

52. Chen W. and Struhl K. (1988) Pmc. Natl. Acad. Sci. USA 85: 2691-2695. 

53. Arndt K. and Fink G.R (1986) Pmc. Natl. Acad. Sci. USA. 83: 8516-8520. 

54. Graf R., Binz H. and Briegel H. (1988) Insect Biochem. 18: 463-470. 

55. Keil B. (1971) In: The Enzymes (Edited by Boyer P.D.) pp. 249-275. 
Academic Press. New Yark. 

56. von Heijne G. (1984) J. Mol. BioI. 173: 243-251. 



105 

57. Moffatt M.R., Lehane M.J. (1990) Insect Biochem. 20: 719-723. 

58. Felsted R.L., Kramer K.J, Law J.H., Berger E. and Kafatos F.e. (1973) J. 
Bioi. Chem. 248: 3012-3020. 

59. Briegel H. (1975) J. Insect Physiol. 21: 1681-1684. 

60. Gander E.S., Schoenenberger M.e. and Feyvogel T.A. (1980) Insect 
Biochem. to: 441-447. 


