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ABSTRACT 

The chymotrypsin and trypsin-like activities from the Manduca sexta midgut 

were purified, partially characterized and the cDNAs encoding the enzymes were 

cloned. A putative elastase cDNA was also cloned and the sequence is reported. 

The purified trypsin and chymotrypsin are maximally active at alkaline pH (10.5-11.0 

and 10.5 respectively). Kinetic studies of the chymotrypsin reveal that the Km for the 

synthetic substrate N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide varies only slightly 

between pH 7.5-11.5 and the Dixon plot shows a kinetically significant pI(. at 9.2. 

The specificity of the purified chymotrypsin is the hydrolysis of the peptide bond on 

the carboxyl side of tyrosine, phenylalanine, tryptophan, histidine, leucine, threonine 

and glycine. The chymotrypsin is inhibited by TPCK, PMSF, chymostatin and DFP. 

Three different trypsin cDNAs, two chymotrypsin cDNAs and an elastase 

cDNA were isolated that encode preproenzymes of 256, 292 and 291 amino acids, 

respectively. All the encoded activation pep tides contain an arginine residue 

immediately preceding the amino-terminal residue of the mature enzymes which 

suggests tryptic activation of the zymogens. The encoded trypsins and chymotrypsin 

contain the highly conserved residues, Asp, His, Ser, involved in catalysis in serine 

proteases, along with the residues which define the specificity pockets. The encoded 



17 

elastase contains the residues which define the specificity pocket; however, the 

"catalytic triad" consists of Asp, His and Thr. AIl the cDNAs for the midgut enzymes 

encode a large number of arginines which may stabilize the enzymes, by remaining 

protonated, in the alkaline midgut of M. sexta. Sequence comparisons show that all 

sequences are most similar to other invertebrate and vertebrate serine proteases. 

Northern analysis localizes the trypsin mRNA to the middle and posterior third of the 

midgut, the chymotrypsin mRNA to the anterior and middle third of the midgut and 

the elastase mRNA to the middle third of the midgut. 
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INTRODUCTION 

Manduca sexta 

The larvae of the tobacco hornworm, Manduca sexta (Lepidoptera), feed 

mainly on tobacco. The insect has five larval ins tars, a pupal stage and an adult stage 

(moth). The larvae are voracious eaters and, in large numbers, can do considerable 

damage to tobacco crops. A great deal of effort has been expended studying the 

feeding habits, growth rates, crop destruction and insecticide susceptibility of this pest. 

One benefit of this research is that large numbers of insects have been found to be 

easily reared in the laboratory on an artificial diet. Subsequent research has found 

M. sexla to be a useful model for studying the physiology of the lepidopteran midgut, 

e.g. active potassium transport and transport of other ions across the midgut epithelia, 

alkalization of the midgut lumen and the site of action of the lepidopteran specific 

insecticide, Bacillus thurillgiellsis (reviewed by Dow, 1986). The insect has also proved 

useful for biochemical studies and as a biochemical model for mammalian systems 

(Law and WellS, 1989). In the current study, I have taken a biochemical and 

molecular approach to study the proteolytic enzymes in M. sexla midgut in order to 

understand better some of the proteins involved in lepidopteran digestion. 
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M. sexta midgut 

The larvae of M. sexta are rapidly growing insects which develop from an 

emergence weight of = 10 mg to a final larval instar weight of 10 g in about 2 weeks 

when reared in the laboratory (Dow, 1986). This growth rate is achieved by the 

caterpillars' ability to process a large quantity of food in a relatively short period of 

time (Reynolds et al., 1985). Because the adult moth of M. sexta consumes only 

nectar and fruit juice, feeding is the major activity of the larvae in order to store 

enough nutrients for metamorphosis into the adult stage and subsequent 

reproduction. This rapid throughput of food requires highly efficient digestive 

enzymes and an enormous absorptive capacity. The larval gut of M. sexta consists of 

a short foregut, a midgut which extends most of the length of the insect and accounts 

for a large percentage of the internal volume of the insect, and a short hindgut. For 

M. sexta and other Lepidoptera, the midgut has been shown to be the site for amino 

acid absorption (Shayalama and Bhat, 1966; Giordana et al., 1989) and the presumed 

site for digestive protease secretion (Santos et al., 1983). The M. sexla larva is 

essentially a "walking midgut", perfectly adapted for the digestion and absorption of 

food. 
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Midgut morpbology 

A morphological study by Cioffi (1979) on the structure of the larval midgut 

of M. sexta found that there are three structurally distinct regions which can be 

observed at both the microscopic and macroscopic levels. Macroscopic observation 

of a dissected midgut reveals there are three different regions of epithelial folding: 

the anterior end, a middle region and the posterior end. Each region is roughly one 

third of the midgut. The anterior and posterior ends of the midgut appear to be 

thicker because of more highly folded epithelial tissue. The middle of the midgut has 

less epithelial folding and appears to be a thinner tissue. Microscopic observation of 

the three regions of the midgut reveal several structural differences. In the anterior 

and middle regions of the midgut, the goblet cell apical membrane invaginates to 

form a large cavity at the basal end of the cell and mitochondria are observed to be 

closely associated with the apical membrane. In the posterior end of the midgut, the 

apical membrane forms a much smaller cavity at the apical end of the goblet cells 

and mitochondria are not closely associated with this membrane. A brush border of 

microvilli is observed on the apical membrane of the columnar cells of the posterior 

region of the midgut similar to those described for other insect intestinal cells. 

However, the apical membrane of the anterior and middle region of the midgut 

forms "a dense, interconnecting network from which vesicles break off' and no 
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microvilli are observed (Cioffi, 1979). The presence of vesicles budding from the 

apical membrane of the columnar cells in the anterior and middle third of the midgut 

suggests they secrete luminal proteins, possibly proteolytic enzymes necessary for 

digestion. 

Alkaline midgut 

The larvae of M. sexla have an extremely alkaline midgut. Measurement of 

the pH of the midgut lumen yields a pH of 10.0 in the anterior midgut which 

increases to a maximum observed pH of 11.3 in the middle of the midgut. The pH 

is less alkaline in the posterior end of the midgut, decreasing from the maximum of 

11.3 in the middle of the midgut to an almost neutral pH found in the hindgut (8.0) 

(Dow, 1984). The proposed advantage of an alkaline midgut include selecting gut 

flora, affecting the solubility and toxicity of ingested plant toxins and aiding in or 

regulating the enzymatic digestion of protein (reviewed by House, 1974). 

Numerous experiments with isolated and perfused midguts have been 

performed to determine the mechanism which produces the alkaline lumen of the 

midgut. (Chamberlain, 1989, 1990; Dow, 1984; Dow and Peacock, 1989; Dow and 

O'Donnell, 1990). Several characteristics of the midgut have been proposed to be 

involved in the maintenance of the alkaline pH found in the anterior and middle 
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midgut lumen. Cioffi and Harvey (1981) suggested that the mitochondria associated 

with the apical membrane of the goblet cells, may be involved in generating or 

maintaining the alkaline pH in the anterior and middle midgut lumen. Carbonic 

anhydrase activity, which would produce bicarbonate, hasbeen localized to the goblet 

cells of the anterior and middle sections of the midgut (Ridgway and Moffett, 1986). 

The bicarbonate may help buffer the midgut contents but would not produce the 

extremely alkaline pH observed in the midgut (Dow, 1984). Dow (1984) suggests 

that instead of bicarbonate being secreted into the midgut, there is a net carbonate 

secretion into the midgut which could generate the alkaline midgut. All sections of 

the midgut actively transport potassium from the hemolymph (blood) side to the 

lumen by a K+ -ATPase found in the apical membrane of the goblet cells (Harveyet 

a/., 1983). Research by two groups shows that the active transport of potassium in 

the midgut regulates the blood and lumen levels of K+ (Dow and Harvey, 1988) and 

is involved in the co-transport of amino acids (Giordana et aI., 1989). Dow (1984) 

argues that the electrical potential difference across the goblet cell apical membrane, 

produced by the active transport of K+, provides the energy for the pH difference. 

Subsequent studies on the M. sexta midgut by Dow and co-workers (Dow 1984; Dow 

and Peacock, 1989; Dow and O'Donnell, 1990) have demonstrated a direct link 

between the K+ transport and the alkalinization of the midgut lumen. Chamberlain 
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(1990), based on the evidence from ill vitro studies of the isolated midgut, suggests 

that the alkaline lumen is produced by the absorption of H+ or the secretion of OH-, 

but does not identify the ion responsible_ 

Cell structure differences, association of the mitochondria with the apical 

membrane of the goblet cell, active K+ transport, net transport of carbonate, the 

absorption of H+ or the secretion of OH-, either singly or in combination, may be 

involved in producing the observed alkaline midgut in M. sexta. 

Lepidopteran midgut proteases 

The lepidopteran digestive enzymes are of interest from a biochemical 

viewpoint because they are active in the alkaline midgut. The pH optima of the 

mammalian digestive enzymes, e.g. trypsin, chymotrypsin and elastase, are closer to 

a neutral pH (=:s 7.8) and the enzymes are inactivated by a conformational change 

or denatured at high pH (Fersht, 1985; Shotton and Watson, 1970). Table 1 shows 

a selected list of references which report on lepidopteran larval digestive enzymes. 

The midgut enzymes of all the species listed have been shown to have alkaline pH 

optima using a variety of different substrates. Most researchers have characterized 

the enzymes in a crude homogenate using synthetic substrates and or site specific 

inhibitors. Only Miller et al. (1974) and Eguchi and Kuriyama (1985) have purified 
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the midgut proteolytic enzymes and done biochemical characterization on the pure 

form. Miller et al. (1974) demonstrated that the purified midgut trypsin from M. 

sexta was active at an alkaline pH (8.0), but did not determine the pH optimum of 

the enzyme. No sequence data, or deduced amino acid sequences from cDNA, of 

the alkaline midgut proteases, which would allow a comparison with the mammalian 

enzymes and possible insight into the alkaline pH optima, are available. 
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source or enzyme activity pH 
Reference apecies tia.ue aaBayed opt. aubatrate 

(larval) 

Shineda 1929 B. mori midgut general proteaBe 9.8 caBein 
contentB gelatin 

rahaaya s. littoralie midgut general protease >10 hide powder 
~ 1971 tiasue " azure 

contenta 

Hiller H. sexta midgut tryptic NA BARE 
et al. 1974 contenta * 

Ward 1975 T. biBaelliella midgut general proteaae >10 caaein 
tissue " contents 

Ahmad s. litura midgut general " >9.0 casein, BAPA 
~ 1980 tiBsue " tryptic BTEE 

content a 

Pritchett :h.Jli midgut general proteaae 9.8 casein 
et al. 1981 content. 

Eguchi and B. mori midgut tryptic" 11.2 casein, 
Xuriyama epithelia * chymotryptic azocall 
1985 BAPNA 

Baba G. mellonella whole body general proteaae >10 azocall, 
~ 1987 casein 

hemoglobin 

Houaeman o. nUbilalia midgut 2 tryptic 10 I 9 BAPNA 
~ 1989 tia.ue 1 chymotryptic BTEE 

" contents 8.0 

Teo A. gemmatalis midgut general proteaBe >10 hide powder 
et al. 1990 contentll azure 

Wolf lion and T. ni midgut general proteaae >10 methemo-
Murdock 1990 p:-;;;'abra tisaue globin 

" contenta 

Chrillteller C. obliguana midgut general protease All >9 casein 
~ 1992 E. eootvitana tisllue 

P. octo " contents 
c. eomonella 
H. eunctigera 
H. Brmigera 
conferta 
c. erOBoma 
T. orichalcea 
s. litura 
P. oeerc.{lella 
w. cervinata 
P.intereunctella 

Purcell A. iesilon midgut general proteaBe >10 azocall 
et al. 1992 H. zea contentB azocallein 

'ii':""VI"reacena 

chriateller c. eomanella midgut elastaae-like or 10.5 AAPL 
et al. 1994 H • eunctigera till sue chymotryptic 

• purified 

Table 1. Selected list of references on lepidopteran proteases. 
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Zymogen activation 

The synthesis, secretion and activation of digestive enzymes in insects are not 

well understood. In mammals, the pancreas synthesizes the inactive, or zymogen, 

form of the digestive enzymes and secretes the proenzymes into the duodenum. 

Trypsinogen is activated by enterokinase in the duodenum and the trypsin, in turn, 

processes more trypsinogen, chymotrypsinogen, pro elastase, procarboxypeptidase and 

prophospholipase A to their active forms. Enterokinase specifically recognizes and 

cleaves the bond on the carboxyl side of lysine, which is preceded by 4 aspartic acid 

residues (DDDDK) in the activation peptide (Maroux el al., 1971). Stryer (1988) 

describes the activation of trypsin by enterokinase as "the master activation step" in 

producing active digestive enzymes. Research groups working on insect proteases 

have reported evidence for 1) a precursor or zymogen form of the enzyme, 2) 

possible tryptic activation of digestive enzymes and 3) auto activation of the enzymes. 

Moffatt and Lehane (1990) demonstrated that inactive precursors of a digestive 

protease (trypsin-like) were stored in secretory granules in the midgut of Stomoxys 

calcitrans (stable fly) and could be activated by mammalian trypsin. The authors 

suggested that the activation of the enzyme in vivo is autocatalytic. Two groups 

working on the mosquito, Aedes aegypti, (Barillas-Mury et al., 1991; Kalhok et al., 

1993) report cDNA sequences for midgut trypsins which show that they are produced 
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as zymogens. Barillas-Mury et al. (1991) suggested a tryptic cleavage of the zymogen 

because the cDNA encodes an activation peptide which ends in an arginine and 

precedes the observed amino-terminal sequence of the purified, active midgut trypsin 

from the female mosquito. Kalhok et al. (1993) speculated that the two trypsinogens 

encoded by the cDNAs from A. aegypti are "processed by auto activation", but have 

no direct evidence. Direct evidence for auto activation of insect proteases was 

reported by Felsted et al. (1973) and Muller et al. (1993). By kinetic analysis, Felsted 

et al. (1973) found activation of the prococoonase from the silkmoth, AllIheraea 

polyphemus, to be autocatalytic. Muller et al. (1993) observed that the cDNAs for 

two midgut trypsins in Anopheles gambiae encoded proenzymes. The trypsinogens 

encoded by the cDNAs were overexpressed in E. coli and found to auto activate 

when the protein was dialyzed from 8 M urea to PBS. To date, the insect 

trypsinogens sequenced have not shown the mammalian enterokinase specificity 

sequence, DDDDK, or evidence for the "master activation step" seen in mammals. 

Further work on insect proteases is necessary to elucidate the mechanism(s) of 

activation of all the digestive enzymes present in the midgut. 

Regulation of digestive enzymes 

In a paper on regulation of digestive enzymes in the larvae of Catopsilia 



28 

crocale (Lepidoptera), Christopher and Mathavan (1985) discussed three different 

mechanisms for the synthesis and secretion of digestive enzymes in insects: 

"a) neural - a direct stimulus from the nervous pathway, 

b) hormonal - some factor in the meal triggers the endocrine gland to release 

a hormone into the haemolymph, which in turn, stimulates the secretory cells 

of the gut to synthesize and release digestive enzymes, 

c) secretogogue mechanism - a chemical in the food stimulates the secretory 

cells of the midgut triggering them to secrete appropriate quantity of enzyme." 

Christopher and Mathavan (1985) found that the level of amylase and invertase in 

the midgut tissue of C. crocale was proportional to the amount of food ingested and 

suggested a secretogogue mechanism for this species of Lepidoptera. Several groups 

working on Lepidoptera have also shown that the level of digestive enzyme activity 

is directly proportional to the amount of protein or food ingested by the insect. 

Ishaaya et al. (1971) reported that larvae of Spodoptera lit/oralis fed an artificial diet 

high in protein (8%) had more proteolytic activity in midgut wall homogenates 

compared to larvae fed a diet of clover containing less protein (2.5%). Eguchi and 

Iwamoto (1976) observed that the amount of protease activity in the midgut tissue 

and lumen increased in proportion to the increase in feeding, for day-1 to day-5 fifth 

instar Bombyx morl larvae. A study by Broadway and Duffey (1986) found that the 
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tryptic activity in midgut contents was proportional to the amount of protein in an 

artificial diet. These experimental results suggested that in Lepidoptera, synthesis 

and secretion of digestive enzymes is by a secretogogue mechanism. Only one study 

by Muraleedharan and Prabhu (1981) suggests that there is a hormonal influence on 

feeding and digestion in Lepidoptera. The authors report that Hyb/aea puera 

caterpillars fed the juvenile hormone analog, methoprene, showed an increased food 

consumption and an increased midgut amylase activity compared to control insects. 

The study suggested that the juvenile hormone analog, methoprene, directly affects 

the feeding behavior of lepidopteran larvae. However, the resultant increase in 

amylase activity may not be due to a hormonal influence, but related to the increase 

in ingested food, suggesting a secretogogue mechanism. 

Enzyme recycling 

The peritrophic membrane is central to an enzyme recycling model proposed 

by Santos el at. (1984) for the larvae of Erinnyis ello. The peri trophic membrane 

consists of chitin, carbohydrate and protein which forms a matrix around the food in 

the midgut, separating it from the midgut epithelia. Studies in several different insect 

species suggest the membrane 1) protects the midgut epithelia from abrasion, 2) acts 

as a barrier to pathogenic bacteria, parasites and viruses and 3) acts as a selective 
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filter in the absorption of food (reviewed in Chapman 1985). The role of the 

peritrophic membrane in an enzyme recycling model was proposed after careful study 

of digestive enzyme distribution and the fluid fluxes in the larval midgut of the E. ella. 

The authors found that the peritrophic membrane 1) acts as a molecular sieve which 

is permeable to the digestive enzymes and partially digested food particles and 2) 

separates the gut contents from the midgut cells, forming two discreet regions which 

they call the endo- and ecto- peritrophic space (see Figure 1). Trypsin activity was 

detected in the endoperitrophic space, the ectoperitrophic space and the midgut 

tissue with most of the activity localized in the anterior portion of the midgut. No 

trypsin activity was detected in the feces. Study of the water flux in E. ella showed 

that the anterior and middle midgut absorb water and the hindgut secretes water. 

This creates a counter current fluid flux which is essential for enzyme recycling in 

larvae. The authors proposed that the enzymes are secreted from the midgut tissue, 

carried toward the anterior portion of the midgut in the ectoperitrophic space via 

counter current flow and freely cross the peri trophic membrane to the ingested food. 

Enzymes hydrolyze food particles and are carried with the food bolus toward the 

posterior end of the midgut where they are recovered from remaining undigested 

food with water secreted from the hindgut. When the enzymes cross the peritrophic 

membrane at the posterior end of the midgut, they are carried toward the anterior 
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portion of the midgut in the counter current water flux, hence the enzymes are 

recycled and not lost by excretion. 

The presence of enzyme recycling has not been obsexved in M. sexta and the 

model proposed for E. ello may not apply to this lepidopteran laxvae. A study by 

Wolfersberger et al. (1986) found that an isolated peritrophic membrane from M. 

sexta was permeable to proteins up to 100,000 daltons but not permeable to blue 

dextran (2000 kDa), suggesting that the membrane can act as a molecular sieve in the 

midgut. The "molecular weight cutoff' of 100,000 daltons would allow the digestive 

enzymes and partially digested food to enter the ecto-peritrophic space and be 

carried forward in a counter current water flow. A study on water balance in M. 

sexta by Reynolds et al. (1985), however, found that laxvae recycled water by 

reabsorbing it in the hindgut from the feces and that the water was subsequently 

absorbed by the midgut via the hemolymph. A counter current fluid flux in the 

ectoperitrophic space was not obsexved. 
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Perltrophlc Membrane 

Foregut I Midgut Hindgut 

Ectoperltrophlc Space Endoperltrophlc Space 

Manduco sexto Gut 

Figure 1. Diagram of the M. sexta gut. 
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Insect control 

Because of their impact on economically important plants, one possible target 

for insect control has been the digestive enzymes in Lepidoptera. Several studies 

have addressed the effect of plant derived protease inhibitors on larval growth. A 

study by Shukle and Murdock (1983) on M. sexta demonstrated that soybean trypsin 

inhibitor (SBTI) or soybean lectin added to an artificial diet at a final concentration 

of 5% led to a reduction in the final mean weight of the larvae. The growth of the 

M. sexta larvae was retarded at this high concentration of SBTI but the dose was not 

lethal. Broadway and Duffey (1988) also showed a reduction in the growth of 

another lepidopteran larvae, the beet army worm (Spodoptera exigua) with an 

addition of 0.18% SBTI to an artificial diet. 

Two groups have genetically engineered tobacco plants to over-express 

protease inhibitors in order to give plants resistance to attack by insect pests. Hilder 

et al. (1987) raised Heliotlzis virescells (tobacco budworm) on tobacco transformed 

with cowpea trypsin inhibitor (CPTI). The larvae did limited damage to the plants 

because they failed to develop or died. Johnson et al. (1989) did a similar study using 

M. sexta larvae and tobacco transformed with 1) tomato proteinase inhibitor I or II, 

and 2) potato proteinase inhibitor II. The inhibitors were selected for their ability 

to inhibit bovine trypsin (tomato and potato inhibitor II) and bovine chymotrypsin 
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(tomato inhibitor I). The plants expressing tomato or potato inhibitor II severely 

retarded the growth of the larvae; however, larvae raised on tobacco transformed 

with tomato inhibitor I showed little retardation (maximum of 15%) in development. 

The authors concluded that the mammalian trypsin inhibitors, but not the 

chymotrypsin inhibitors were responsible for the inhibition of growth. These studies 

targeting the insect digestive enzymes with plant derived protease inhibitors assumed 

the invertebrate proteases were inhibited with the same compounds as the 

mammalian enzymes. However, the targeted lepidopteran proteases were never 

purified, characterized or directly tested for inhibition with the vertebrate enzyme 

inhibitors. 
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The following study on the M. sexta digestive enzymes was carried out in order to 

understand better their stability and activity in the alkaline midgut. 

Specific aims of this study; 

1) Develop a protocol to purify the trypsin-like and chymotrypsin-like proteases from 

the midgut of the M. sexta. 

2) Determine the amino-terminal sequence of the purified digestive enzymes and 

determine their pH optima. 

3) Characterize the purified chymotrypsin-like protease to determine the molecular 

weight, the cleavage specificity, the mechanistic class using various inhibitors, and 

the effect of pH on kinetic parameters. 

4) Clone and sequence the cDNA for the midgut proteases in order to: 

a) compare directly the deduced amino acid sequence with other vertebrate 

and invertebrate digestive enzymes 

b) give insight into the high pH optima 
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c) determine if there is a common signal sequence for secretion for the midgut 

enzymes 

d) determine whether there is evidence for an enzyme precursor 

e) suggest a possible mechanism of activation for the enzymes. 

5) Use the cDNAs for the midgut proteases to study their expression in the 

midgut. 
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MATERIALS AND METHODS 

Materials 

Benzamidine HCl hydrate, piperidine and DFP (diisopropyl fluorophosphate) 

were purchased from Aldrich Chemical Company (Milwaukee, WI). TPCK (N-tosyl

I-phenylalanine chloromethyl ketone), PMSF (phenylmethylsulfonyl fluoride), SBTI 

(soybean trypsin inhibitor), insulin chain B (oxidized) and glucagon were obtained 

from Sigma (St. Louis, MO). E-64, chymostatin, aprotinin and al-antichymotrypsin 

were from Calbiochem (La Jolla, CA). All other chemicals were reagent grade. 

Insect rearing 

M. sexta were raised on an artificial diet as previously described by Prasad et 

al. (1986) and Fernando-Warnakulasuriya et al. (1988). Day two, fifth instar, larvae 

were used in all experiments. 

Amino acid analyses 

Amino acid analyses were performed at the University of Arizona Biotechnology 

Core Facility using a dedicated Applied Biosystems Model 420A Amino Acid 
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Analyzer with an automatic hydrolysis system (Vapor phase at 160°C for 75 min using 

6N Hel) and precolumn phenylthiocabamyl-amino acid analysis. 

Amino acid sequence analysis 

Amino-terminal protein sequencing was done at the University of Arizona 

Biotechnology Core Facility using an Applied Biosystems 477A Protein/Peptide 

Sequencer attached to a 120A HPLC (C-18 PTH) Analyzer. 

Synthesis of oligonucleotide primers 

Oligonucleotide primers used for PCR and sequencing were synthesized at 1) 

the University of Arizona Biotechnology Core Facility using an Applied Biosystems 

Model 394 DNA/RNA synthesizer and 2) Oligos etc., Inc. 

Sodium dodecyl sulfate - polyacrylamide gel electrophoresis 

Protein samples for sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) were prepared by boiling two minutes before adding 2 X SDS sample 

buffer (2% SDS, 5% J3-mercaptoethanol, 20% glycerol, 80 mM Tris-HCI pH 6.8, 

0.01 % bromophenol blue) and boiling for an additional 2 minutes. Polyacrylamide 

slab gels (13.3%), overlaid with a 4% stacking gel, were prepared according to 
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Laemmli (1970). Gels were electrophoresed at 30 rnA for one hour, then 40 rnA for 

three hours and the proteins were stained with Coomassie brilliant blue R-250 (50% 

methanol, 10% acetic acid and 0.1 % Coomassie blue). 

Chymotrypsin affinity column 

A Sepharose 4B D-tryptophan methyl ester affinity column was made by 

reacting 3 grams of CNBr-activated Sepharose 4B (Pharmacia, Uppsala, Sweden) 

with 25 mg D-tryptophan methyl ester (Sigma, St. Louis, MO) in 10 ml of 250 mM 

NaH2P04, 500 mM NaCI pH 8.3. The reaction was mixed by inversion for 20 hours 

at 4°C. The coupled gel was washed according to manufacturers instructions with 1) 

50 ml 1 M NaCI; 2) 50 ml 0.1 M Tris pH 8.0; 3) 50 ml 50 mM formic acid, 1 M NaCI 

pH 3; 4) 0.1 M Tris, 1 M NaCI pH 8.0 and equilibrated with 50 mM Tris, 20 mM 

CaCl2 pH 8.5. 

Chymotrypsin purification 

The midguts from twenty day-2 fifth instar larvae were dissected out and 

carefully washed with insect saline (110 mM KCI, 15 mM MgCI2, 4 mM CaC12, 4 mM 

NaCI, 5 mM KH2P04, pH 6.5) to remove any trace of hemolymph. The midgut 

contents were extruded into 20 ml of 50 mM Tris, 20 mM CaCI2, 10 mM 
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benzamidine, 0.1% NaNJ, 10% glycerol containing 10 mg soybean trypsin inhibitor, 

pH 8.5 and stirred at 4°C until all dissections were complete. The midgut contents 

were then homogenized five times using a Potter-Elevehjeim homogenizer, the 

homogenate was adjusted to 40 mM CaCl2 with 1 M CaCl2 and centrifuged at 9,000 

x g (Sorvall Superspeed RC-2B) in a fixed angle rotor (SS-34) for 30 minutes. The 

resulting midgut supernatant was either used immediately or stored frozen at -BO°C. 

All purifications steps were performed at 4°C. Fifteen ml of midgut 

supernatant were loaded onto a 2 ml benzamidine Sepharose 6B (Pharmacia LKB 

Biotechnology, Inc., Uppsala, Sweden) and 2 ml DEAE trisacryl (IBF Biotechnics, 

Villeneuve-la-Garenne, France) pre column equilibrated in 50 mM Tris, 20 mM CaCI2, 

pH B.5, connected in series to the 10 ml Sepharose 4B D-tryptophan methyl ester 

affinity column. The precolumn was removed before washing the affinity column with 

50 ml of equilibration buffer, then with 50 ml of 100 mM acetic acid, 20 mM CaCh 

pH 3.0. The protein on the affinity column was eluted with 50 ml 100 mM D

tryptophan methyl ester in 100 mM acetic acid, 20 mM CaCl2 pH 3.0. The fractions 

containing D-tryptophan methyl ester were combined and concentrated to 10 ml with 

a Diaflo Ultrafiltration membrane, YM - 10 (Amicon Corp., Danvers, MA), with a 

buffer exchange to 50 mM ammonium formate, 20 mM CaCI2, pH 4.0. The sample 

was then loaded onto a 3 ml CM trisacryl column (IBF Biotechnics) equilibrated with 
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50 mM ammonium formate, 20 mM CaCI2, pH 4.0 and eluted with a 0-150 mM NaC} 

gradient. Eighty five fractions were collected and assayed for protease activity. 

Chymotrypsin activity was detected using the synthetic substrate, N-succinyl-Ala-Ala

Pro-Phe p-nitroanilide (AAPF, Sigma), in a Micro Test II 96 well assay plate with 

200 #-,1 100 mM CAPS pH 10.5, 0.5 mM AAPF (added from 200 mM stock in 

dimethyl formamide) and 10 #-,1 of each fraction. The plates were incubated at room 

temperature 30 minutes and the absorbance was read at 405 nm in a TitertekR 

multiscan plate reader. Protein concentration in each fraction was measured with a 

bicinchoninic acid (BCA) protein assay kit (Pierce). Fractions containing proteolytic 

activity were combined and concentrated to =0.125 mg/ml and stored at O°C. 

Trypsin purification 

The midgut supernatant was prepared as in the chymotrypsin purification 

except that ten larvae were used and the midgut contents were extruded into 10 ml 

of 50 mM Tris, 20 mM CaCh, 10% glycerol, 10 mM TPCK, 5 mM benzamidine, 

0.01 % NaN3, pH 8.5. The midgut supernatant was loaded on a 10 ml DE-52 

precolumn attached in tandem to a 5 ml benzamidine Sepharose 6B column 

equilibrated with 50 mM Tris, 20 mM CaCl2 and 5 mM benzamidine, pH 8.5 (buffer 

A). The pre column was washed with 20 ml of buffer A, then disconnected from the 
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affinity column. The benzamidine affinity column was eluted with a linear gradient 

of 5 - 250 mM benzamidine HCI in buffer A and 100 fractions were collected. 

Fractions were subjected to SDS - PAGE. Protein which eluted from the affinity 

column was concentrated with a Diaflo ultrafiltration membrane, YM - 10 (Amicon 

Corp., Danvers, MA) and exchanged into 50 mM ammonium formate, 20 mM CaCl2, 

pH 4.0, for enzyme assays and into 0.1 % TF A for amino-terminal sequence analysis. 

Titration of free sulfbydryl in the purified midgut trypsin 

Three hundred p.g of purified midgut trypsin in 2.5 ml of 50 mM ammonium 

formate, 20 mM CaCI2, pH 4.0, was exchanged into 3.5 ml of 50 mM Tris, pH 8.0, 

using a PD-10 desalting column. Twenty five p.l of 10 mM 5-5'-dithio bis-(2-

nitrobenzoic acid) (DTNB) was added to =: 10.5 nanomoles of protein in a volume 

of 3 ml and equilibrated at 22°C. A standard curve of 0-50 nmoles/ml L-cysteine was 

run in conjunction with the sample using 8.3 p.l of DTNB for one ml of standard. 

The absorbance of the sample and the standards was read at 412 nm in a Beckman 

DU-40 spectrophotometer. The titration was repeated using the same conditions, but 

with 3.5 g urea (8 M) added to the sample before adding the DTNB. 
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Enzyme assays 

A three buffer system of constant ionic strength based on Ellis and Morrison 

(1982) was prepared to measure the pH rate profile of the purified midgut trypsin 

and chymotrypsin. A solution of 50 mM HEPES, 50 mM CHES and 100 mM 

piperidine was titrated to the desired pH with 12 M HCl and 10 M NaOH in the pH 

range of 6.4-12.0. Ionic strength for each pH buffer was adjusted to the same 

conductivity as 150 mM NaCl with solid NaCI. 

Trypsin activity was assayed using the synthetic substrate, Na-benzoyl-DL

arginine p-nitroanilide (BAPNA, Sigma, St. Louis, MO). The reaction was initiated 

by adding 5 III of 20 Ilglml purified trypsin to 500 III buffer containing 2 mM BAPNA 

(added as 5 III of 200 mM BAPNA in dimethyl sulfoxide). The reaction was followed 

for 2 minutes in a Beckman DU-40 spectrophotometer at 410 nm. Reaction rate is 

expressed as the change in absorbance at 410 nm per minute minus the control assay 

with no enzyme. All assays were done in triplicate. Trypsin activity could not be 

measured at pH> 11.0 because of excessive substrate breakdown in the control 

samples. 

Chymotrypsin activity was assayed using the synthetic substrate N-succinyl-Ala

Ala-Pro-Phe p-nitroanilide (AAPF, Sigma, St. Louis, MO). The reaction was initiated 

and followed as in the trypsin activity assay except 2 mM AAPF was used (added as 
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5 1'1 of 200 mM AAPF in dimethyl formamide). Enzyme activities could not be 

measured at pH > 11.5 because of excessive substrate breakdown in the control 

samples. 

Kinetic studies - chymotrypsin 

The Km and the pH dependence of V max and Km were determined for AAPF 

with the purified midgut chymotrypsin. The Km for AAPF was determined using an 

assay consisting of 5001'1 of buffer (0.1 M CAPS, 20 mM CaCl2 pH 10.5, adjusted to 

the same conductivity as 0.15 M NaCl), 5 Itl of the following concentrations of AAPF; 

500 mM, 250 mM, 100 mM, 50 mM, 25 mM, 12.5 mM and 6.25 mM and 51'1 of 20 

J.'g/ml purified enzyme. The pH dependence of V max and Km were determined with 

the three buffer system of constant ionic strength in the pH range of 7.04 - 11.52 

using five concentrations of AAPF (200 mM, 100 mM, 50 mM, 25 mM, 12.5 mM 

stock solutions) and 51'1 of 20 J.'g/ml purified enzyme. Assays were run in triplicate 

as previously described. Values for V max and Km were determined from a 

Lineweaver-Burk plot of the kinetic data. 

Inhibitor assays - chymotrypsin 

The purified midgut chymotrypsin was tested with several classes of inhibitors. 
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Two different types of assays were done, one with a thirty minute preincubation at 

pH 8.0 before assay and a second assay at pH 9.75 with the inhibitor present during 

the assay. The first assay consisted of 100 mM Tris, pH 8.0, 5 1-'1 of 20 I-'glml purified 

enzyme and 5 1-'1 of inhibitor in the appropriate solvent. The thirty minute 

incubations were done in plastic cuvettes at 22°C and the enzyme activity was assayed 

by adding 51-'1 of 50 mM AAPF and following the appearance of product at 410 nm. 

Controls included the solvents used to dissolve the inhibitors. The following inhibitors 

were tested at pH 8.0 (stock concentration: solvent): TPCK (10 mM: DMSO), PMSF 

(100 mM: isopropanol), iodoacetic acid (1 mM: water), 1,10-phenanthroline (100 

mM: DMSO), DFP (10 mM: isopropanol) and EDTA (250 mM: water). Inhibition 

is expressed as the percent decrease in reaction rate as compared to a control with 

no inhibitor added. The second type of assay consisted of 500 1-'1 of 0.1 M CHES, pH 

9.75, 5 1-'1 of 50 mM AAPF in dimethyl formamide, and 5 1-'1 of a 20 I-'glml solution 

of purified enzyme. The reaction was initiated by the addition of enzyme and the 

reaction was followed for 2 minutes to establish a baseline rate. The inhibitor (in 5 

1-'1) was added after the initial 2 minutes, the solution mixed rapidly and the reaction 

followed for an additional three minutes. Inhibition is expressed as the percent 

decrease in the rate. The following inhibitors were tested at pH 9.75 (stock 

concentration: solvent): a,-antichymotrypsin (0.167 mM: water), chymostatin (10 mM: 
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DMSO), E - 64 (2 mM: water), aprotinin (0.167 mM: water), TPCK (10 mM: 

DMSO), PMSF (1 mM: isopropanol) and DFP (10 mM, isopropanol). 

Reaction rate of chymotrypsin with DFP 

The recommended concentration of DFP (0.1 mM) used in the inhibitor assay 

had no effect on enzyme activity. The enzyme could, however, be inhibited in three 

minutes with higher concentrations of DFP. Therefore, the reaction rate of DFP with 

the purified midgut chymotrypsin was determined. The assay consisted of 480 JLl of 

50 mM CHES, 150 mM NaCI, pH 9.5, 5 JLl of 200 mM AAPF, 5 #-,1 of a 20 #-,g/ml 

solution of purified enzyme and 5 #-,1 of various stock solutions of DFP (2.5 M, 1 M, 

300 mM, 100 mM, 30 mM: isopropanol). The assay was initiated and followed as 

previously described with DFP added after 2 minutes and the assay followed for an 

additional 3 minutes. All assays were done in triplicate. 

A second experiment was done to compare the reaction rate of PMSF and 

DFP at pH = 8.0 with the purified midgut chymotrypsin. The assay consisted of 500 

#-,1 of 50 mM tricine, 20 mM CaCI2, 150 mM NaCl, pH 8.0, 5 #-,1 of 200 mM AAPF 

and 5 #-,1 of 20 #-,g/ml purified chymotrypsin. The appearance of product was followed 

at 410 nm for 2 minutes after the addition of the enzyme to establish a baseline rate 

before the addition of inhibitor. The following stock solutions of PMSF in 
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isopropanol (100 mM, 30 mM, 10 mM) and DFP in isopropanol (2.7 M, 1.1 M, 330 

mM) were added after two minutes and the assay was continued for an additional 3 

minutes. All assays were done in triplicate. 

Cleavage specificity of the midgut chymotrypsin 

Insulin chain B (oxidized) and glucagon were used as substrates to determine 

the specificity of the purified midgut chymotrypsin. Separate tubes of oxidized insulin 

chain B (100 J.l.g in 100 mM CAPS, 100 J.l.M TLCK, 20 mM CaCI2, pH 10.5, with the 

ionic strength adjusted to the same conductivity as 150 mM NaCl) and glucagon (100 

J.l.g in 100 mM CHES, pH 9.75) were digested with 5 J.l.g of purified protease for one 

hour at 37°C. The peptides were separated on a Beckman ultrasphere ODS 5 J.I. C-18 

reversed phase analytical column at a flow rate of 1 ml/min and detected at 210 nm 

with a Beckman System Gold™ detector module 166. A 63 minute linear gradient 

of 100% 0.1 % trifluoroacetic acid (TFA) to 30% 0.1 % TFN70% acetonitrile (ACN) 

was used to elute the insulin peptides. A two step linear gradient of 1)100% 0.1% 

TFA to 70% 0.1 % TF N30% ACN in 40 minutes then 2) 70% 0.1 % TF N30% ACN 

to 40% 0.1 % TF N60% ACN in 15 minutes was used to elute the glucagon peptides. 

Peptides were collected, evaporated to dryness, hydrolyzed and the amino acids 

analyzed. 
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Three synthetic substrates were tested to see whether they were hydrolyzed 

by the purified midgut chymotrypsin. The assay consisted of 500 ILl of 0.1 M CHES, 

pH 9.75, SILl 100 mM stock of synthetic substrate (N-succinyl-Ala-Ala-Pro-Leu p

nitroanalidelDMF, N-succinyl Ala-Ala-Ala p-nitroanalidelDMF or Na-benzoyl-DL

arginine p-nitroanilideIDMSO. 

Tryptic digest of the midgut chymotrypsin 

Five hundred fifty ILg of purified chymotrypsin in 50 mM ammonium formate, 

20 mM CaCI2, pH 4.0, were dialyzed overnight against 2 liters of 0.1 % TFA in HPLC 

grade water, frozen and lyophilized. The purified chymotrypsin was digested with 

trypsin following the procedure of Stone et al. (1989). The protein was 

carboxamidomethylated before digestion as follows: ::= 100 ILg of purified 

chymotrypsin were dissolved in 90 ILl of 8 M urea, 0.4 M NH4HC03, pH 8.0, then 10 

ILl of 45 mM DTT were added and the sample was heated at 100°C for 20 minutes. 

Mter the sample cooled to room temperature, 10 ILl of 100 mM iodoacetamide were 

added and the sample incubated for 15 minutes at 22°C, The volume was adjusted 

to 380 ILl with HPLC water, 2 ILg of sequencing grade trypsin (Boehringer Mannheim 

GmbH, Germany) were added and the sample incubated at 37°C for 24 hours. 
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Separation of tryptic fragments 

The tryptic peptides of M. sexta chymotrypsin were separated on a 25 cm Cs 

reversed phase Beckman ultrasphere 5 p. column using the Beckman system 

previously described. The peptides were eluted at a flow rate of 0.8 ml/min with a 

40 minute linear gradient of 100% 0.1% TFA to 40% 0.1% TFN60% 95% ACN. 

Peptides were detected at 210 nm and collected for amino acid analysis and 

sequencing. 

Glycosylation of midgut chymotrypsin 

Ten p.g of purified midgut chymotrypsin were run on a 15% SDS-PAGE with 

Rainbow molecular weight markers (Amersham, Arlington Heights, IL) used as a 

standard. The protein was transferred to nitrocellulose (Schleicher and Schuell, 

Keene, NH) using a Transphor model TE50 blotter (Hoefer Scientific Instruments 

San Franscisco, CA) at 0.5 rnA for 2 hours. The nitrocellulose blot was incubated in 

50 mg fluorescein labeled concavalin A (Calbiochem, La Jolla, CA) in 50 ml of 20 

mM HEPES, 150 mM NaCI, 1 mM CaCI2, 1 mM MnCl2 for one hour at room 

temperature, rinsed in buffer and observed under UV illumination (254 nm, Model 

UVG-ll, San Gabriel, CA). 
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Molecular weight determination of the midgut chymotrypsin 

A 120x 2.5 cm column was packed with Sephadex G-75 (Pharmacia) and used 

to estimate the molecular weight of the purified midgut chymotrypsin. The column 

was packed and equilibrated in PBS (100 mM phosphate, 150 mM NaCI, pH 7.0). 

The purified protease (1 mg) was exchanged into PBS using a PD-lO column, 

inhibited with 25 mM DFP (added as 1 M stock in isopropanol) and loaded on to the 

G-75 column. The column was eluted with PBS at a flow rate of 12 ml/hr. A 

mixture of bovine serum albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen 

(25 kDa), ribonuclease (13.7 kDa), dextran blue, and vitamin B12 were used to 

standardize the column, determine the void volume (V 0) and the total volume (VI) 

of the column. Using the elution volume (Ve), Kay was calculated for the standards 

and the purified protease from the equation: 

Kay = Ve - Vol VI - Vo 

The logarithm of the molecular weight of the standards was plotted against Kay and 

the molecular weight of the midgut chymotrypsin was determined from its Kay. 

Midgut cDNA libraries 

Two midgut cDNA libraries were made available in the laboratory. One 

library was constructed from one male day-2, fifth instar larva as described by Smith 
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et al. (1992). A second library, made at the same time following an identical protocol 

as the first, was constructed from 15 male day-2, fifth instar larvae. The library titers 

were 1.67 X 107 and 1.1 X 107 plaque forming units (pfu)/J.d, respectively. 

Design of peR primers 

Mixed oligonucleotide primed amplification of cDNA (MOPAC) was used to 

generate a probe to screen the cDNA library. The method, described by Lee et al. 

(1988), was modified as follows: two mixed oligonucleotide degenerate primers were 

designed to code for the highly conserved region surrounding the active site serine 

found in trypsins (see Figure 2A). The amino acid sequence, CQGDSGGPL, was 

reverse-translated into a DNA sequence with the highly degenerate third base of the 

codons for glycine and serine replaced with inosine. A second pair of mixed primers 

was designed to code for the highly conserved region around the active site serine 

(GDSGGPLV) found in chymotrypsins with the highly degenerate third base for 

glycine replaced with inosine (see Figure 2B). The highly degenerate third base for 

proline (trypsin primers) and leucine (chymotrypsin primers) were not replaced with 

inosine because the last five nucleotides must be a perfect match for PCR 

amplification. A HindIII site (AAGCIT) was added to the 5' end of the primers for 

possible sub cloning. The two mixtures of 128-fold degenerate trypsin primers and 16-



52 

fold degenerate chymotrypsin primers were synthesized, one using AGI and one using 

TCI for the serine codon. 

Two additional degenerate primers were synthesized based on the sequence 

of the tryptic fragments of the purified midgut chymotrypsin. An anti-sense primer 

to the internal amino acid sequences GHPAAFAR and a sense primer to the amino

terminal sequence GQFPYQ (residues 10-15) were synthesized as mixed primers i.e. 

without replacing the highly degenerate third base of the codon with inosine (see 

Figure 2C). An additional EcoRI (GAA TIC) site was added to both the anti-sense 

primer (8192-fold degenerate) and the sense primer (256-fold degenerate) to aid in 

subcIoning the peR product. 



A. Trvpsins 

mosquito 
fruit fly 
crayfish 
rat 
bovine 

********* 
EC SKAY SPLVIKKSTLCAK GEHKESPCQGDSGGPLVLE 
QCASSTYGYGSQIRNTMICAA ASGKDACQGDSGGPLVSG 
EC RDDYG ADEIFDSMICAGVPEGGKDSCQGDSGGPLAAS 
DC EAAY PGEITSSMICVGFLEGGKDSCQGDSGGPVVCN 
EC KGAY PGMITNNMMCVGYMEGGKDSCQGDSGGPVVCS 

Conserved sequence found CYS GLN GLY ASP SER GLY GLY PRO LEU 
in invertebrate trypsins 

Reverse translation 5' TGT CAA GGT GAT AGT GGT GGT CCT CTT 
DNA sequence C G C C TCC C C C T 

A A A A A 
G G G G G 

Replace highly 5' TGT CAA GGI GAT AGI GGI GGI CCT CT 
degenerate third C G C TC C T 
base of codon A 
with inosine G 

HIND III 
Sequence of 5'CAAGCTT TGT CAA GGI GAT AGI GGI GGI CCT CT 
degenerate 
trypsin primer 

B. Chymotrypsins 

european hornet 
oriental hornet 
rat 
bovine 

Conserved sequence 
in chymotrypsins 

C G C 1:£ C T 
A 
G 

******** 
TCKFKHWG LTDSQICTFTKLGEGACDGDSGGPLVAN 
TCKSKHWG LTDSQICTFTKRGEGACHGDSGGPLVAN 
DCKKS WGSKITDVMTCAGAS GVSSCMGDSGGPLVCQ 
DCRKY WGSRVTDVMICAGAS GVSSCMGDSGGPLVCQ 

GLY ASP SER GLY GLY PRO LEU VAL 

HIND III 
Sequence of 
degenerate 
chymotrypsin 
primer 

5'CAAGCTT GGI GAT TCI GGI GGI CCI CTT GT 3' 

* conserved residues 

C AG C 
A 
G 

C 
A 
G 
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3' 

3' 

3' 



C. Primers to internal midgut chymotrypsin sequence 

Amino acid sequence 
residues 10-15 

EcoRI 
Sequence of 5'GCGAATTC 
degenerate primer 

Amino acid 

Gly Gln Phe Pro Tyr Gln 

GGA CAA TTC CCA TAC CAA 3' 
C G T C T G 
G G 
T T 

sequence of Gly His Pro Ala Ala Phe Ala Arg 
tryptic 
fragment 

Sequence of 5 ' GGA CAC CCA GCA GCA TTC GCA CG 3' 
degenerate C T C C C T C A 
primer G G G G G 

T T T T T 

EcoRI 
Sequence of 3'CCA GTG GGA CGA CGA AAG CGA GC CTTAAGGC 
anti-sense C A C C C A C T 
degenerate G G G G G 
primer T T T T T 

5' 

Figure 2. Design of degenerate primers used for peR experiments 
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Template for PCR with the T7 primer 

Ideally 105-106 target template molecules are used for MOPAC. The template 

used for the PCR reaction was isolated from the directional midgut eDNA library 

phage stock (UnizapTM XR, Stratagene, La Jolla, CA) which has a T3 and T7 priming 

region flanking all sequences. The percentage of DNA coding for midgut serine 

proteases in the Unizap XR vector library was estimated to be == 0.1% (i.e. 0.1 % X 

library titer of 1.67 X 107 plaques/J,tl = 1.67 X 104 target molecules/J,tl). The DNA 

from 600 J,tl (1 X 107 target molecules) of eDNA library phage stock (in SM buffer 

with 0.3% chloroform, SM = 50 mM Tris, pH 7.5, 100 mM NaCl, 16 mM MgS04, 

0.01 % gelatin) was extracted with an equal volume of 1:1 chloroform:phenol, briefly 

vortexed, chilled on ice two minutes and centrifuged 2 minutes at 13,000 RPM in a 

Beckman Microfuge™11 (all centrifugations expressed as 13,000 RPM were done in 

this microfuge). The supernatant was placed in another microfuge tube, re-extracted, 

adjusted to 300 mM sodium acetate, then precipitated with 2 volumes of ice cold 

100% ethanol and centrifuged 30 minutes at 13,000 RPM. The DNA pellet was 

surface washed with 80% ethanol/water and dried 2 minutes in a Savant speed vac 

concentrator. The DNA was resuspended in 20 J,tl sterile water and stored at -20°C. 
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peR Reaction with the T7 primer 

Two different reactions were run, one using the pair of trypsin primers and 

one using the pair of chymotrypsin primers. Several template concentrations were 

used with each set of primers. The reaction mixtures consisted of 3.5 JLI of a dilution 

of isolated phage stock DNA, 200 JLM of dGTP, dCfP, dTTP, dATP, 1 JLM T7 

primer, 4 JLM of each degenerate primer and 10 JLI of 10 X PCR buffer (100 mM 

Tris-HCI pH 8.3, 500 mM KCI, 15 mM MgCh, 0.01 % gelatin, PCR Reagent Kit, 

Perkin Elmer Cetus) and 61 JLI of sterile water for a total volume of 100 JLI. The 

reaction mixture was heated to 99°C for 3 minutes to denature the template before 

adding 4 units (0.5 JLI of 8 units/JLl) of AmpliTaqR DNA polymerase (Perkin Elmer 

Cetus). One drop of mineral oil was added to prevent evaporation during the PCR. 

The PCR conditions are as described for Taq polymerase by Lee and Caskey (1990). 

Three cycles of low stringency amplification were performed (denature 30 seconds 

at 95°C, anneal at 37°C for 30 seconds, chain extension at 70°C for 1 minute) followed 

by 27 cycles of higher stringency amplification (denature for 30 seconds at 95°C, 

anneal at 48°C, chain extension at 70°C for 1 minute). The PCR product was 

extracted with an equal volume of chloroform, to remove the mineral oil, and 

concentrated to 40 JLI. Ten JLI of PCR product were separated by gel electrophoresis 

on a 1.5% agarose gel in TAE buffer (40 mM Tris-acetate, pH 8.0, 1mM EDTA), 
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stained with ethidium bromide (EtBr) and the product of =300 base pairs was 

excised. The DNA was recovered from the gel using Gene Clean (BIO 101, La Jolla, 

CA) and redissolved in 8 Itl of water. The PCR product was digested with Xho I 

(BRL) for 1 hour at 37°C to remove the portion of polylinker 3' of the DNA insert 

(see Figure 3). The digested PCR product was separated on a 1.5% agarose gel in 

T AE, stained with EtBr and the DNA (270 bp) was excised and recovered with Gene 

Clean. Approximately 25 ng of the Xho I digested PCR product was labeled with [ex 

- 32p] dATP (NEN, Boston, MA) using the Random Primer DNA labeling system 

(BRL, Gathersburg, MD), separated from free label with a PD-IO desalting column 

(Pharmacia, Uppsala, Sweden), equilibrated with water and used to screen the cDNA 

library. 



Isolate DNA from cDNA Phage Library 

D insert 

lliJ phage arms 

~~~E~cmOR~I~! __________ ~liill~l-.------~!X~h~O~I~~~~ 
~:::::::g:::::::::::::::::::::::::: conserved region :::::::::::::::::::~g=::::;:::::::::::::::: 

PCR amplification 

300 bp product 

t 
Xhol digestion .. ----------

270 bp + 30 bp 

Random primer labeling 

~lp labeled PCR product 

Screen cDNA library 
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Figure 3. The general procedure used to generate a probe to screen a cDNA library 
using a mixture of degenerate primers (#1), the T7 primer and the cDNA phage 
stock as template. 
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Isolation of midgut mRNA 

Midgut tissue was dissected from one day-2 fifth ins tar larvae. The midgut was 

cut longitudinally, the peritrophic membrane with the midgut contents was removed 

and the tissue washed with insect saline. The midgut tissue was added to 2 ml of lysis 

solution (4 M guanidine isothiocyanate, 25 mM sodium citrate, 0.5% sarcosyl and 0.1 

M 6-mercaptoethanol) and homogenized two times with a Brinkmann homogenizer 

at power level 6 for 20 seconds. One hundred 1-'1 of 2 M sodium acetate, 1 ml 

phenol, 0.2 ml chloroform:isoamyl alcohol (49: 1) were added to the homogenized 

tissue and mixed after addition (all solutions were sterile and RNase free). The 

solution was vortexed 10 seconds, chilled on ice 15 minutes and centrifuged at 10,000 

x g (Sorvall, SS-34 rotor) for 20 minutes at 4°C. The supernatant was transferred to 

a microfuge tube containing 1001-'1 of glassmilk (RNAMATRIXTM, RNaid™ kit, Bio 

101 La Jolla, CA), vortexed 30 seconds, then incubated at 22°C for 5 minutes. The 

mixture was centrifuged for 1 minute at 13,000 RPM and the glassmilk resuspended 

in 200 1-'1 of 0.1% diethyl pyrocarbonate in water (DEPC water). The RNA was 

eluted from the RNAMATRIX™ by incubating at 55°C for 5 minutes and separated 

from the glassmilk by centrifuging 30 sec at 13,000 RPM. 

A 50 mg oligo dT affinity column (Stratagene) was prepared by first washing 

the matrix with 3 ml of 0.1 M NaOH, 5 mM EDT A and then equilibrating the 
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column with 40 mM Tris, pH 7.4,1 M NaCI, 1 mM EDTA, 0.1% SDS. The volume 

of the total RNA sample eluted from the RNAMATRIX™ was adjusted to 5001'1 

with sterile water and heated at 65°C for 5 minutes. An equal volume (5001'1) of the 

equilibration buffer was added to the RNA sample and the sample was loaded onto 

the oligo dT column. The eluate was collected, heated at 65°C for 5 minutes and 

reapplied to the column to increase the yield of mRNA. The column was washed 

with 5 ml of 20 mM Tris, pH 7.4, 0.1 M NaCI, 1mM EDTA, 0.1% SDS and the 

mRNA was eluted with 1.5 ml of 10 mM Tris, pH 7.4, 1 mM EDTA, 0.05% SDS. 

The eluted mRNA sample was precipitated by adding 0.1 volume of 3 M sodium 

acetate, pH 6.0 and 2.5 volumes of cold ethanol and centrifuging at 13,000 RPM for 

15 minutes. The mRNA pellet was dried under vacuum, dissolved in 1001'1 of DEPC 

water and stored at -80°C. 

First strand eDNA synthesis with a degenerate primer 

First strand cDNA was synthesized using the degenerate anti-sense primer to 

the amino acid sequence GHPAAFAR found in the purified midgut chymotrypsin. 

The isolated mRNA (1 Itt of 22 ng/p.l) was combined with 1 1'1 of 20 I'M anti-sense 

primer, 161'1 sterile water, and 21'1 of 10 X PCR buffer (Perkin Elmer Cetus) then 

heated to 65°C for 5 minutes and cooled to 22°C. Synthesis of eDNA was initiated 
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by adding 0.5 JLI of 25 mM mixed dNTPs, 0.5 JLI of RNase Block I (40 VIJLI) and 0.5 

JLI of reverse transcriptase (20 VIJLI). The mixture was then incubated for one hour 

at 37°C. 

peR with first strand eDNA 

The PCR reaction was then initiated in the cDNA synthesis tube. To the 21.5 

JLI volume of synthesized cDNA the following were added; 3 JLI of 10 X PCR buffer; 

1 JLI of 20 JLM sense primer (to the amino acid sequence GQFPYQ); 21 JLI of sterile 

water and 2.5 JLI DMSO. The sample was heated to 99°C for 2 minutes before 

adding 1 JLI of AmpliTaqR DNA polymerase. Twenty seven PCR cycles were carried 

out (denature for 30 seconds at 95°C, anneal at 65°C for 30 seconds, chain extension 

at 70°C for 1 minute) and the PCR product was separated on a 1.5% TBE agarose 

gel. The =:: 650 base pair product was recovered from the gel, labeled with [a _ 32p] 

dATP and used to screen both midgut cDNA libraries. 

Plating the midgut eDNA library 

Twenty ml of LB media (10 g NaCI, 10 g Bactotryptone and 5 g yeast 

extractIL, pH 7.5) containing 5 mM MgS04 and 0.2% sterile filtered maltose were 

inoculated with a single colony of the host bacterial strain, XL1 Blue (Stratagene, La 



62 

Jolla, CA) and grown overnight at 37°C with constant shaking. The cells were 

centrifuged at 1000 x g for 10 minutes (Centra 4, International Centrifuge), the 

medium decanted, and the bacteria resuspended in 10 mM MgS04 to an 0.0'600 = 

0.5. Ten tubes containing 200 J.'l resuspended cells were combined with 

approximately 20,000 plaque forming units (pfu), i.e. 10 J.'l of a 1:9000 dilution of the 

phage stock (titer=1.67 x 107 pfu/J.'l) in SM buffer, and incubated at 37°C for 30 

minutes. Four ml of 50°C top agar (LB with 0.7% agarose) were added and rapidly 

mixed before pouring onto a 85 mm LB-tet plate (LB with 15 gil bactoagar and 12.5 

J.'g/ml tetracycline). The plated library was incubated 6-8 hours at 42°C then placed 

at 4°C until bacteriophage DNA could be transferred to nitrocellulose. 

Screening the cDNA library with the peR probe 

Nitrocellulose disks (Schleicher and Schuell, Keene, NH) were placed on the 

top agar for one minute, marked asymmetrically and removed. The DNA transferred 

to the nitrocellulose (NC) filters was denatured by soaking for one minute in 0.5 M 

NaOH, 1.5 M NaCI and then neutralized by washing in 1.5 M NaCl, 0.5 M Tris, pH 

8.0 three times for three minutes. The filters were air dried and UV crosslinked for 

30 seconds in a Stratalinker™ (Stratagene). The NC filters were prehybridized for 

2 hours at 65°C in 20 ml of 5 X SSC (1 X= 150 mM NaCl, 75 mM sodium citrate), 
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0.1 % SDS, 0.1% sodium pyrophosphate, 1 X Denhardts (0.2% Ficoll, 0.2% 

polyvinylpyrrolidone, 0.2% BSA) and 100 ~g!ml salmon sperm DNA then hybridized 

with 2 x 106 cpm of 32p labeled PCR probe for 18 hours at 65°C. The ten filters were 

washed two times in 2 X SSC, 0.1 % SDS for five minutes at room temperature, then 

washed two times in 0.2 X SSC, 0.1 % SDS for 30 minutes at 65°C and then dried. 

The filters were autoradiographed with an intensifying screen, overnight at -80°C. 

Ten primary positive clones were identified and the corresponding phage eluted 

overnight at 4°C into 500 ~l SM buffer containing 20 ~l chloroform. Two hundred 

~1 XL1 blue cells in 10 mM MgS04 were added to 5 ~l of a 1:200 dilution of the 

eluted phage and replated. Detection and elution of secondary positive phage clones 

was as in the primary screen. 

In vivo excision 

Plasmid clones were produced from eluted positive phage clones using the in 

vivo excision protocol (Stratagene). Two hundred ~l of XL1 blue cells, O.D.600= 1.0 

in 10 mM MgS04, were combined with 200 ~l of eluted phage and 1 ~l of R408 

helper phage (7.5 X 107 pfu/ml) and incubated at 37°C for fifteen minutes. Five ml 

of 2 X YT media (10 g NaCl, 10 g yeast extract, 16 g bactotryptone/l, pH 7.5) were 

added and the mixture incubated for three hours at 37°C with continuous shaking. 
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The mixture was heated at 70°C for 30 minutes to kill the bacteria, then centrifuged 

at 4,000 RPM (Centra 4) for 5 minutes. Ten J.t! of phagemid (supernatant) were 

added to 200 ""I XLI Blues, incubated at 37°C for fifteen minutes, 100 ""I was plated 

on LB-AMP (LB plates with 50 ""glml ampicillin) and grown overnight at 37°C. 

Purification of plasmid DNA 

Plasmid DNA was isolated by the method of Birnboim (1983). Two ml of LB

Amp (LB with 50 ""glml ampicillin) were inoculated with the clone and grown 

overnight at 37°C with continuous shaking. One and one half milliliters of the culture 

were transferred to an Eppendorf tube, centrifuged 30 seconds at 13,000 RPM and 

the bacteria resuspended in 100 ""I of 50 mM glucose, 10 mM EDTA, 25 mM Tris, 

pH 8.0 and chilled on ice five minutes. Two hundred ""I of alkaline SDS (0.2 M 

NaOH, 1 % SDS) were then added, gently mixed by inversion, and the solution placed 

on ice 5 minutes. One hundred fifty ",,1 of high salt solution (3 M potassium acetate, 

1.8 M formic acid) were added to the lysed bacteria, the solution chilled on ice 15 

minutes and centrifuged at 13,000 RPM for 5 minutes. The resulting supernatant 

(400 ""I) was transferred to a clean tube, extracted successively with 1) an equal 

volume of phenol and 2) an equal volume of chloroform and then ethanol 

precipitated. The DNA pellet was resuspended in 50 ",,1 of water containing 5 ""g 
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RNase A, incubated at room temperature for 20 minutes, extracted with phenol and 

chloroform, reprecipitated and dried. The DNA was resuspended in TE (10 mM 

Tris, pH 8.0, 1 mM EDTA) and stored at -20°C. 

Restriction digestion of isolated clones 

One p.g of plasmid DNA was digested with PVU II and a second aliquot of 

1 p.g was digested with EcoR I and Xho I in a volume of 15 p.l, with the appropriate 

buffer (BRL), for 1 hour at 37°C. The size of the eDNA insert was determined by 

separating the digested DNA in 1% agarose in TBE (0.1 M Tris-HCl, pH 8.3, 0.9 M 

boric acid, 2 mM EDTA). A one kilobase ladder (BRL) was run as the size 

standard. The gel was stained with EtBr and clones of 500-1000 base pairs were 

retained for sequencing. 

Double stranded sequencing 

The isolated cDNA clones shown in Table 2 were sequenced by denaturing 

five p.g of plasmid DNA dissolved in TE with 0.1 volume of 2 M NaOH, 2 mM 

EDTA and incubating at room temperature for 5 minutes. The solution was 

neutralized with 0.1 volume of 2 M sodium acetate, pH 4.6 and ethanol precipitated. 

DNA was labeled with 3SS dATP and sequenced using the dideoxy chain termination 



66 

method (Sanger et al., 1977) with a commercial DNA polymer~se, SequenaseR 

Version 2.0 (USB, Cleveland, OH) and separated on a 6% polyacrylamide gel 

containing 8 M urea. Gels were dried under vacuum for 30 minutes at 80aC and 

autoradiographed at room temperature. 

Type of clone size (base pairs) 

Trypsin clone #1 832 

Trypsin clone #2 836 

Trypsin clone #3 824 

Elastase clone 995 

Chymotrypsin clone 947 

Table 2. Clones isolated after screening the midgut cDNA library with the three 
PCR generated probes. 

Exonuclease III deletions 

A set of 5' deletions for the 995 base pair elastase clone and 5' and 3' 

deletions for the 832 base pair trypsin clone #1 were generated by Exonuclease III 

(Exo III) using the method of Henikoff (1984) and the Erase-a-Base kit (Promega, 

Madison, WI). Forty p.g of isolated elastase plasmid DNA and isolated trypsin 

plasmid DNA (clone #1) were each dissolved in 200 p.1 of 50 mM sodium acetate, 75 
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mM NaCl, pH 4.0. Nicked DNA was removed by extracting with an equal volume 

of acid phenol (500 g phenol/500 ml sodium acetate, pH 4.0) three times and 

centrifuging at 13,000 RPM for 5 minutes. The supernatant containing the unnicked 

DNA was transferred to a clean tube containing 0.05 volumes of 1 M Tris-HC1, pH 

8.6, extracted with 1 volume of chloroform:isoamyl alcohol (24:1) and ethanol 

precipitated. Deletions were produced by digesting the polylinker of the plasmid with 

2 restriction endonucleases, one which generated a 5' overhang susceptible to Exo III 

and one which generated a 3' overhang and protected it from Exo III. A 5' to 3' set 

of deletions was generated for the elastase clone using Not I and Sac I. A 3' to 5' 

set of deletions could not be made because there were no appropriate restriction 

sites. The 5' to 3' set of deletions for trypsin clone #1 was generated using BamH 

I and Sst I. The 3' to 5' trypsin deletions were generated using Xho I and Kpn I. 

Double-digested plasmid DNA was resuspended in 15 /-,1 of Exo III buffer (66 mM 

Tris-HC1, pH 8.0, 0.66 mM MgCI2) and 500 units of Exo III were added and the 

mixture incubated at 30°e. Aliquots of 2.5 /-,1 were removed every 30 seconds (=:: 105 

base pairs deleted), added to 7.5 /-,1 of Sl nuclease mix (40 mM potassium acetate, 

pH 4.6, 340 mM NaCl, 1.35 mM ZnS04' 6.8% glycerol, 2.5 units Sl nuclease) and 

incubated at 22°C for 30 minutes. The Sl nuclease was inactivated by adding 0.1 

volume of 0.3 M Tris, 0.05 M EDT A and heating at 70°C for 10 minutes. One /-,1 of 
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Klenow mix (20 mM Tris-HCl, pH 8.0, 100 mM MgCl2 , 0.16 units Klenow DNA 

polymerase) was added and incubated three minutes at 37°C before adding 1 1'1 of 

dNTP mix (0.125 mM (each) dATP, dCfP, dGTP, dTTP) and incubating for an 

additional 5 minutes. The blunt ended plasmid deletions were religated by adding 

401'1 of ligase mix (50 mM Tris-HCl, pH 7.6, 10 mM MgCh, 1 mM dithiothreitol, 0.2 

units T4 DNA ligase) and incubating at 16°C overnight. The religated plasmid DNA 

was used to transform XL1 Blues. Plasmid DNA isolated from the deletion clones 

was digested with Pvu II and separated on a 1 % agarose gel in TBE. The size of the 

insert was estimated and overlapping deletion clones were selected and sequenced. 

Competent cells 

Competent XL1 Blues for transformations were made according to Hanahan 

(1985). A colony of cells was grown overnight at 37°C in 5 ml of SOB media with 10 

mM MgS04 (SOB=20 g tryptone, 5 g yeast extract, 0.58 g NaCl, 0.18 g KCl/l). Two 

hundred fifty 1'1 of the culture were used to inoculate 25 ml of SOB and grown to an 

O.D.sso of between 0.45-0.55. The cells were placed on ice 15 minutes, and then 

centrifuged at 3,000 RPM in a Sorvall centrifuge (SS-34 rotor) at 4°C. The bacteria 

were resuspended in 8 ml of TFB (100 mM KCl, 45 mM MnCI2, 10 mM CaCI2, 3 mM 

hexammine cobalt III chloride, 10 mM 2-[N-morpholino] ethane sulfonic acid, pH 
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6.3) and chilled on ice 15 minutes. The cells were centrifuged as before and 

resuspended in 2 ml of TFB. Two aliquots of 70 JLl of dimethyl sulfoxide were added 

to the bacteria with gentle mixing and the mixture placed on ice 10 minutes after 

each addition. Competent cells were immediately used or adjusted to 15% glycerol 

and frozen at -70°C. 

Competent cells were transformed by adding plasmid DNA (either purified or 

from a ligation reaction) to 200 JLl of competent cells and, 1) placing them on ice for 

30 minutes, 2) incubating at 42°C for 2 minutes, 3) chilling again for 2 minutes and 

4) adding 200 JLl SOC (10 g bactotryptone, 5 g yeast extract, 5 g NaCl, 10 mM 

MgS04, 10 mM MgCI2, 20 mM glucose/l pH 7.0) and then incubating this mixture at 

37°C for 30 minutes. Transformed bacteria were plated on LB-AMP plates and 

grown overnight at 37°C, 

Completion of the elastase sequence 

The second strand elastase cDNA sequence was completed using two 

synthesized primers and by subcloning the plasmid DNA. The two primers were 

designed to anneal to the upper strand of the elastase clone at bases 730-715 

(5'GTGCACAGATGATGGT3') and bases 484-467 (5'ATATCATTGGCTACAA3'). 

The primers were diluted to 25 ng/JLl and used for sequencing with SequenaseR 
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Version 2.0 as previously described. A subclone of base pairs 0-610 was made by 

digesting the elastase plasmid clone with Xho I, separating the products on a 1% 

agarose gel in TBE to remove bases 611-995, recovering the plasmid DNA (=3.6kb) 

with Gene Clean and religating the plasmid. The religated plasmid was used to 

transform XLI Blues and the resulting subclone sequenced from the 3' end. A 

second subclone was made by digesting the elastase plasmid with Pst I, separating the 

products on a 1 % agarose TBE gel and recovering the =:: 345 base pair piece with 

Gene Clean. The 345 base pair piece was ligated to Pst I digested SK+ plasmid 

(Stratagene), used to transform XLI Blues, and the resulting subclone sequenced. 

Sequencing of trypsin clones #2 and #3 

One subclone and three synthesized primers were used to complete the 

sequences of the 836 base pair trypsin clone #2 and the 824 base pair trypsin clone 

#3. Each plasmid clone was digested with BamH I, separated on a 1 % agarose TBE 

gel, the = 300 bp product recovered, each ligated to BamH I digested SK+ plasmid 

and the resulting subclone sequenced. Three separate primers were synthesized and 

used for sequencing as previously described. The first primer annealed to the lower 

strand of trypsin clone #2 from bases 200-215 and bases 192-207 in clone #3 

(5'TCCTCACCGCTGGTCA 3'). The second primer annealed to the upper strand 
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of trypsin clone #2 from bases 616-601 and to bases 608-593 in clone #3 

(5'CGACGTCGAGCCAGCC 3'). The third primer annealed to the lower strand of 

trypsin clone #2 from bases 484-500 and to bases 476-491 in clone #3 (5' 

GGTGGTCCTCCATCGG 3'). 

Sequencing of the chymotrypsin clone 

Both strands of the chymotrypsin clone were sequenced using two subclones 

and synthesized sequencing primers. The two subclones were produced by digesting 

the clone with Xho I, separating the products on an agarose gel, then 1) religating 

the plasmid piece (includes bases 1-248) and 2) ligating the second piece (249-947) 

to Xho I digested SK+ plasmid. Four different primers were synthesized and used 

for sequencing as previously described. Two primers were designed to anneal to the 

lower strand of the chymotrypsin clone (bases 640-654, 5'GCT AACAACGTGTGC 

3' and bases 453-468, 5' CATTGCCATGATCAGA 3') and two primers were 

designed to anneal to the upper strand of the chymotrypsin clone (bases 442-428, 

5'CAAGATTGGGATTCC 3' and bases 737-722, 5'GAGTCGCCATGGCATG 3'). 

Screening of the second cDNA library for elastase clones 

Isolated elastase cDNA was labeled with [a - 32p] dATP and used to screen 
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the cDNA library constructed from fifteen individuals (titer = 1.1 x 107 pfu/JLl). 

Approximately 200,000 plaques were screened. Forty primary clones were picked, 

eluted and rescreened as previously described. Nine different secondary elastase 

clones were isolated and sequenced. 

Sequence comparisons and sequence alignments 

The GCG sequence analysis package (version 7, Genetics Computer Group, 

Inc., Madison, WI) was used for sequence comparisons and multiple sequence 

alignments. The NBRF-protein database (release 25.0) was searched with the 

deduced amino acid sequence of one of the trypsin clones (#2), the deduced amino 

acid sequence of the chymotrypsin clone and the deduced amino acid sequence of the 

elastase clone using the FASTA program (Pearson and Lipman, 1988). Three 

additional deduced amino acid sequences were obtained from GeneBank for 

comparison with the M. sexta sequences; trypsin-like enzyme from Cizoristoneura 

[umerana (L04749), trypsin from Simulium vittatum (L08428) and chymotrypsin from 

Penaeus vanameii (X66415). Multiple sequences were aligned using the PileUp 

program (Feng and Doolittle, 1987). 



73 

Northern analysis 

Midgut tissue was dissected from four, day-2 fifth ins tar larvae. Three 

midguts were divided into three portions (anterior to posterior) based on the amount 

of epithelial folding (Cioffi, 1979) and the like portions combined. Total RNA was 

isolated from the whole midgut and from the combined sections using the RNaid™ 

kit as previously described, except the supernatant was transferred to a microfuge 

tube containing 10 ~l of glassmilk. The isolated total RNA (33 ~g from the whole 

midgut, 33 ~g from the anterior one-third, 36 ~g from the middle one-third, 56 ~g 

from the posterior one-third) was separated on a 1.5% agarose denaturing 

formaldehyde gel [1.5 g agarose, 5.1 m137% formaldehyde, 10 mIlO X MOPS buffer 

[0.2 M [3-(N-morpholino) propanesulfonic acid), 50 mM sodium acetate, 10 mM 

EDT A, pH 7.0) diluted to 100 ml with DEPC water) and transferred to Nytran by the 

method of Fourney et al. (1988). The Nytran blot was prehybridized and hybridized, 

with 100,000 dpm/ml 32p labeled trypsin probe, washed and autoradiographed as 

described for NC filters in the cDNA library screening section. 

The same northern blot was probed with labeled elastase cDNA after the 

trypsin cDNA was removed. The labeled trypsin probe was stripped by incubating 

the blot twice in 250 ml of 1 mM Tris-HCI, 1 mM EDTA, 0.1 X Denhardts, pH 8.0, 

for 1 hour at 75°C as described (Maniatis et al., 1982). The northern blot was then 
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prehybridized, hybridized with 100,000 dpm/ml 32p labeled elastase cDNA, washed 

and autoradiographed as previously described. 

A second northern blot was prepared in order to probe the same total RNA 

samples for the chymotrypsin mRNA, the trypsin mRNA and the elastase mRNA. 

The midguts of eight, day-2, fifth instar larvae were dissected into three sections as 

described and the like sections combined. Total RNA was isolated from the 

combined sections and four whole midguts using the RNaid™ kit. Three identical 

sample sets of 50 p.g of total RNA from each section and the whole midgut were run 

on a denaturing formaldehyde gel and transferred to Nytran. The blot was divided 

into three sections, prehybridized for 2 hours at 65°C and then hybridized with 

100,000 dpm/ml 32p labeled trypsin cDNA, chymotrypsin cDNA or elastase cDNA. 

The blot was washed and auto radiographed as previously described. 

Yeast protein expression system 

The yeast expression system, consisting of a 5.3 Kb shuttle vector pST, a 12 

Kb 2 p. yeast plasmid pYT and the yeast strain DLM lOla, were a gift from Dr. 

Lizbeth Hedstrom (University of California, Department of Biochemistry and 

Biophysics, San Francisco, CA). For protein expression in yeast, the coding sequence 

is first cloned into the pST vector between the Hind III and Sal I restriction sites, 
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then removed by cutting with BamH I and Sal I. This adds the yeast Ol mating factor 

signal sequence (so that the protein will be secreted) and the alcohol dehydrogenase 

promoter to the 5' end of the DNA coding for the protein. The new construct can 

then be cloned into the p YT yeast plasmid, between the BamH I and Sal I sites, and 

used to transform yeast (see Figure 4). 
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pST (5.3 kb) 
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pYT (12 kb) 
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Figure 4. The two plasmids used with the yeast expression system. pST is the shuttle 
vector and p YT is the 2,.,. yeast plasmid. 
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Yeast construct 

The M. sexta elastase cDNA contains two restriction sites, BamH I (at 216 bp) 

and Hind III (at 171 bp), used for cloning into the expression vectors. The mature 

form of the elastase is encoded between bases 207-911 in the cDNA sequence. 

Therefore, to bypass the inherent restriction sites, the mature protein with an added 

amino acid precursor was expressed in yeast. The construct encoding the mature 

enzyme with a ten amino acid precursor was made by 1) adding a Sal I restriction site 

to the 3' end, 2) mutating the BamH I site at position 216 in the cDNA to a BgI II 

site and 3) synthesizing two 44 base oIigomers which, when annealed, have a Hind 

III compatible overhang and a BgI II compatible overhang and encode the activation 

peptide from the midgut trypsin in A. aegypti (~ Figure 5). 

PCR was used with the primer 5'GGGAGATCfACfACCACC 3' to add the 

BgI II site which was designed to anneal to the lower strand of the cDNA from 

residues 215-230 and the primer, 5'GGCATGTCGA CAAA TAT AA T AAAATT A TT 

AAA 3', which was designed to anneal to the upper strand of cDNA from residues 

910-941 and add the 3' Sal I site. A PCR reaction containing 0.2 p.M of each primer, 

200 ng elastase plasmid, 1 X PCR buffer, 200 p.M of (each) dGTP, dCTP, dTTP, 

dATP in a volume of 100 p.l was denatured 2 minutes at 99°C before adding 4 units 

of AmpliTaqR DNA polymerase. Two cycles of low stringency amplification (94°C 
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for 45 seconds, 40°C for 45 seconds, 72°C for 90 seconds) were performed followed 

by 24 cycles of higher stringency amplification (94°C for 45 seconds, 50°C for 45 

seconds, 72°C for 90 seconds). The PCR product was separated on a 1% agarose gel 

in T AE, recovered, ligated to Sma I cut SK+ plasmid and used to transform XL1 

Blues. The construct containing base pairs 215-941 was excised from the SK+ 

plasmid by digesting with BgI II and Sal I and recovered. 

The two 44-mers encoding the 10 amino acid presequence and bases 207-215, 

(5'AGCTTCTGCITITCCATCITTGGATAATGGTAGAGTTGTTGGTG 3' and 

5'GATCCACCAACAACfCfACCATTATCCAAAGATGGAAAAGCAGA 3') were 

annealed by combining 100 pmoles of each primer in TE, heating at 99°C for two 

minutes and incubating at 22°C for thirty minutes. The annealed primers were 

separated on a 2% T AE gel and recovered. 

The three pieces of the final construct, the annealed primers, fragment 215-

941 BgllI/Sal I cut construct and Hind III/Sal I cut pST vector, were ligated and used 

to transform XL1 Blues. The plasmid clone containing the correctly ligated pieces 

was selected. The construct was excised with BamH I and Sal I, ligated to the yeast 

2 J1. plasmid p YT and then used to transform yeast. 
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••• GGG GTA CCT TTG GAT AM AGA GM GCT T ••• 
••• CCC CAT GGA I\I\C CTA TTT TCT CTT CGA A ••• 

Gly Val Pro Leu ASp Lys Arg Glu Ala 

Overlapping 
44 base pair 
primers 

5' end of 
elastase 
cOttA clone 

3' end of 
elastase 
cOttA clone 

Hind III BamliI 

5' A GCT TCT GCT TTT CCA TCT TTG GAT MT GGT AGA GTT GTT GGT G 3 ' 
3 ' I\GA CGA MI\ GGT I\GI\ MC CTA TTI\ CCI\ TCT CM CM CCI\ CCT I\G 5' 

Ser Ala Phe Pro Ser Leu I\sp I\sn Gly Arg Val Val Gly Gly Ser 

70 80 90 100 llO 
• • • • • • • • • 

GGGA GA TCT ACT ACC ACC ATT CTC TCT GTA CCC TAT CAG GCA GGA CTG 
CCCT CT AGA TGA TGG TGG TI\I\ GAG I\GA CAT GGG ATA GTC CGT CCT GAC 

Thr Thr Thr Ile Leu Ser Val Pro Tyr GIn Ala Gly Leu 
8g1 II 

750 760 770 780 790 
• • • • • • • • * * 

••• TCC TGG ATA CGC TCC ATT TI\I\TI\I\TT TTATTATATT TGTCGACATG CC 
••• AGG I\CC TAT GCG AGG TM ATTATTM MTMTATAA ACAGCTGTAC GG 

Ser Trp lIe Arg Ser Ile 
Sal I 
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Figure 5. Constructs used to clone the midgut elastase cDNA into the 21' yeast 
plasmid. The overlapping 44 base pair primers encode the activation peptide from 
the midgut trypsin in A. aegypti and the first five amino acids of the midgut elastase 
from M. sexta. 
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Yeast transformation 

Yeast strain DLM lOla was grown to an O.D. of 0.7 in 100 ml of YPD media 

(10 g yeast extract, 20 g peptone, 20 g dextrose) at 30°C with continuous shaking. 

The yeast were centrifuged at 3,000 RPM (Centra 4) and the medium removed. The 

yeast were washed with 1) 5 ml TE, 2) 5 ml of TE with 100 mM lithium acetate 

(LiOAc) and then resuspended in 1 ml TE with 100 mM LiOAc and incubated at 

30°C for 30 minutes. One hundred /-tl of the yeast was mixed with 5 /-tg of isolated 

plasmid DNA and 45 /-tg fish sperm DNA and incubated at 30°C for 30 minutes 

before adding 700 /-tl of PEG mix (40% polyethylene glycol 4000, 100 mM LiAOc in 

TE) and incubating for an additional 30 minutes at 30°C. The transformed yeast 

were briefly centrifuged at 13,000 RPM, washed twice in 500 /-tl of TE, resuspended 

in TE and plated on SD - uracil plates containing 8% glucose (SD= 1.7 g yeast 

nitrogen base, 5 g (NH4)2S04, 20 g dextrose!I; 1.3 g uracil dropout powder*, 60 g 

dextrose, 2% agarose) and grown at 30°C for two days. Transformed yeast were 

restreaked on SD -leucine plates (SD plates with 1.3 g leucine drop out powder and 

60 g dextrose), grown 2 days at 30°C and then stored at 4°C. 

*Dropout powders Dropout powders contain all of the ingredients shown in Table 

3, except the one named, i.e., leucine dropout powder has everything except leucine. 

All of the nutrients were combined with a mortar and pestle. 
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Amount in Final concentration in 
Nutrient dropout powder the media (ltg/ml) 

(grams) 

Adenine 2.5 40 

L-arginine 1.2 20 

L-aspartic acid 6.0 100 

L-glutamic acid 6.0 100 

L-histidine 1.2 20 

L-Ieucine 3.6 60 

L-Iysine 1.8 30 

L-methionine 1.2 20 

L-phenylalanine 3.0 50 

L-serine 22.5 375 

L-threonine 12.0 200 

L-tryptophan 2.4 40 

L-tyrosine 1.8 30 

L-valine 9.0 150 

Uracil 1.2 20 

Table 3. Ingredients mixed to make a dropout powder as described in Current 
Protocols (1990). 
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Protein expression 

A single transformed yeast colony was used to inoculate 200 ml SD - Leu ( + 

8% glucose) media and the culture grown for 2 days at 30De. The culture was then 

diluted 1:20 with YPD media (with 1% glucose) and grown at 30De with shaking for 

48-72 hours. One ml samples of culture were removed every 24 hours to check for 

protein expression. The sample was centrifuged at 13,000 RPM for one minute and 

the supernatant was placed in a clean tube. The yeast were resuspended in 100 ILl 

of 2 X SDS sample buffer with an equal volume of 0.5 mm glass beads and pulse 

sonicated (Branson, sonifier cell disrupter 200) at 50% power for 5 minutes. The 

medium containing secreted protein was precipitated with an equal volume of cold 

100% trichloroacetic acid (TeA), pelleted at 13,000 RPM for 15 minutes, the pellet 

washed with 10% TeA and the pelleted protein then resuspended in 100 ILl of 2 X 

SDS sample buffer. Protein samples were analyzed by SDS-PAGE. 
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RESULTS 

Purification and characterization of the midgut trypsin 

Approximately 625 p.g of trypsin was isolated from 10 lalVal midguts. Figure 

6 shows the SDS-PAGE of the purification using the benzamidine affinity column. 

A single 24 kDa protein eluted from the affinity column which had tryptic activity 

(BAPNA assay). The amino acid composition of the protein is shown in Table 4. 

The chromatogram from the determination of the amino-terminal sequence clearly 

showed a mixture of two sequences 1) IVGGSVTTINNYPSI which accounted for 

approximately 80% of the purified protein and 2) IVGGSTTTIQQYPTI which 

accounted for 20% of the purified protein. 

pH rate profile of the midgut trypsin 

The pH rate profile of trypsin activity (Figure 7) shows an increasing activity 

with increasing pH. The enzyme is = 90% active at pH 9.0 and has an apparent pH 

optimum of 10.5. The enzyme activity above pH 11.0 was not measured because the 

synthetic substrate (BAPNA) was unstable at this pH. 
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Titration of free suUbydryls in the midgut trypsin 

The purified trypsin titrated with DTNB had no absorbance at 412 nm in the 

presence or absence of 8 M urea. Therefore, the purified M. sexta midgut trypsin has 

< 3% (30 pmoles/nmole protein) free sulfhydryl groups. 
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Figure 6. SDS-PAGE of the affinity purification of midgut trypsin. Lanes 1 and 18 
are molecular weight markers. Lanes 2-6 contain the flow through fractions and 
lanes 9-14 show the protein which eluted from a benzamidine Sepharose 6B column 
with == 25-75 mM benzamidine Hel. 
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Amino acid mole % 

Asp + Asn 14.4 

Glu + GIn 6.6 

Ser 7.5 

Gly 12.3 

His 4.8 

Arg 9.9 

Thr 4.8 

Ala 8.6 

Pro 4.8 

Tyr 2.7 

Val 7.3 

Met 1.0 

Cys -
lIe 5.1 

Leu 5.1 

Phe 5.3 

Trp -
Lys -

Table 4. Amino acid composition of the purified trypsin (n=1). Trp and Cys were 
not determined. 
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Figure 7. pH rate profile of the purified midgut trypsin. The synthetic substrate 
benzoyl-DL-arginine p-nitroaniliqe was used to assay trypsin activity in the pH range 
of 6.4 - 11.0 with a three buffer system, of constant ionic strength, containing 50 mM 
HEPES, 50 mM CHES and 100 mM piperidine. Each point represents the mean + 
S.E. for triplicate measurements at each pH. 
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Purification of the midgut chymotrypsin 

The midgut supernatant was assayed for chymotrypsin activity (AAPF assay) 

and showed a specific activity of 1.2 mmoles/min/mg protein with the rate expressed 

as the appearance of product at 410 nm, (e =8800, Nakajima et al., 1979). The 

specific activity increased to 19.7 mmoles/min/mg protein after the affinity column 

and increased to 45.1 mmoles/min/mg protein after the CM trisacryl column, giving 

a final 37 fold purification. Figure 8 shows the SDS-PAGE of the purification of the 

midgut chymotrypsin. The fractions from the CM trisacryl column were immediately 

run on the protein gel to avoid degradation, because, when concentrated, the purified 

chymotrypsin showed a slightly smaller degradation product which increased with time 

(data not shown). The amino-terminal protein sequence of the purified chymotrypsin 

was IVGGSSSSVGQFPYQAG and the sequence of a tryptic fragment of the protein 

was GHPAAFAR. The amino acid composition was determined and is shown in 

Table 5. The purified chymotrypsin did not bind fluorescein labeled concavalin A, 

had an apparent molecular weight of 24,000 as judged by SDS-PAGE and existed as 

a monomer of = 23,600 Da as determined by gel filtration (see Figure 9). 
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Amino acid mole % 

Asp + Asn 14.2 

Glu + GIn 6.3 

Ser 9.1 

Gly 12.9 

His 2.9 

Arg 7.7 

Thr 6.0 

Ala 8.7 

Pro 4.2 

Tyr 1.4 

Val 6.6 

Met 0.9 

Cys -
lie 5.7 

Leu 7.8 

Trp -
Phe 3.9 

Lys 0.6 

Table 5. Amino acid composition of the purified midgut chymotrypsin (n=l). Cys 
and Trp were not determined. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 

Figure 8. SDS-PAGE of the purification of the midgut chymotrypsin. Lanes 1 and 
13 are molecular weight markers. Lane 2 is the starting material, midgut supernatant. 
Lane 3 is the protein which eluted from the affinity column with 100 mM D
tryptophan methyl ester. Lanes 4-9 show the fractions from the eM trisacryl column 
which contained enzyme activity (AAPF assay). 
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Figure 9. Molecular weight determination of the purified midgut chymotrypsin by gel 
filtration (G-75). The filled circles represent the Kav of the standards and the filled 

. square represents the Kav of the midgut chymotrypsin (labeled with the corresponding 
molecular weight). The standards are as follows (Kav); bovine serum albumin (0.106), 
ovalbumin (0.204), chymotrypsinogen (0.383) and ribonuclease (0.550). 
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pH rate profile of the midgut chymotrypsin 

The pH rate profile of chymotrypsin activity (Figure 10) resembled that of the 

purified trypsin. The chymotrypsin, however, showed a maximal activity between pH 

10.5-11.0, a value slightly higher than that observed for trypsin. The enzyme is =-

90% active at pH 9.5 and is fully active up to pH 11.5. The enzyme activity above 

pH 11.5 was not measured because the synthetic substrate (AAPF) was unstable at 

high pH. 

Kinetics studies . chymotrypsin 

Figure 11 shows the Lineweaver-Burk plot of the hydrolysis of the synthetic 

peptide AAPF by midgut chymotrypsin at pH 10.5 (Lineweaver and Burk, 1934). 

The Michaelis constant (K.n) was 530 J.tM and the maximal rate (V max) was 220 

mmoles/min/mg protein. The K.n was also determined as a function of pH (between 

pH 7.0 - 11.5, Figure 12). The K.n varied only slightly in this pH range, with a low 

of 385 J.tM at pH 11.5 and a high of 678 J.tM at pH 8.0. A Dixon plot (Tipton and 

Dixon, 1979, Figure 13) for the pH range 7.0 - 11.5 indicated a kinetically significant 

functional group with a pK. = 9.2 for the purified midgut chymotrypsin. 
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Midgut chymotrypsin specificity 

Figure 14 shows the peptides of glucagon and insulin recovered by HPLC after 

digestion by midgut chymotrypsin. The enzyme cleaved preferentially at the peptide 

bond on the carboxyl side of Tyr, Phe, Trp, Leu, His, Thr, Leu, and Gly. The 

cleavage of insulin after the Arg may be a result of a contamination of the enzyme 

with a small amount of midgut trypsin. A survey of synthetic substrates showed that 

the purified chymotrypsin hydrolyzes N-succinyl-Ala-Ala-Pro-Leu p-nitroanilide, but 

did not hydrolyze N-succinyl Ala-Ala-Ala p-nitroanilide or Na-benzoyl-DL-arginine 

p-nitroanilide. 
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Figure 10. pH rate profile of the purified midgut chymotrypsin. The synthetic 
substrate N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide was used to assay chymotrypsin 
activity in the pH range of 6.4 - 11.5 with a three component buffer system, of 
constant ionic strength, containing 50 mM HEPES, 50 mM CHES and 100 mM 
piperidine. Each point represents the mean + S.E. for triplicate measurements at 
each pH. 
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Figure 11. Lineweaver-Burk plot of the kinetic data for the hydrolysis the synthetic 
peptide AAPF by midgut chymotrypsin. 
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Figure 12. Effect of pH on the Km of the synthetic substrate AAPF for midgut 
chymotrypsin. 
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Figure 13. Dixon plot for the purified midgut chymotrypsin using the synthetic 
substrate AAPF. 
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Figure 14. Cleavage sp~cificity of the midgut chymotrypsin. The arrows indicate 
cleavage sites and the lines underneath the sequence indicate the peptide fragments 
recovered after glucagon (top) and the oxidized B chain of insulin (bottom) were 
digested with the purified enzyme. The pep tides SDY, DSRRAQDF, and MNT were 
not recovered from the glucagon digest. The pep tides LCGSH, VCGER, FF and 
TPKA were not recovered from the insulin digest. 
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Inhibition of the midgut chymotrypsin 

Table 6 shows the inhibition of the midgut chymotrypsin by various 

concentrations of inhibitors at pH 9.75 with no preincubation. For these experiments, 

no preincubation was used because the inhibitors are unstable at this pH and the 

enzyme inactivated itself during a 30 minute preincubation. The enzyme was 

completely inhibited at this pH by PMSF, chymostatin and a high concentration of 

DFP. The enzyme was partially inhibited by TPCK and al-antichymotrypsin, but 

completely unaffected by E-64 and aprotinin. With a 30 minute preincubation at pH 

= 8.0, the midgut chymotrypsin was completely inhibited by iodoacetic acid and 

PMSF (see Table 7). However, the enzyme was only partially inhibited by 1,10 

phenanthroline and not inhibited by TPCK, 0.1 mM DFP or EDTA with a 

preincubation at pH 8.0. 

Table 8 compares the relative efficacies of PMSF and DFP against the 

purified midgut chymotrypsin at pH 8.0 and pH 9.5, respectively, and the mammalian 

chymotrypsin at pH 7.5. The half life for inhibition (t Il2 ) at pH 9.5 using 1 mM DFP 

was 452 sec. PMSF was not stable above pH 8.0 and could not be used to calculate 

a t1l2 at pH 9.5. The t1l2 at 1 mM inhibitor at pH 8.0 was 218 sec for DFP and 12 sec 

for PMSF. 
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Inhibitor Target protease Concentration Inhibition after 
3 minutes (%) 

chymotrypsin-like 
TPCK serine proteases 100/LM 57 

PMSF serine proteases 1mM 100 

chymotrypsin-like 
Chymostatin serine proteases 10/LM 100 

ai-Anti serine proteases 
chymotrypsin 1:1 molar ratio 8 

DFP serine proteases 25mM 100 

E-64 cysteine 
proteases 10/LM 0 

Aprotinin serine proteases 1:1 molar ratio 0 

Table 6. Effect of inhibitors on the midgut chymotrypsin at pH 9.75. The reaction 
rate was expressed as the percent inhibition 3 minutes after addition of inhibitor 
(n=3). 
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Inhibitor Target protease Con centra tion % inhibition 

TPCK chymotrypsin-like 
serine proteases 100 JLM 0 

PMSF serine proteases ImM 100 

iodoacetic acid cysteine proteases 10 JLM 100 

1,10 - metallo-proteases ImM 51 
phenanthroline 

DFP serine proteases 0.1 mM 0 

EDTA metallo-proteases 2.5 mM 0 

Table 7. Effect of inhibitors on the midgut chymotrypsin at pH 8.0. The enzyme was 
incubated with the inhibitor in 100 mM Tris, pH 8.0, for 30 minutes before the assays 
were run. Inhibition is expressed as the percent decrease in reaction rate as 
compared to a control with no inhibitor added (n=3). 
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tll2 (sec) tIn (sec) 
pH Inhibitor (1 mM) M. sexta mammalian 

chymotrypsin chymotrypsin 

9.5 DFP 452 n.d. 

8.0 DFP 218 n.d. 

8.0 PMSF 12 n.d. 

7.5 DFP n.d. 2.8 

7.5 PMSF n.d. 2.8 

Table 8. Comparison of the relative inhibiting efficacies of PMSF and DFP against 
the purified midgut chymotrypsin at different pH values. The data are expressed as 
the half-life for inhibition using 1 mM inhibitor. Values for tJn for the mammalian 
chymotrypsin are from Beynon and Bond (1989), (n.d.= not determined). 
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Isolation of the eDNA clones for the midgut trypsin and elastase 

The PCR reaction with template diluted 1:1,000, the 128-fold degenerate 

trypsin primers and the T7 primer generated two products, one of = 300 base pairs 

and one of =270 base pairs (see Figure 15). Each peR product was used separately 

to screen the midgut cDNA library. The 300 base pair product hybridized with 

several mitochondrial cDNA clones and an elastase cDNA clone. The one elastase 

clone could not be sequenced from the 3'end and was not used to screen the cDNA 

library. The 270 base pair product hybridized with both mitochondrial clones and 

trypsin clones. A 550 base pair partial length trypsin clone was identified, labeled 

and used to screen 200,000 plaques. Twenty five positive clones of = 850 base pairs 

were isolated and characterized. Three cDNA trypsin clones were isolated which 

have distinctly different restriction maps. One clone of each type was sequenced. 

Chymotrypsin primers were designed, after the trypsin active site region was 

sequenced, to amplify specifically chymotrypsin sequences in the cDNA library. 

Taking into account that the last 5 bases of the primer must be a perfect match for 

PCR amplification, the degenerate primers were synthesized to code for an additional 

valine on the 3' end (refer to Figure 1). The valine residue is conserved in most 

chymotrypsins, but is not present in the M. sexla midgut trypsin sequence. The PCR 

reaction with template diluted 1:10,000, the 16-fold degenerate chymotrypsin primers 
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and the T7 primer generated one product of =300 base pairs (see Figure 16). The 

300 base pair PCR probe hybridized with elastase eDNA clones and mitochondrial 

clones, but not a chymotrypsin clone. A 600 base pair partial length elastase clone 

was identified and used to screen 200,000 plaques. Ten clones of = 1 kilobase were 

isolated and characterized. All ten clones had identical restriction maps and one 

elastase clone was selected and sequenced. 

It is interesting to note that both PCR generated probes hybridized with 

mitochondrial clones. Analysis of the mitochondrial sequences isolated from the 

screens for trypsin and chymotrypsin showed a region homologous to the degenerate 

primers with a second region, = 300 base pairs away, homologous to the T7 primer 

(data not shown). Approximately ten percent of the positive clones in the cDNA 

library screen were mitochondrial sequences which, when sequenced, were easily 

identifiable by long AT rich regions. 
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Figure 15. PCR products generated with the degenerate trypsin primers, the T7 
primer and template isolated from the midgut cDNA library phage stock. S = 
standard. Lanes are marked with the dilution of template used in the PCR reaction. 
The arrows indicate the two products in the 10-3 sample lane. 
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Figure 16. PCR products generated with the degenerate chymotrypsin primers, the 
T7 primer and template isolated from the midgut cDNA library phage stock. S = 
standard. Lanes are marked with the dilution of template used in the peR reaction. 
The arrow indicates the PCR product in the 10-4 sample lane. 
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Isolation of the cDNA clone for the midgut chymotrypsin 

Screening the cDNA library with the peR probes generated with the T7 

primer, the degenerate primers coding for the eight amino acids surrounding the 

active site serine and the cDNA library phage stock template did not identify a 

chymotrypsin cDNA clone. In order to clone the chymotrypsin from the midgut 

cDNA library 1) a "selected" template was generated by synthesizing cDNA from 

isolated mRNA (day-2 fifth instar) using an anti-sense primer to the internal protein 

sequence GHP AAF AR found in the midgut chymotrypsin and 2) a peR probe was 

generated after the cDNA was synthesized by the addition of a sense primer to the 

amino-terminal protein sequence (residues 10-15) GQFPYQ. Figure 17 shows the 

=::: 650 base pair peR product that was generated and used to screen 100,000 plaques 

from both cDNA midgut libraries (the library made from 1 insect and one made from 

15 insects). Five positive clones of =::: 1 kilobase from each library were isolated and 

characterized. Figure 18 shows the different restriction maps of the two types of 

cDNA chymotrypsin clones, the elastase clone and the three types of trypsin clones. 

Each library contained both types of chymotrypsin clones. A fulllength chymotrypsin 

clone with the internal XhoI site and internal Pvull site was completely sequenced. 

The second clone with the internal EcoRI site was =::: 95% identical at the nucleotide 

level and was not completely sequenced. 
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Figure 17. The PCR product generated using the cDNA synthesized with the anti
sense primer to the amino acid sequence GHPAAFAR and the sense primer to the 
amino acid sequence GQFPYQ found in the purified midgut chymotrypsin. Lanes 
1 and 6 are the standard. Lanes 2 and 3 contains the PCR product from a reaction 
using a 60°C annealing temperature. Lanes 4 and 5 contains the PCR product from 
a reaction using a 65°C annealing temperature and was the product labeled and used 
to screen the eDNA libraries. 
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Figure 18. The partial restriction maps of the isolated cDNA clones encoding; the 
midgut trypsin (maps A-C), the midgut chymotrypsin (maps D&E) and the midgut 
elastase (map F). The restriction sites are as follows: E=EcoRI, B=BamHI, 
P=PvuII, X=XhoI and K=KpnI. 
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Nucleotide sequence of the three trypsin clones 

Figure 19 compares the sequencing strategies, nucleotide sequences, deduced 

amino acid sequences and partial restriction maps of the three different trypsin 

cDNA clones. Clone #1 (19a) has a unique EcoRI site, clone #2 (19b) and #3 (19c) 

both contain BamHI and Pvull sites not found in clone #1, and clone #3 contains 

a unique KpnI site. The 832 base pair clone shown in panel a has an initiating 

methionine at position 1, contains an open reading frame extending to position 768 

and a 65 base pair 3' un translated region. Panel 12 shows a 836 base pair trypsin 

clone with an initiating methionine at position 7, an open reading frame extending 

to position 774 and a 3' un translated region of 63 base pairs. The third clone (not 

full length) shown in panel ~ has 824 base pairs with a putative initiating methionine 

at position 1 (actual clone sequence begins with the G in ATG), with an open reading 

frame extending to position 768 and a 56 base pair 3' untranslated region. All three 

clones isolated have an open reading frame encoding a preproenzyme of 256 amino 

acids. The three nucleotide sequences differ at 62 positions. The eighteen 

underlined amino acids represent a nucleotide difference which results in an amino 

acid change among the three encoded proteins. The fifteen amino acids underlined 

with a dotted line match one of the amino-terminal sequences which accounts for 

20% of the purified midgut trypsin. The deduced amino acid sequences from the 
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cDNAs contain an arginine residue and a hydrophobic region near the amino 

terminus characteristic of a signal peptide. The most likely cleavage site for the 

signal peptide is after Ala-17 (von Heijne, 1986). This leaves a seven amino acid 

activation peptide ending in Arg-24, which precedes the observed amino-terminal 

sequence of the purified protein. The calculated molecular weight of the mature 

enzymes (residues 25-256) for clone #1 (panel a), clone #2 (panel b) and clone #3 

(panel c) are 25,100,25,054 and 24,980, respectively. The theoretical isoelectric point 

(pI) for the mature enzymes are extremely high [pI=11.86 (#1), 11.57 (#2), 11.35 

(#3), respectively] due to a bias in the positively charged residues. All the positively 

charged amino acids (pK.>7) encoded by the cDNA are arginine. 

Table 9 compares the amino acid composition of the purified midgut trypsin 

with the mature enzyme encoded by trypsin cDNA clone #2. The mole % of each 

amino acid in the purified protein correlates relatively well with the protein encoded 

by the cDNA. 
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•• t Arq Leu Phe Leu Ala !Au Leu Ala Leu ely Ph. Ala Ala Val Ala Ala Val Pro Ala AA.n Pro Gin Arg ~ 2~ 

GTe CCT CCT TCT ACT ACC ACT ATT CAC CAC TAT CCC ACC 1.'1"1' GTT CCT CTC CTC TTC TC= ACG MT CCA MC ACT 150 
Val ely ely Ser Thr Thr Thr 11e Gin Gin !yr Pro Thr lie Val Ala lAu !Au Phe Ser Arq A.a.n ely As" Thr 50 

TTC TTC CM CCC TeC CCT CCT ACC 1.'1"1' CTC MT MC ACA MT GTC CTC ACC CCT CCT CAC TeC CCC CAC CCA CAC 225 
Phe Phe Cln Ala eya Cly Cly IIU; 11e Leu Aan Aan Arq Aan ~ Leu Thr Ala Ala H10 eyo Pro Hio Cly Asp 75 

CCA GTC MC ACA Tee CGT GTT CGA TCT CCT TCG ACT TTC GCG Me AGC GGC CCT Gee GTC CAC MC TTl. MC ACC 300 
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GTC ACC ATC CAC CCT MT TAe MC ACG IIGA MT CTT Glle MC CAe 11'1"1' CCT 11'1"1' liTe eGe Aec Gee AGC Me 11'1"1' 375 
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GCT GCC eel. Tee CCC GCC ATC ACC IIGC CCT CCT CCT TCA TCG CAG CAG CTC CGC CAC GTC CAG eTC Tee ACT GTe 525 
lila lila Gly Trp Gly t.lA 11e Arq Ser Gly Gly Pro ru Sar Glu Cln Leu Arq Hia Val Cln Val Trp Thr Vol 175 

MC CAG GCT ACG TeC ACC TCT CCT TIIC GeC ACT 1.'1"1' CCC CGC IICC GTT IIec CAC MC liTe TTC TeC TCT CCC Tee 600 
lUIn Gin lila Thr eya Arq Ser Arq Tyr lila Ser I1e Gly Arq IIU; Val Thr Aop Aan "et Leu eye Ser Cly Trp 200 

CTC GAC GTC CCC CCT CGC GAC CAG TeC CAG CCT CAC TeC CCC CCT CCT CTT TAC CAC MC CCT eTC GTC CTT CCA 675 
Leu Aap Val Gly Gly Arq lUIp Cln eye Gin Gly lUIp Ser Gly Gly Pro Leu Tyr Hia .... n Cly Vol Vol Val Cly 225 
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Figure 19. Partial restriction maps, sequencing strategies, cDNA sequences and 
deduced amino acid sequences of the three trypsin clones. A. is the 832 bp clone, B. 
is the 836 bp clone and C. is the 824 bp clone. The solid line at the top of each 
figure shows the restriction map with the restriction sites as follows: E=EcoRI, 
P=PvuII, B=BamHI and K=KpnI. The dotted line beneath the restriction map 
represents the sequence obtained from the non coding strand and the solid line 
represents the coding strand sequence. The arrow following Ala-17 indicates the 
most likely cleavage site for the signal peptide. The arrow following Arg-24 indicates 
the cleavage site for the activation peptide which precedes the observed NH2-terminal 
amino acid sequence (residues underlined with a dashed line). The 18 underlined 
amino acids represent a nucleotide difference among the three clones which results 
in an amino acid change. 
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Amino acid mole % mole % 
protein from cDNA 

Asp + Asn 14.4 14.7 

Glu + GIn 6.6 5.6 

Ser 7.5 8.2 

Gly 12.3 11.2 

His 4.8 2.6 

Arg 9.9 8.6 

Thr 4.8 5.2 

Ala 8.6 9.5 

Pro 4.8 3.5 

Tyr 2.7 2.2 

Val 7.3 8.6 

Met 1.0 0.9 

Cys - 2.6 

Ile 5.1 6.0 

Leu 5.1 4.7 

Phe 5.3 3.0 

Trp - 3.0 

Lys - 0 

Table 9. Comparison of the amino acid composition of the purified trypsin and the 
deduced amino acid sequence from the cDNA trypsin clone #2 (mature form of the 
protein, residues 25-256 ). 
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Nucleotide sequence of the elastase clone 

Figure 20 shows the partial restriction map, sequencing strategy and deduced 

amino acid sequence of the elastase cDNA clone. The 995 base pair clone has an 

initiating methionine at position 39 with an open reading frame extending to position 

911. The clone has a 38 base pair untranslated region on the 5' end and an 84 base 

pair untranslated region on the 3' e~d. The open reading frame encodes a 

preproenzyme with 291 amino acids. The clone has a characteristic hydrophobic 

signal peptide which is most likely cleaved after Val-14 (von Heijne, 1986). Based 

on the sequence alignment (Figure 24) the mature enzyme begins at Val-57. The 

activation peptide then consists of 42 amino acids of which fifteen are charged (7 +, 

8 -). The calculated molecular weight of the mature protein (residues 57-291) is 

24,787 and the theoretical pI is 11.85. The high pI is a result of the sixteen arginines 

encoded in the mature protein. Only one lysine residue is encoded by the cDNA 

clone and is located in the activation peptide at amino acid 15 in the protein. 

Table 10 shows the amino acid composition of the deduced amino acid 

sequence of the cDNA elastase clone (mature form of the protein, residues 57-291). 



E 
! 

B 
! 

P 
J 

X 
! 

I 
ATTACCA'rTTCTACAC'TI"l'GCAT<AAAATAAACGACCTC 1.1'0 ACe CTT Aft TTG Trio CCT TTA ATT 1"TC T'M' CC"T' eTC en Me .) 

llet ArcJ Val 11. lAu tAU Pro tAu 11. Ph_ Ph. Ala Val Val Lya 1!J 

co. GCI' GAA GAT CCA ACA CTC C'CA T'C'C c..u Tl"C ACT ACt TAC CAe TAT CAe oUT AGe TAC CC'T A'M' ccc eM CCA l~B 
Ala Ala Clu Aap Ala Tnr Val Pro Sar elu Pna aar Sar Tyr .up TyE' HU .un A.rq Tyr ely 11_ Pro (au A18 40 

I 
CAe ACA ATA Tea AAC CTJ' c..u AAC c..u ATT Ace AAA ACT CGC CAe AGe CTC CT'J' GGa CCIt T'C'C AC'T ,t,CC ACC An 211 
Aap Ar9 lla TTp Ly. lAu elu .un e}u U. ftr Ly. Thr ely Gin Ar9 Val Val cay ely Ser Thr Thr Tnr 11_ 6!t 

t'TC TC'T GTA ecc TAT C.I.C CCA GCA C'TG ATe CTA AeA ATA Me r:re An c:cc ACT TCA CTA TCT GCT CCC C'T'C ATe 108 
lAu Sar ~l Pro Tyr Gln Ala ely lAu 11. lAu Thr 11 • .un val 11_ Arq Thr Ser Val ey. cay ely Val 11_ 90 

An' CCA CAe Me AGO ATe nA ACA CCA GCA CAe T'CC Ala Me GAT CCC AAT AAT Aft CTC Ace TC'T ATe ACT CTC :U) 
11_ Ala .up Min A.rqI 11_ IAU 'TnI' Ala Ala Hi. eye Ar9 un .up ely un Aan 11. Val 'mr Sar 11a Thr Val US 

ere erA GGC 'f'c:J' AAT ere eTC TTC TC'T GGC CGC ACA ACA ATe Act. At::f MC CAe C'TC TTC ATe CAe CCA GeA TAC .~. 
Val IAu ely Sar Aan lAu lAu Ph. Sar cay ely 'ftU' Ar9 11. Thr Tnr AIIn up val lAu ".~ Hh Pro ely Tyr 140 

AAT CC'C TCC AT!' CTA CCC AAT CAT Aft ccr C'M' ATe cce Aft TCA ACA C1'T ACT Tn' Ace ACA Tl'Q An" CAA C'CC ") 
Aan Pro Trp 11. Val Ala un ,up Ua Ah Val 11. AI'QI 11. hr A.rq Val Thr Pha 'nlr Thr &Au U. Cln Pro 165 

~~~~~~~~~~~~~~~~~~~~~~~=~~ 
Val AIIn tau Pro .ar Cly •• r alu Val Aan ... t AIIn Pha Val ely un Tnr cay &Au &Au S.r Oly Tyr Oly 11. lt~ 

~~~=~~~=~~~~~~~~~~=~~~~~~~ 
Thr Ar9 ,up G1y up Ser Val Gly &Au &Au Gln 'nlr Lau 'nlr hr Val un Val Pro Val 11_ .ar .un Ala AIIp 215 

~~~~~=~~~~~~~~~~~=~~~~~~~~ 
eya Tb.r Ar9 Gln Leu Gly .un PIle 11. Gln Aan 01. 81. !Au eya Tnr •• r Gly Ala un Ar9 Ar9 ely Ala eye 240 

CCT GCT CAe ACT GCA GCT CCA ~ arc arc Ac::A ATe AAT AGG AC.\ CGQ GTG ~ Aft CCT CTC ACT TCA TTC Tn' l:n 
Ala G1y AIIP Tnr Oly ely Pro !Au Val Val 1'tlr 11. AIIn Arq Ar9 Arq val !Au 11. Gly Val Sar .ar Ph. Ph. 265 

~~~=~~~~~=~=~~~~~~~~=~~~=~ 
a.r 'ftlr Ar9 Gly Cya Gln Ala .. r Lau Pro hr Gly Pbe hr Ar'9 Val Tnr •• r rn. Leu hr Trp 11a Ar9 .ar 210 

Aft 'rAAA'I"CTITI'AT'I'A'fAT'n'CTI'AAAATGCCA'fAATAATAAftATADTAACATM'ftGA'n"TC'I'G·······,.,.,.,.,.·,.····· , 
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Figure 20. Partial restriction map, sequencing strategy and deduced amino acid 
sequence of the elastase clone. The solid line at the top of the figure represents the 
partial restriction map with the following restriction sites: E=EcoRI, B=BamHI, 
P=PvuII and X=XhoI. The lines beneath the restriction map indicate the 
sequencing strategy with the solid lines representing the coding strand and the dashed 
lines representing the non coding strand. The arrow following Val-14 indicates the 
most likely cleavage site for the signal peptide. The arrow following Arg-56 indicates 
the probable cleavage site for the activation peptide. 
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Amino acid mole % 
from cDNA 

Asp + Asn 11.5 

Glu + GIn 3.0 

Ser 9.8 

Gly 11.1 

His 1.7 

Arg 6.8 

Thr 10.2 

Ala 4.7 

Pro 3.4 

Tyr 1.3 

Val 10.2 

Met 0.9 

Cys 2.6 

lIe 9.8 

Leu 8.9 

Phe 3.4 

Trp 0.9 

Lys 0 

Table 10. Amino acid composition from the deduced amino acid sequence of the 
cDNA elastase clone (mature form of the protein, residues 57-291). 
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Nucleotide sequence of the chymotrypsin clone 

Figure 21 shows the partial restriction map, sequencing strategy and deduced 

amino acid sequence of the chymotrypsin clone. The cDNA clone sequenced has 

unique internal PvuII site and XhoI sites. The 947 base pair clone has an open 

reading frame extending from the initiating methionine at position 7 to position 882 

in the clone. The clone has a 6 base pair untranslated region on the 5' end and a 65 

base pair untranslated region on the 3' end. The open reading frame encodes a 

preproenzyme with 292 amino acids. By the method of von Heinje (1986), the signal 

peptide is predicted to be cleaved after Gly-17. The activation peptide of 41 amino 

acids (Arg-18 - Arg-58), which precedes the observed amino-terminal sequence of the 

protein, contains 17 charged amino acids (10-, 7+). The underlined amino acid 

sequences match the observed amino-terminal sequence and the internal sequence 

of the purified midgut chymotrypsin. The calculated molecular weight of the mature 

protein (residues 58-292) is 24,852 daltons. The theoretical pI is extremely high 

(12.18) because of the 21 arginine residues encoded in the cDNA sequence. Two 

lysine residues are encoded by the cDNA: one in the signal peptide (Lys-3) and one 

in the activation peptide (Lys-37). Table 11 compares the amino acid composition 

of the purified midgut chymotrypsin with the deduced amino acid composition of the 

chymotrypsin cDNA clone. 



x p , , 

I 
c:ccAAA ATe AAA TI"C c:;CA CTA CTG Ace ere C'TA CCT TCC ccr TCT CTJ' Gee: TAr:: c;cc AGe ACT TTC AAC TTC eM 7~ 

Mat Ly. !Au. Ala Val Val 'I'IU' .... u lAu Ala eye Ala aer lAu Ala Tyr ely Arq! Sal' Ph. un Ph. elu 2) 

~~~~~~~~~~~=~~~~~~=~~~~== I~ 
elu H1. lAu Glu Aap Jh '!hi' AI. Tyr ely Tyr lAu TnI' Ly. Tyl' ely 11_ Pro Arq Ala Clu elu l1e Arq Arq 41 

ATG c..u. CAe c.u c.u. Aft c:cr CAA TCC AC.A IA'M" C'T'C CCT GCT TC'C TC!' Tc-r Tee CTC CGC CAe TTC ecc TAr:: CAe 22S 
Mat Glu caU Clu elu lie Ala Cln "'1' Arq! 11. Val ely cay ser Sar Sal' Sal' Val ely cin Ph. Pro Toil' Gin 1) 

~=~~~~=~~~~~~~=~==~~~=~~~ l~ 
Ala ely LAu Val 11_ "'1' lAu Pro Ar9 cay Thr Ala Ala eye ely ely Sal' tAu lAu hI' "'an Arq Arq! Val Leu II 

ACT ccc Ct"T CAe TCC TCC TCG GAT GoGC c.u AAC CAe GCA TC'C AC.A 'IT!' CTC CTT CTT C"M' CCA TC'T Me C'CC TrC "!l 
TnI' Ala Ala H1e eye Trp Trp up ely Gin un Gin Ala "'1' Arq Ph. Val Val Val lAu Cly StIr un Arq lAu 12) 

~~==~~~~~~~~~~~~~~~~~~~~~ .~ 
Pha "'1' ely ely Val Arq lAu el" 'I'tlr Ar9 up It. Val Net Hh cay 1411' Trp AIIn Pro All" lAu Val ArqI un lU 

CCA An CCC Ate ATe AGA CTC C'CC ACe Me CTJ' Gee TTC AAT AAC MC' ATe Me CTC ATC ecr C'TC C'C'C TCT GCA ~:n 
up 11a Ala llet l1e Ar9 tAu Pro "I' un Val ely Ph. un un un 11_ Aan Val 11_ Al. lAu Pro s.r Cly 171 

~~~~~~~~~~~~~~==~=~~~~=~~ ~ 
Ser Cln lAu un lAu un Ph. AI. Cly Glu Ar9 Al_ 11. AI_ SeE' Cly rna Cly Arq nv Arq Aap Cly AI. Aan n. 
ATe CAe ~ Ace ere Me CAe CTC ACT CTA CAT CTG ATe CCT Me Me CTC TCC TCC ACA Ace 'M'C C'C'1' CTf' t"'M' "5 
11. up cay ser lAu Aln H1. Val '!'tlr lAu Aap Val 11_ Ala Aln Aan Val eya a..r Ar9 Tnr Pha PTo lAu lAu 2:2] 

~~~~~~~~~~~~~~~~~~~~~~=~~ 7~ 
11. Gln .. r .. r un 11. eye 1'br .. r Cly Ala AIIn Cly Arq ler Tnr eya H1. cay up Ser ely ely Pro lAu 2" 

c:tT CCC Ace AGe Me A.A.C ACQ CCA CTC 'I'I'G An CCT C'TC ACA 'f'CT 'M'C CCT CAT c:::cT GAT CCT 'I'CC' CAe AGA CGC '2~ 
1.1. AI. Tbr Ar9 un Aan Ar9 Pro JAu Leu 11. cay Val 'Ibr .. r Ph. ely H1. Ar9 Mp Cly ey. Cln Ar9 ~ 2'7) 
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Figure 21. Partial restriction map, sequencing strategy and deduced amino acid 
sequence of the chymotrypsin clone. The solid line at the top of each figure 
represents the restriction map with the following restriction sites: P=PvuII, and 
X=XhoI. The lines beneath the restriction map indicate the sequencing strategy with 

. the solid line representing the coding strand and the dashed lines representing the 
non coding strand. The arrow following Gly-17 indicates the most likely cleavage site 
for the signal peptide. The arrow following Arg-58 indicates the probable cleavage 
site for the activation peptide. The underlined amino acids match the amino-terminal 
and internal amino acid sequence of the purified midgut Chymotrypsin. 
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Amino acid mole % mole % 
protein from cDNA 

Asp + Asn 14.2 13.3 

Glu + GIn 6.3 3.9 

Ser 9.1 9.8 

Gly 12.9 12.0 

His 2.9 2.6 

Arg 7.7 9.0 

Thr 6.0 5.1 

Ala 8.7 8.6 

Pro 4.2 3.9 

Tyr 1.4 0.9 

Val 6.6 7.3 

Met 0.9 0.9 

Cys - 2.6 

lIe 5.7 6.0 

Leu 7.8 9.0 

Phe 3.9 3.9 

Trp - 1.7 

Lys 0.6 0 

Table 11. Comparison of the amino acid composition of the purified chymotrypsin 
and the amino acid sequence deduced from the chymotrypsin cDNA (mature form 
of the protein, residues 58-292). 
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Multiple sequence alignments 

Figure 22 shows the multiple sequence alignment of the three deduced amino 

acid sequences of the M sexta trypsin clones TMAN1 (clone #1), TMAN2 (clone#2), 

TMAN3 (clone #3) and the following serine proteases: ACHL1, achelase I (Lonomia 

achelous), ACHL2, achelase II (Lonomia achelous), TCHO, trypsin-like enzyme 

(Christoneura!umerana), TSIM, trypsin (Simulium vittatum), TDRO, putative trypsin 

(Drosophila melanogaster) and TRAT, trypsin (Rattus Ilorvegicus). All of the 

deduced M. sexta trypsin sequences code for the highly conserved residues, Asp 91, 

His 46, Ser 194 (alignment numbering) which form the catalytic triad or "charge relay 

system" (Blow et al. 1969) found in serine proteases. The sequences also have Gly 

211, Gly 221, and Asp 188 found in trypsins which determine the specificity for large 

positively charged side chains. All the trypsin clones have six conserved cysteine 

residues which would form three intrachain disulfide bridges (numbered 1-6). 

TMANI and TMAN3 code for seven total cysteines (marked with a # at position 

208). 

Figure 23 shows the multiple sequence alignments of the deduced amino acid 

sequence of the M. sexta chymotrypsin clone KMAN with the following serine 

proteases: TMAN, trypsin #2 (M. sexta), COGS, collagenase (Hypoderma lineatum), 

SDRO, serine protease precursor I (D. melanogaster), KORH, chymotrypsin II (Vespa 
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orientalis) and CBOV, chymotrypsinogen (Bos taurus). The M. sexta chymotrypsin 

clone codes for the three highly conserved residues involved in catalysis, Asp 95, His 

46 and Ser 196 (alignment numbering), which are found in all serine proteases. The 

residues which determine the cleavage specificity for large hydrophobic side chains 

in mammalian chymotrypsin, Ser 189 at the bottom of the specificity pocket and two 

glycines (216, 226) at the mouth of the pocket (Blow, 1976), are similar in the M. 

sexta chymotrypsin sequence. The amino acids that align with the mammalian 

specificity residues in the M. sexta sequence are serine, glycine and alanine at 

positions 190, 217 and 228, respectively. The chymotrypsin clone encodes six 

conserved cysteines which would form three intrachain disulfide bridges. 

Figure 24 shows the multiple sequence alignments of the deduced amino acid 

sequence of the M. sexta elastase clone EMAN with the following serine proteases: 

KMAN, chymotrypsin clone (M. sexta), TMAN2, trypsin clone #2 (M. sexta), SDRO 

serine protease precursor 1 (D. melanogaster), KORH, chymotrypsin II (V. orientalis) 

and EPIG, elastase 1 precursor (Sus scrofa). The deduced M. sexta elastase sequence 

codes for two of the highly conserved catalytic triad (His 46 and Asp 95), but codes 

for a threonine at position 198 instead of the highly conserved serine found in all 

"serine protease" sequences. The specificity of mammalian elastase is usually limited 

to small hydrophobic groups such as alanine (Shotton and Watson, 1970). The 
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residues that form the mammalian elastase specificity pocket are Ser 189 at the 

bottom of the pocket along with Val 216 and Thr 226, which are at the entry of the 

binding pocket and block the entry of large hydrophobic groups. The residues in the 

M. sexta elastase cDNA, which align with the "specificity" residues, are Gly 192 at the 

bottom of the binding pocket and two "bulky" residues, Phe 219 and Ser 230, at the 

entry of the binding pocket. The deduced sequence also includes six conserved 

cysteine residues which would form three intrachain disulfide bridges. 

The elastase clone, encoding a threonine at the active site, was isolated from 

the cDNA library made from one insect. The sequence of the clone in the region 

750-996 was compared with that of several partial clones isolated from the same 

cDNA library and found to be identical. To address the possibility that the mRNA 

isolated from the one insect did not represent the population, the second cDNA 

library constructed from fifteen insects was screened for elastase clones. Nine 

elastase clones isolated from the second cDNA library contain the ACf codon for the 

threonine at position 768-770 (see Figure 25). There was no variation in the 

nucleotide sequence of the nine elastase clones. 
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**** * 1** **$2 
IVGGSTTTIQ QYPTIVALLF SRNGNTFFQA CGGIILNNRN VLTAAHCPHG DAVNRWRVRS 
IVGGSTTTIQ QYPTIVALLF SRNGNTFFQA CGGIILNNRN ILTAAHCPHG DAVNRWRVRS 
IVGGSTTTIQ QYPTIVALLF SRNGNTFFQA CGGTILNNRN VLTAAHCPHG DAVNRWRVRS 
IVGGSVTTIG QYPSMASLLF NNR ••••• Qv CGGVIINNRS VLTAAHCPFG DAVSSWRFRV 
IVGGSTTTIA SYPEITALLY FNR ••••• QA CGGTILNNRS VLTAAHCPFG DAASSWSFRV 
IVGGSVTTIE QWPSGSALLY SWNLVTYSQA CGGAILNTRS ILSAAHCFIG DAANRWRIRT 
IVGGEMTDIS LIPYQVSVQT AISSYGFIHH CGGSIISPRW VVTAAHCAQK TNSAYQVYTG 
IVGGSATTIS SFPWQISLQR SGS ••••• HS CGGSIYSANI IVTAAHCLQS VSASVLQVRA 
IVGGYTCPEH SVPYQVSLNS G •••••• YHF CGGSLINDQW VVSAAHCY.K SRIQVRLGEH 

10 20 30 40 50 60 
* 

GSTYANSGGA VHNLNRVRIH PNFNRRTLDN 
GSTFANSGGA VHNLNRVRIH PNYNSRTLDN 
GSTFANSGGA VHNLNSVRIH PNYNRRNLDN 
GSTNANSGGT VFTLSTIINH PSYNRWTLDN 
GSTNANSGGT VHSLSTFIIH PSYNRWTLDN 
GSTWANSGGV VHNTALIIIH PSYNTRTLDN 
SSNKVEGGQA Y.RVKTIINH PLYDEETTDY 
GSTYWSSGGV VAKVSSFKNH EGYNANTMVN 
NINVLEGDEQ FINAAKIIKH PNYSSWTLNN 

70 80 90 
* ** 

$ 
DIAIMRTTSN 
DIAIMRTSSN 
DIAIMRTASN 
DISIMRAASN 
DIAIMRTASN 
DIAILRSATT 
DVALLELAEP 
DIAVIRLSSS 
DIMLIKLSSP 

100 
* 

IAF.NNAAQP ARIAGANYNL 
IAF.NNAAQP ARIAGANYNV 
IAF.NNAAQP ARIAGANYNL 
IG.TSASVQP AGIAGSNYNL 
INFINNAVRP GSIAGANYNL 
IAQ.NNQARP ASIAGANYNL 
IVM.NYKTAA IELAEVGEEV 
LSF.SSSlKA ISLATYNPAN 
VKL.NARVAP VALPSACAPA 

110 120 
3 * 4 

GDNQVVWAAG WGAIRSGGP •••• SSEQLRH VQVWTVNQAT CRSRYASIGR SVTDNMLCSG 
GDNQVVWAAG WGDIRSGGP •••• PSEQLRH VQVWTVNQAT CRSRYASIGR SVTDNMLCSG 
GDNQVVWAAG WGAIRSGGP •••• SSEQLRH VQVWTVNQAT CRSRYASIGR TVTDNMLCSG 
GDNQVVWATG WGATSAGGSL ARFPGVNARH VQIWTVNQNT CASRYAAIGR TVTANMLCSG 
ADNQVVWAAG WGTTSPGGSL ARFPGVNARH VQIWTVNQAT CRTRYASIGH TVTDNMLCSG 
ADNQAVWAIG WGATCPGCA •••• GSEQLRH IQIWTVNQNT CRSRYLEVGG TITDNMLCSG 
ETDAMAIVSG WGDT.KNFGE ••• EPNMLRS AEVPIFDQEL CAYLN.ANHG VVTERMICAG 
GTQCL •• ISG WGNTLSNGVN ••• NPDLLQC VDAPVLSQAD CE •• A.AYPG EITSSMICVG 

130 140 150 160 170 180 
* * + 5 ***$*** i** + 6* * +* * * 

WLDVGGRDQC QGDSGGPLYH NGVVVGVCSW GEECALARFP GVNARVSRFA NWIRNNS ••• 
WLDVGGRDQC QGDSGGPLYH NGVVVGVSSW GEECALARFP GVNARVSRFA NWIRNNS ••• 
WLDVGGRDQC QGDSGGPLYH NGVVVGVCSW GEECALARFP GVNARVTRYT SWISNNS ••• 
WLDVGGRDQC QGDSGGPLYH NRIVVAV •••••••••••••••••• VSRYT SWIQSNA ••• 
WLDVGGRDQC QGDSGGPLYH NGVVVGV •••••••••••••••••• VSRYT AWIQSNA ••• 
WLDVGGRDQC QGDSGGPLFH NNVVVGVCSW GQSCALARYP GVNARVSRFT AWIQANA ••• 
YLA.GGRDSC QGDSGGPLAV DGKLVGIVSW GVGCAQSNFP GVYGI ••••••••••••••• 
•• A.SGKDAC QGDSGGPLVS GGVLVGVVSW GYGCAYSNYP GVYADVAVLR SWVVSTANSI 
FLE.GGKDSC QGDSGGPVVC NGQLQGIVSW GYGCALPDNP GVYTKVCNFV GWIQDTlAAN 

190 200 210 220 230 240 
Figure 22. Multiple sequence alignments of several proteases with the deduced 
amino acid sequence of the trypsin clones - TMAN 1 (clone #1), TMAN 2 (clone 
#2) and TMAN 3 (clone #3). Abbreviations are as follows: ACH1, achelase I 
(Lonomia ache/ous), ACH2, achelase II (LolZomia achelous), TCHO, trypsin-like 
enzyme (Chonstoneura fumiferana), TSIM, trypsin (Simulium vittatum), TDRO, 
putative trypsin (Drosophila melallogaster) and TRAT (Rattus llorvegicus). Symbols 
are as follows: * indicates identical residues in the aligned sequences, $ indicates the 
conseIVed active site residues and + indicates the conseIVed specificity pocket 
residues. The conseIVed cysteines are numbered 1-6 and # indicates the odd (Jh) 
cysteine in TMAN 1 and TMAN 3. 



KHAN 
TMAN 
COGS 
SDRO 
KERB 
CBOV 

KHAN 
TMAN 
COGS 
SDRO 
KERH 
CBOV 

KHAN 
TMAN 
COGS 
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CBOV 

KHAN 
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COGS 
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CBOV 

KHAN 
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COGS 
SDRO 
KERH 
CBOV 

* * * * 
IVGGSSSSVG QFPYQAGLVI 
IVGGSTTTIQ QYPTIVALLF 
IINGYEAYTG LFPYQAGLDI 
ITNGYPAYEG KVPYIVGLLF 
IVGGTDAPRG KYPYQVSL •• 
IVNGEDAVPG SWPWQVSLQD 

10 20 

GQNQASRFVV VLGSNRLFSG 
HGDAVNRWRV RSGSTFANSG 
.VHDAVSVVV YLGSAVQYEG 
.TNGASGVTI NYGASIRTQP 
VGKSKHQVTV HAGSVLLNKE 
.GVTTSDVVV AGEFDQGLET 

60 70 

LPSNVGFNNN INVIALPSGS 
TSSNIAFNNA AQPARIAGAN 
IP.HVEYTDN IQPIRLPSGE 
TP.HVDFWSL VNKVELPSYN 
VSKDISYTQL VQPVKLPVSN 
LATPAQFSET VSAVCLPSAD 

110 120 

3 
NHVTLDVIAN NVCSRTFPL. 
RHVQVWTVNQ ATCRSRYASI 
YNL ••• VIDN DRCAQEYPPG 
QSVDVQIISQ SDCSRTWS •• 
QQITLSIVNQ QTCKFKH ••• 
QQATLPIVSN TDC.RKYWGS 

160 170 

T.LPRGTAA. 
SRNGNTFFQA 
T.LQDQRRVW 
S.GNGNW •• W 
• RAPKHF ••• 
S.TGFH ••• F 

30 

1** ***$2 
CGGSLLSNRR VLTAAHCWWD 
CGGIILNNRN ILTAAHCP •• 
CGGSLIDNKW ILTAAHC ••• 
CGGSIIGNTW VLTAAHC ••• 
CGGSI.SKRY VLTAAHCL •• 
CGGSLISEDW VVTAAHC ••• 

40 50 

*$ 
GV •• RLETRD IVMHGSWNPN LVRNDIAMIR 
GAVH •• NLNR VRIHPNYNSR TLDNDIAIMR 
EAV •• VNSER IISHSMFNPD TYLNDVALIK 
QYTHWVGSGD IIQHHHYNSG NLHNDISLIR 
EAVY •• NAEE LIVNKNYNSI RLINDIGLIR 
EDTQVLKIGK VFKNPKFSIL TVRNDITLLK 

80 90 100 

* * QLNLNFAGER AIASGFGRT. RDGANIDGSL 
YNVGDNQVVW AA •• GWGDIR SGG.PPSEQL 
ELNNKFENIW ATVSGWGQs. NTDTVLIQYT 
DRYQDYAGWW AVASGWGGT. YDGSPLPDWL 
TlKAGDPVVL .T •• GWGRIY VNG.PIPNNL 
EDFP •• AGML CATTGWGKTK YNALKTPDKL 

130 140 150 

4 
L •• IQSSNIC 
GRSVTDNMLC 
I •• IVESTIC 
••• LHDNMIC 
.WGLTDSQIC 
R •• VTDVMIC 

180 

* i 5 **$*** 
TS •• GANGRS TCHGDSGGPL 
SGWLDVGGRD QCQGDSGGPL 
GD •• TSDGKS PCFGDSGGPF 
IN •• TDGGKS TCGGDSGGPL 
T •• FTKLGEG ACDGDSGGPL 
A ••• GASGVS SCMGDSGGPL 

190 200 

* * i 6 *i ** * 
AATRNNRPLL IGVTSFGHRD GCQRGHPAAF ARVTSYDAWI 
YHNG •••• VV VGVSSWGEEC ALAR.FPGVN ARVSRFANWI 
VLSDKN •• LL IGVVSFVSGA GCESGKPVGF SRVTSYMDWI 
VTHDGN •• RL VGVTSFGSAA GCQSGAPAVF SRVTGYLDWI 
VANG •••• VQ IGIVSYGHPC AVGS •• PNVF TRVYSFLDWI 
VCQKNGAWTL AGIVSWGSS. TCSTSTPAVY ARVTALMPWV 

210 220 230 240 

RR.NL •••• 
RNNS •••• 
QQNTGIKF 
RDNTGISY 
QKNQL ••• 
QETLAAN. 

248 

125 

Figure 23. Multiple sequence alignments of the deduced amino acid sequence of the 
M. sexta chymotrypsin clone (KMAN) with several proteases. The abbreviations are 
as follows: TMAN, trypsin #2 (M. sexta), COGS, collagenase (Hypoderma Iineatum), 
SDRO, serine protease precursor I (Drosophila melanogaster), KERH, chymotrypsin 
II (Vespa crabro) and CBOV, chymotrypsin B (Bos taunts). Symbols are as follows: 
* indicates identical residues in the aligned sequences, $ indicates the conserved 
active site residues and # indicates the conserved specificity pocket residues. The 
conserved cysteines are numbered 1-6. 
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*** * * 1** ***$2 
WGGSTTTIL SVPYQAGLIL TINVIR.TSV CGGVIIADNR ILTAAHCRND 
IVGGSSSSVG QFPYQAGLVI TL.PRG.TAA CGGSLLSNRR VLTAAHCWWD 
IVGGSTTTIQ QYPTIVALLF SRNGNTFFQA CGGIILNNRN ILTAAHCPHG 
IVGGSATTIS SFPWQISLQR SGS ••••• HS CGGSIYSANI IVTAAHCLQS 
IVGGTDAPRG KYPYQVSLRA PK •••••• HF CGGSI.SKRY VLTAAHCLVG 
WGGTEAQRN SWPSQISLQY .RSGSSWAHT CGGTLIRQNW VMTAAHCVDR 

10 20 30 40 50 

* * * $* 
GNNIVTSITV VLGSNLLFSG GTR ••• ITTN DVLMHPGYNP WIVAN •• DIA 
GQNQASRFW VLGSNRLFSG GVR ••• LETR DIVMHGSWNP NLVRN •• DIA 
DA •• VNRWRV RSGSTFANSG GAV ••• HNLN RVRIHPNYNS RTLDN •• DIA 
VS •• ASVLQV RAGSTYWSSG GW ••• AKVS SFKNHEGYNA NTMVN •• DIA 
KS •• KHQVTV HAGSVLLNKE EAV ••• YNAE ELIVNKNYNS IRLIN •• DIG 
ELT •••• FRV WGEHNLNQN DGTEQYVGVQ KIWHPYWNT DDVAAGYDIA 

60 70 80 90 100 

* * * 
VIRI.SRVTF TTLIQPVNLP SGSEVNMNFV GNTGLLSGYG ITRDGDSVGL 
MIRLPSNVGF NNNINVIALP SGSQLNLNFA GERAIASGFG RTRDGANID. 
IMRTSSNIAF NNAAQPARIA GANYNVGD •• 
VIRLSSSLSF SSSIKA •• IS LATYNPAN •• 
LIRVSKDISY TQLVQPVKLP VSNTIKAG •• 
LLRLAQSVTL NSYVQLGVLP RAGTILAN •• 

110 120 130 

* 3 
LQTLTSVNVP VISNADCTRQ ••• LGNFIQN 
.GSLNHVTLD VIANNVCSRT ••• FPLLIQS 
SEQLRHVQVW TVNQATCRSR YASIGRSVTD 
PSQLQYVNVN IVSQSQCASS TYGYGSQIRN 
PNNLQQITLS IVNQQTCKFK H •••• WGLTD 
AQTLQQAYLP TVDYAICSSS SY.WGSTVKN 

160 170 180 

NQVVWAAGWG DIRSGGP.P. 
GASAAVSGWG TQSSGSS.SI 
DPW.LTGWG RIYVNG •• PI 
NSPCYITGWG LTRTNG •• QL 

140 150 

4 i 5 **$ 
HHLCTS •• GA NRRGACAGDT 
SNICTS •• GA NGRSTCHGDS 
NMLCSGWLDV GGRDQCQGDS 
TMICAA ••• A SGKDACQGDS 
SQICT •• FTK LGEGACDGDS 
SMVCAG •• GD GVRSGCQGDS 

190 200 

**** * * # 6 *# * * 
EMAN GGPLWTINR RRVLIGVSSF FSTRGCQ.AS LPSGFSRVTS FLSWIRSI •••• 
KMAN GGPLAATRNN RPLLIGVTSF GHRDGCQ.RG HPAAFARVTS YDAWIRRNL ••• 
TMAN GGPLYHN •••• GVWGVSSW GEE •• CALAR FPGVNARVSR FANWIRNNS ••• 
SDRO GGPLVSG •••• GVLVGWSW GYG •• CAYSN YPGVYADVAV LRSWWSTANSI 
KERH GGPLVAN •••• GVQIGIVSY GHP •• CAVGS .PNVFTRVYS FLDWIQKNQL •• 
EPIG GGPLHCLVNG QYAVHGVTSF VSRLGCNVTR KPTVFTRVSA YISWINNVIASN 

210 220 230 240 252 
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Figure 24. Multiple sequence alignments of the deduced amino acid sequence of the 
M. sexta elastase clone (EMAN) with several proteases. The abbreviations are as 
follows: KMAN, chymotrypsin clone (M. sexta), TMAN, trypsin clone #2 (M. sexta), 
SDRO serine protease precursor 1 (Drosophila melanogaster), KERH, chymotrypsin 
II (Vespa crabro) and EPIG, elastase 1 precursor (Sus scrofa). Symbols are as 
follows: * indicates identical residues in the aligned sequences, $ indicates the 
conserved active site residues and # indicates the conserved specificity pocket 
residues. The conserved cysteines are numbered 1-6. 



Clone #1 

Clone #2 

Clone #3 

Clone #4 

Clone #5 

Clone #6 

Clone #7 

Clone #8 

Clone #9 
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762 GGT GAC ~~:GGA GGT CCA CTG GTG GTG ACA ATC 794 
GLY ASP TER: GLY GLY PRO VAL VAL THR ILE ASN 

GGT GAC III GGA GGT CCA CTG GTG GTG ACA ATC 

GGT GAC III GGA GGT CCA CTG GTG GTG ACA ATC 

GGT GAC ACT GGA GGT CCA CTG GTG GTG ACA ATC 
::::': . '.~.~.~ : .. j.~.[.t : ... i.~:1 ;:? 

::::::::::::;:~~j 

GGT GAC Xciii GGA GGT CCA CTG GTG GTG ACA ATC 
::::::::::::::::;::::~ 

GGT GAC ACm GGA GGT CCA CTG GTG GTG ACA ATC 
~:}~?/·t 

GGT GAC Kcfu GGA GGT CCA CTG GTG GTG ACA ATC 
·~~t··tr{:~ 

{:::::::::: ? 

GGT GAC Adl GGA GGT CCA CTG GTG GTG ACA ATC 
·~~[j~~~~~~;1 ~~) 
" .. :.:.:.::::::~:~~~~ 
:: ....... '.;.: 

GGT GAC Kdm GGA GGT CCA CTG GTG GTG ACA ATC 

Figure 25. Nucleotide sequences around the active site (762-794 base pairs) of the 
nine elastase clones isolated from the cDNA library made from 15 insects. The 
codon corresponding to the active site residue (Thr) is highlighted. 
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Sequence comparisons 

Searching the protein data base with the FASTA program revealed that the 

most similarity is seen between the M. sexta midgut enzyme sequences and other 

invertebrate and vertebrate serine proteases. The deduced amino acid sequence of 

the trypsin clone has a 39% identity with the putative trypsin from D. melanogaster 

(TDROM), a 36% identity with the trypsin from S. vittatum (TSIM) and a 34% 

identity with a mammalian trypsinogen from R. 1l00vegicus (TRA T). A striking 

identity is seen between the M. sexta trypsins and the serine proteases from two other 

Lepidoptera. The trypsin-like enzyme from C. fumerana has 69% identity with the 

M. sexta trypsins and achelase I and achelase II isolated from the hemolymph of the 

saturnid caterpillar, L. ache/ous (Amarant et a/., 1991), show 65% and 71 % identities, 

respectively. 

The deduced amino acid sequence of the M. sexta chymotrypsin sequence is 

most similar to a collagenase from the common cattle grub, H. lineatum (COGS) 

with a 41% identity. The chymotrypsin sequence was calculated to have 39% 

identity with the serine protease 1 precursor from D. melanogaster (CDRO), 33% 

identity with chymotrypsin II from the oriental hornet, V. orienta/is (eVES) and 30% 

identity with bovine chymotrypsinogen B (CBOV). Gap analysis of the M. sexta 

chymotrypsin sequence with the M. sexta trypsin sequence yields a 35% identity 
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between these two midgut proteases. 

The deduced amino acid sequence of the M. sexta elastase sequence, like the 

M. sexta chymotrypsin, is most similar to the collagenase from H. lineatum (37% 

identity), the serine protease precursor 1 from D. melanogaster (39% identity) and the 

chymotrypsin II from V. orientalis (31 % identity). The encoded M. sexta protein has 

32% identity with the pig elastase 1 precursor. Comparison of the M. sexta elastase 

sequence with the other M. sexta midgut proteases finds the elastase has 49% identity 

with chymotrypsin and a 36% identity with trypsin. 

Northern analysis 

The northern analysis (Figure 26) of total RNA isolated from the whole 

midgut of a day-2 fifth instar lalVae shows a single band of ::::: 850 base pairs with the 

trypsin probe (panel A). Dissection of the midgut into 3 sections shows the mRNA 

for trypsin is concentrated in the middle third of the midgut with less in the last third 

and no message in the first third of the midgut. The denaturing gel of total RNA in 

the midgut and the sections (Figure 27) shows a large amount of rRNA in the whole 

midgut with the most located in the last third of the midgut. The ribosomal RNA 

appears to have affected the mobility of the trypsin mRNA in the RNA gel, which 

may explain why the trypsin message seems slightly larger in the whole midgut and 
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posterior end of the midgut. 

Reprobing the same northern blot with labeled elastase cDNA shows a single 

band at := 1 kilobase (Figure 26, panel B). The elastase mRNA is concentrated in 

the middle third of the midgut. No elastase message was detected in the whole 

midgut RNA sample or in the first and last third of the midgut. 

Figure 28 shows the second northern analysis of identical samples of total 

RNA isolated from the whole midgut and the three midgut sections which were 

hybridized with the 32p labeled trypsin, chymotrypsin or elastase cDNA. Hybridizing 

the total RNA with 32p labeled trypsin cDNA confirms that the mRNA is 

concentrated in the middle third of the midgut with less in the last third and no 

trypsin mRNA is in the first third of the midgut. The chymotrypsin mRNA is also 

concentrated in the middle third of the midgut but, chymotrypsin mRNA is found in 

the first third of the midgut and not in the last third of the midgut. The mRNA for 

the elastase is again detected in the middle third of the midgut but the mRNA is 

apparently not as abundant as the chymotrypsin and trypsin mRNA. Low abundance 

may also explain why the elastase mRNA is not detected in the whole midgut. 
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Figure 26. Northern analysis of total RNA for trypsin and elastase mRNA The RNA 
was isolated from the whole midgut (W), the anterior third (1), the middle third (2) 
and the posterior third of the midgut (3). RNA was hybridized with 32p labeled 
trypsin eDNA (panel A) or 32p labeled elastase eDNA (panel B), washed under high 
stringency conditions and autoradiographed. 
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Figure 27. Ethidium bromide stained RNA gel used for the northern analysis shown 
in Figure 26. Samples are as follows: L= low molecular weight RNA standard, 
1=anterior portion of midgut, 2= middle third of the midgut, 3= posterior third of 
the midgut and H = high molecular weight RNA standard. 
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Figure 28. Northern analysis of 50 J.Lg of total RNA isolated from whole midgut (W), 
the anterior third (1), the middle third (2) and the posterior third of the midgut (3) 
of day-2 fifth ins tar larvae. Identical RNA samples were hybridized with 32p labeled 
trypsin (A), elastase (B) or chymotrypsin (C) cDNA, washed under high stringency 
conditions and autoradiographed. 
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Expression of the M sexta elastase 

Two protein expression systems were used to produce the M. sexta elastase, 

from the EMAN cDNA, to determine whether a threonine at the active site resulted 

in an active enzyme. The first attempt to overexpress the elastase in E. coli, using 

the Pet lla plasmid (Novagen, Madison WI), failed probably because there are six 

arginine codons (AGG) in the elastase cDNA, which are used < 0.25% of the time 

in E. coli and 18 codons in the elastase cDNA (CfA, eGA, eGG, ATA, AGA), 

which are used < 5% of the time in E. coli (Konigsberg and Godson, 1983). The 

second attempt to overexpress the elastase was using a yeast expression system 

because yeast codon usage is more similar to M sexta (Current Protocols, 1990). A 

plasmid that added the yeast alpha mating factor signal sequence to the elastase 

cDNA, so that the protein would be secreted from the yeast into the growth medium, 

was used. Samples taken at 24, 48 and 66 hours and analyzed by SDS-PAGE showed 

that no protein was secreted from the yeast. The yeast, sampled at 24, 48 and 66 

hours were resuspended in 2 X SDS buffer and analyzed by SDS-PAGE, exhibited 

an increase, with time, of a protein of =:= 26 kDa, as compared to the control yeast 

with no plasmid (Figure 29). Figure 30 shows a second SDS-PAGE of the proteins 

found in transformed and control yeast after growth for 66 hours in low glucose 

medium. A fairly large amount of =:= 26 kilodalton elastase was produced in the 
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transformed yeast, but was not secreted. Attempts to extract and/or solubilize the 

overexpressed elastase were unsuccessful. 
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Figure 29. SDS-PAGE of the proteins present in control yeast and yeast transformed 
with a plasmid containing the elastase cDNA after 24, 48 and 66 hours of growth in 
low glucose medium. S=low molecular weight standard. The overexpressed 26 kDA 
protein is marked with an arrow. 
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Figure 30. SDS-PAGE of the proteins present in control yeast and yeast transformed 
with a plasmid containing the elastase cDNA after 66 hours of growth in low glucose 
medium. S=low molecular weight standard, C=control and M= M. sexta elastase. 
The overexpressed protein is marked with an arrow. 



138 

DISCUSSION 

Overview 

The results from the biochemical and molecular biological study of M. sexta 

midgut proteinases suggested that there are at least four proteases expressed in the 

midgut: two trypsins, one chymotrypsin and a putative elastase. There was evidence 

for two trypsins based on the amino-terminal protein sequence data. The sequences 

are =75% identical (11/15 residues), but only one of the trypsin cDNAs was cloned 

and sequenced. Only one amino-terminal sequence was evident in the chymotrypsin

like enzyme purified from the midgut. A peptide of M. sexta chymotrypsin, generated 

by tryptic digestion, showed a single sequence. The existence of an active elastase 

in the midgut is based on cDNA sequence and not on an isolated active enzyme. 

Six distinctly different clones that encode proteases were isolated from the M. 

sexta midgut cDNA library. Three clones with different restriction maps, were 

isolated that encoded one of the midgut trypsins. Two clones, also with different 

restriction maps, were isolated which encode chymotrypsins. Only one type of clone 

which encodes elastase was isolated. To avoid confusion about the six different 

clones and three different proteases isolated from the M. sexta, I will divide the 

discussion into four sections 1) trypsin, 2) chymotrypsin, 3) elastase and 4) features 

shared by the M. sexta proteases. 
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Trypsin 

Purification of the M. sexta midgut trypsin 

The chromatographic protocol developed for the midgut trypsin purification 

was a modification of the method reported by Miller et al. (1974). A precolumn of 

DE-52 was added to remove negatively charged proteins from the midgut supernatant 

which interfered with the affinity matrix (benzamidine Sepharose 6B). The affinity 

column was eluted with a gradient of 5-250 mM benzamidine, as an attempt to 

separate trypsin isozymes; however, only one peak of trypsin activity was eluted. To 

inhibit degradation, the purified enzyme was exchanged into 50 mM ammonium 

formate, 20 mM CaCl2 pH 4.0 and stored at O°C. The enzyme precipitates if stored 

at this pH but can be redissolved in an active form in a high pH buffer. 

Characterization of the midgut trypsin 

Miller et al. (1974) previously demonstrated that the M. sexta midgut trypsin, 

similar to mammalian trypsin is a) a single polypeptide chain with a molecular weight 

of =:: 24,000, b) not glycosylated, c) inhibited by DFP, PMSF, TLCK, benzamidine 

and ovomucoid and d) preferential in cleaving the peptide bond carboxyl to the 

positively charged amino acids arginine and lysine. Further study of the midgut 
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trypsin determined that it has a pH optimum of 10.5. The alkaline pH optimum 

correlates well with the pH observed in the midgut where trypsin functions and is 

similar to other pH optima reported for trypsins from different species of 

Lepidoptera (Ishaaya et al.; 1971, Ahmad et al., 1980; Pritchett et al.; 1981, Eguchi 

and Kuriyama, 1985; Houseman et al., 1989; Wolfson and Murdock; 1990; Christeller 

et al., 1992; Purcell et al., 1992). Two amino-terminal sequences were determined 

from the purified enzyme; therefore, the alkaline pH optimum obtained may 

represent that of a mixture of trypsin isozymes. The mixture of enzymes is ninety 

percent active at pH > 9.0 and they can be classified as alkaline proteases. 

peR method for amplitying protease eDNA 

We chose to screen the midgut cDNA library using a PCR generated probe 

because purified M. sexta proteases were not antigenic enough in rabbits to produce 

an antibody for immunological screening. A peR method using degenerate primers 

designed based on regions surrounding the three active site residues was effective in 

amplifying serine protease fragments from genomic DNA of nematode and protozoan 

parasites (Sakanari et al., 1989). The modification of the method using a mixture of 

degenerate primers designed from only one of the highly conserved regions, the T7 

sequencing primer, and template DNA from the cDNA library phagestock is an 
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effective way to amplify a serine protease probe for screening a cDNA library without 

obtaining an antibody or additional protein sequence. The only drawback to this 

method was the unexpected amplification of mitochondrial DNA sequences; however, 

dilution of the template for peR and the restriction mapping and sequence analyses 

of positive clones permitted the identification of a partial trypsin clone which was 

used to rescreen the midgut cDNA library. This method is only recommended for 

highly abundant proteins or ones which account for a large percentage of the cDNA 

in the library because of the potential for amplifying phage DNA. 

Trypsin eDNA clones 

The deduced amino acid sequences from the midgut cDNA clones code for 

three trypsinogens with putative seventeen amino acid signal sequences, seven amino 

acid activation peptides and active enzymes of == 25 kDa. The encoded proteins all 

contain the highly conserved active site (His, Asp, Ser) and specificity pocket residues 

(Asp, Gly, Gly) that define trypsins. The deduced sequence of the trypsinogen is 

most similar (34-39% identity) to other vertebrate and invertebrate trypsins. The 

cDNAs appear to encode the midgut trypsin purified from M. sexta. One of the 

amino-terminal sequences determined from the purified trypsin matches the cDNA 

deduced amino acid sequence exactly (15 residues). The second NH2-terminal 
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protein sequence is not reflected in the cDNA sequences. The amino-terminal 

sequences of the two trypsins are ~ 75% identical and the amino acid composition 

of the isolated protein and that deduced from cDNA are comparable, suggesting that 

the two trypsins are very similar. Evidence for more than one insect midgut trypsin 

has also been reported in two species of mosquito, A. gambiae (Muller et al., 1993) 

and A. aegypti (Graf and Briegel, 1989) and in several Lepidoptera (Ward, 1975; 

Houseman et al., 1988; Ahmad et al., 1980). Further investigation of invertebrate 

trypsins may reveal that several trypsin isozymes are a common occurrence. The 

three cDNA clones encoding the trypsinogens, which differ in 18 out of 256 amino 

acids, were isolated from a cDNA library made from one insect. No other cDNA 

clones encoding a trypsin were identified with the peR generated probe. A different 

approach is necessary in order to isolate the second alkaline midgut trypsin cDNA 

clone. 

The deduced amino acid sequences for clone #1 and clone #3 encode an odd 

number of cysteines (seen at position 208). Titration of the purified M. sexta midgut 

trypsin with 5 - 5' dithio bis - (2 - nitrobenzoic) acid (DTNB), which reacts with free 

sulfhydryls, showed < 3% (30 pmoles/nmole protein) free sulfhydryl present in the 

purified protein. Therefore, there is no direct evidence that a protein with seven 

cysteines is present or stable in the midgut contents. Two other Lepidoptera, C. 
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fumerana and L. achelous, have serine proteases with an odd number of cysteines. 

The multiple sequence alignment (see Figure 22) shows the encoded trypsin-like 

enzyme from C. fumerana has 9 cysteines, one at position 208, and the two 

hemolymph achelases from L. achelous each have five cysteines. In the alignment, 

the achelases show a gap between residues 208-225, 4 extra residues (140-143) and 

a sequence of 10 amino acids (140-149) which match residues 216-225 in the deduced 

M sexla sequences. The alignment data suggest an incomplete protein sequence of 

the two achelases, which upon completion may contain an even number of cysteines. 

It is interesting to note that the achelases from this species of Lepidoptera have the 

same substrate specificity as trypsin and are remarkably similar to the M sexla midgut 

trypsins (65 and 71 % identity). It is possible that the midgut of L. achelous was 

ruptured when the hemolymph was collected resulting in a midgut trypsin being 

purified and sequenced instead of a hemolymph (fibrinolytic) protease. Additional 

protein sequencing is necessary to prove the presence of both an odd cysteine and 

several isozymes of midgut trypsin. 

In summary, the data from the current study suggest that the trypsin in the M. 

sexta midgut is an alkaline protease, is encoded by several mRNAs and is potentially 

a mixture of many isozymes. 
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Chymotrypsin 

Purification of the midgut chymotrypsin 

A two-step chromatographic method, using a combination of an affinity matrix 

and an ion exchange column run at low pH, was used to purify the midgut 

chymotrypsin to homogeneity. The addition of a pre-column consisting of 

benzamidine Sepharose 68 and DEAE trisacryl removed the midgut trypsin and 

negatively charged proteins from the midgut supernatant before it reached the 

tryptophan methyl ester affinity column. The midgut chymotrypsin was not eluted 

from the column at low pH as was mammalian chymotrypsin, but was eluted with 100 

mM ligand (tryptophan methyl ester). The excess ligand kept the chymotrypsin from 

degrading while it was exchanged into low pH buffer. The second purification step, 

binding to the CM trisacryl column at pH 4.0 and eluting with 100 mM NaCI, 

removed all of the degraded enzyme. The purified enzyme was boiled before the 

addition of 2 X SDS buffer and analysis by SDS-PAGE to prevent activation by the 

detergent, and subsequent degradation of the enzyme. The enzyme remained active 

for months, with some degradation, in 50 mM ammonium formate, 20 mM CaCh, pH 

4.0 at O°C. 
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Characterization of the M. sexta chymotrypsin 

SDS-PAGE of the purified chymotrypsin showed a single protein band of =24 

kilodaltons in the column fractions which hydrolyse N-succinyl Ala-Ala-Pro-Phe p

nitroanilide. This synthetic substrate was specifically designed as a "sensitive" 

substrate for mammalian chymotrypsin (K.n = 0.043 mM, DelMar et at., 1979). The 

K.n determined from the kinetic analysis of the hydrolysis of AAPF by the midgut 

chymotrypsin was = 10 fold higher (0.53 mM). The higher K.n is closer to that 

reported for subtilisin Carlsberg (K.n = 0.23 mM, Price and Johnson, 1989) and may 

reflect differences in the binding pocket between the insect and mammalian enzymes. 

Specificity 

The pep tides recovered after the digestion of the oxidized B chain of insulin 

and glucagon with the M. sexta chymotrypsin showed a preference for cleaving the 

peptide bond on the carboxyl side of tyrosine, phenylalanine, tryptophan, leucine, 

histidine and threonine. The enzyme also cleaved the oxidized B chain of insulin 

after one arginine and the glycine adjacent to a phenylalanine. In the digestion of 

insulin with the midgut chymotrypsin, TLCK was added to inhibit any contaminating 

trypsin. Unfortunately, TLCK is not stable at the insect enzyme pH optimum (10.5), 

so the result of hydrolysis after the arginine residue is inconclusive. The midgut 
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chymotrypsin has a broader cleavage specificity than mammalian chymotrypsin, which 

is specific for the hydrolysis of the peptide bonds on the carboxyl side of large 

aromatic side chains such as phenylalanine, tyrosine, tryptophan and the hydrophobic 

side chain of methionine (Stryer, 1988). The specificity of the M. sexta chymotrypsin 

is most similar to that reported for the invertebrate chymotrypsins from the hornet, 

Vespa crabro (Jany et al., 1978) and from the lugworm,Arenicola marina (Eberhardt, 

1992). The hornet chymotrypsin cleaves insulin (oxidized B chain) on the carboxyl 

side of leucine in addition to large aromatic amino acids. The specificity of the 

lugworm chymotrypsin is most similar to the M. sexta chymotrypsin in that it 

hydrolyses insulin at the peptide bonds carboxyl to histidine, leucine, tyrosine, arginine 

and phenylalanine. The broad specificity of the M. sexta chymotrypsin can be 

considered an asset to the larvae for the rapid digestion of food protein. 

Inhibition of the M. sexta chymotrypsin 

Several known protease inhibitors were tested to determine their effect on the 

midgut chymotrypsin activity. Inhibiting the activity of the purified M. sexta 

chymotrypsin, however, was a technical nightmare. The enzyme will inactivate itself 

if pre incubated at 22°C for 30 minutes at pH 9.75 without the addition of inhibitor. 

Several of the known protease inhibitors are unstable at high pH, e.g. TPCK, DFP 
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and PMSF (Beynon and Bond 1989). The compromise was to add inhibitors during 

an enzyme assay at pH 9.75 and determine the inhibition of the rate of hydrolysis 

after 3 minutes. Each assay then seIVed as its own control. The inhibition of the 

enzyme was then compared with the inhibition of the enzyme after preincubation for 

30 minutes with certain inhibitors at pH 8.0. 

The midgut enzyme was inhibited by 1,10 phenanthroline, iodoacetic acid (pH 

8.0) and chymostatin (pH 9.75). Chymostatin was the only "chymotrypsin" specific 

inhibitor of the three, 1,10 phenanthroline typically inhibits metallo proteases and 

iodoacetic acid will inhibit cysteine proteases. These results are not surprising 

because 1) iodoacetic acid is not specific for cysteine proteases and will inactivate 

other enzymes (Beynon and Bond 1989),2) the midgut chymotrypsin is not inhibited 

by E-64, a specific cysteine protease inhibitor and 3) Ward (1975) reported that the 

chymotrypsin-like enzyme in the midgut of the webbing clothes moth is also inhibited 

by 1,10 phenanthroline (75%). 

The most surprising result was that the recommended molarity of DFP (0.1 

mM) usually required for inhibiting serine proteases (Beynon and Bond 1989) did not 

inhibit the midgut chymotrypsin. Eguchi and Kuriyama (1985) reported a similar 

result for the midgut chymotrypsin from B. mon (Lepidoptera), in which the activity 

was only 25% inhibited by the addition of 0.1 mM DFP. The M. sexta enzyme could 
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be completely inhibited by 25 mM DFP in 3 minutes, which suggested that the half 

life for inhibition of the enzyme by DFP was greater than that reported for 

mammalian chymotrypsin. The values for tl/2 (sec) at 1 mM inhibitor (pH 7.5) for 

DFP and PMSF are identical for mammalian chymotrypsin (2.8 sec). M. sexta 

chymotrypsin however, reacts 20 times faster with 1 mM PMSF than it does with 1 

mM DFP at pH 8.0. The t1/2 for 1 mM DFP was := 2 times higher at pH 9.5 (closer 

to the enzyme pH optimum), but the increased tll2 may be due to the breakdown of 

DFP at high pH. 

The reaction of the midgut chymotrypsin with TPCK is pH-dependent (57% 

inhibition at pH 9.75 and 0% inhibition at pH 8.0). Based on the inhibition by TPCK 

and TLCK of general proteolytic activity in crude midgut extracts, two groups 

working on Lepidoptera have reported that trypsin-like enzymes are responsible for 

most of the proteolytic activity in the midgut (Ahmad et al., 1980; Pritchett et al., 

1981). However, the results may be misleading. Inhibition was assayed typically at 

neutral to slightly alkaline pH (7-8) because of the potential breakdown ofTPCKand 

TLCK and would not detect a chymotrypsin similar to that isolated from M. sexta. 

The data from the digestion of insulin and glucagon and study of the 

interaction of purified M sexta chymotrypsin with various inhibitors exemplifies the 

need to isolate and characterize individual invertebrate enzymes. Because of the 
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unique properties of each enzyme, one can not assume that the enzyme 1) is not 

present in a crude homogenate because it is not inhibited by site specific inhibitors 

and 2) has the same specificity and interacts with the same inhibitors as its 

mammalian counterpart. 

Stability at high pH 

The pH optimum of the purified midgut chymotrypsin is between 10.5-11.0. 

The high pH optimum is comparable to previously described pH optima for 

lepidopteran midgut proteases (refer to Table 1) and correlates well with the pH 

observed in the M. sexta midgut. The M. sexta midgut chymotrypsin pH optimum is 

at a pH at which mammalian chymotrypsin has lost most of its enzymatic activity. 

The mammalian chymotrypsin pH optimum curve has two catalytically important pK.s 

of = 6.8 and 9.5 that are attributed to the active site histidine and the amino

terminal isoleucine, respectively. The histidine forms part of the catalytic triad (His

Ser-Asp) and must be unprotonated to 1) accept a proton from the active site serine 

during catalysis and/or 2) be alkylated by the inhibitor TPCK. The ex NH3 + of the 

amino-terminal isoleucine must be positively charged to form a salt bridge with the 

CO; of aspartic acid 194 to maintain the enzyme binding pocket. The plot of pH vs 

Km for the mammalian chymotrypsin using the synthetic substrate N-acetyl L-
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tryptophan amide shows a rapid increase in the apparent K.n above pH 9.0, which 

correlates with the titration of the Ol NH3 + of the isoleucine and the subsequent 

unfolding of the enzyme. The kinetic data from the M. sexta chymotrypsin are 

completely different from mammalian chymotrypsin. The K.n for the synthetic 

substrate N-succinyl Ala-Ala-Pro-Phe p-nitroanilide varies only slightly between pH 

7 - 11.5, suggesting that the Ol NH3 + of isoleucine is either not involved in maintaining 

the binding pocket or is not titrated. A Dixon plot shows only one kinetically 

significant pI(. at pH 9.2, which may be an apparent pI(. (due to a conformational 

change) or may represent a pK. of a catalytically important amino acid residue in the 

purified midgut chymotrypsin. One could propose that the pI(. of 9.2 represents the 

active site histidine because the reaction with TPCK is pH dependent and the protein 

does not contain any lysine (pK. = 10). The possibility of a shift of 2.7 units in the 

pI(. is not unprecedented. A highly perturbed pI(. of 6.5 has been reported for a 

glutamic acid residue in lysozyme (Glu 35) and a histidine in papain (His-159) 

reportedly has a pI(. of 3.4 (Parsons and Rafferty, 1972; Johnson et at., 1981). 

Another explanation is that the Ol NH3 + group of the isoleucine actually is responsible 

for keeping the enzyme inactive and must be uncharged for the enzyme to be active. 

Several attempts to acetylate the amino-terminal isoleucine and induce a shift in the 

pH optimum were unsuccessful. Acetylation of the enzyme had little effect on the 
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enzyme activity (data not shown). The last, and least interesting possibility, is that 

there is a conformational change at pH 9.2 that correctly orients the enzyme binding 

pocket. The available data do not permit anything but speculation about the 

apparent pI(,. observed. 

Chymotrypsin eDNA clones 

A cDNA encoding the midgut chymotrypsin-like protease was successfully 

cloned using a peR probe generated with primers encoding the amino-terminal and 

internal protein sequence. Why the chymotrypsin cDNA was not amplified by peR 

using the T7 primer and degenerate primers to the conserved active site residues in 

trypsin is still unclear. Both types of chymotrypsin clones, based on restriction 

mapping, contain the protein sequence used to design the peR primers. The clone 

isolated and completely sequenced encodes a proenzyme with a putative signal 

sequence of 17 amino acids, an activation peptide of 41 amino acids and a mature 

enzyme of 235 amino acids. The deduced amino acid composition is very similar to 

that determined for the purified enzyme (Table 11). The calculated molecular weight 

of the encoded enzyme (24,852) agrees with that determined for the midgut 

chymotrypsin by SDS-PAGE and gel filtration ( :::: 24,000 and 23,600 respectively). 

The cDNA clone encodes the highly conserved residues His, Ser and Asp, which form 
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the "catalytic triad" found in all serine proteases, the residues that determine 

specificity in bovine chymotrypsin (Ser, Gly, Ala) and six highly conserved cysteine 

residues, which would form three disulfide bridges. The encoded protease is most 

similar to the M. sexta "elastase" (49% identity) and shares> 30% identity with other 

vertebrate and invertebrate proteases. Although this similarity may appear very low, 

mammalian trypsin and chymotrypsin from the same species only share =: 50% 

similarity (Fersht, 1985). 

Based on specificity, site specific inhibitors and the protein encoded by the 

cDNA, the protein isolated from the M. sexta midgut is a chymotrypsin-like serine 

protease with an unusually high pH optimum. 
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Elastase 

Elastase eDNA clone 

The PCR product generated with degenerate primers coding for the conserved 

residues found in chymotrypsins and the T7 primer did not identify any chymotrypsin 

clones in the midgut cDNA library as intended. The cDNA which was amplified by 

PCR and subsequently cloned encodes a protein of 291 amino acids, which is most 

similar to other invertebrate proteases (21-39% identity). The encoded protein has 

a characteristic hydrophobic signal sequence of 14 amino acids, but encodes a very 

large activation peptide (putative) of 42 amino acids which preceeds the mammalian

like elastase amino-terminal sequence VVGGS .... (~ Figure 20) The protease 

encoded has "bulky" residues (Phe 219, Ser 233) which align with those found at the 

"mouth" of the specificity pocket (Val 216, Thr 226) in mammalian elastase. The 

residue at the bottom of the specificity pocket is a glycine, not the serine found in 

mammalian elastase and chymotrypsin. A glycine is found in the bottom of the 

specificity pocket of chymotrypsin II of both the oriental and the European hornet 

(Jany et al., 1983; Jany and Haug, 1983). The protease sequence contains two thirds 

of a catalytic triad, His 46 and Asp 95, but the serine usually found at the active site 

has been replaced by a threonine. The sequence alignments and the sequence 

comparisons suggest that the encoded protein is elastase-like with an "active site 
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threonine". 

The most logical questions are 1) is the encoded protein present and/or 

functional in the insect midgut? and 2) if the protein is functional, does it have the 

cleavage specificity of mammalian elastase? Mutation of the active site serine to 

threonine in another hydrolytic enzyme, beta-lactamase, results in an inactive enzyme 

(Dalbadie-McFarland et at., 1982). Unfortunately, the midgut elastase which was 

over expressed in yeast, was not soluble enough so that activity and specificity, if any, 

could not be tested. Evidence from the northern analysis and the number of cDNA 

clones isolated (100 positives/ 200,000 clones) suggested that the mRNA for the 

elastase is present in the middle third of the midgut but at a much lower level than 

the trypsin and chymotrypsin. All of the elastase clones isolated from both cDNA 

libraries (made from either 1 or 15 insects) encoded a threonine at the "active site" 

and have identical restriction maps. No invertebrate elastases have been isolated or 

described in the literature. Based on the hydrolysis of the synthetic substrate N

succinyl Ala-Ala-Pro-Leu p-nitroanilide (AAPL), Christeller et al. (1992) suggested 

that the major protease activity in the midgut of the lepidopteran larvae surveyed was 

elastase-like. A more recent paper by Christeller et al. (1994) carefully avoided 

describing the enzyme as an elastase, but reported the inhibition of the 

endoproteinase in the midgut of Cydia pomollella (Lepidoptera) and Heliocoverpa 
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punctigera (Lepidoptera) by " the elastase inhibitor, Eglin cIt, which one should also 

note, inhibits chymotrypsin. The purified midgut chymotrypsin in M. sexta will 

hydrolyze the synthetic substrate AAPL along with the peptide bonds on the carboxyl 

side of leucine in glucagon and insulin (B-chain, oxidized). These data suggest that 

Christeller et al. (1992; 1994) actually characterized lepidopteran midgut 

chymotrypsins instead of elastases. 

Assay of the midgut contents of fifth ins tar M. sexta larvae with the synthetic 

substrate, N-succinyl Ala-Ala-Ala p-nitroanilide (AAA), an elastase-specific substrate 

(Bieth et al., 1974), revealed a very slow hydrolysis (data not shown). Purified 

midgut chymotrypsin and trypsin will not hydrolyze AAA, so the low elastase-like 

activity may be attributable to an elastase with the threonine at the active site. An 

elastase, i.e. specificity for small hydrophobic groups, is not essential for digestion in 

M. sexla because of the broad specificity of midgut chymotrypsin. Currently there is 

no evidence to suggest that the elastase-like protein encoded by the cDNA clone is 

functional or present in the midgut tissue or its contents. However, for purposes of 

discussion in the next section and comparison to the possible activation of 

chymotrypsin, I will assume that the encoded protein is elastase-like and potentially 

catalytically active in the insect midgut. 
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M. sexta proteases 

Activation of M. sexta proteases 

The amino-terminal sequences of the purified midgut trypsin and chymotrypsin 

confirmed that the mature, active enzymes begin with the sequence IVGGS .... and 

are the proteases encoded in the cDNA clones sequenced. The deduced amino 

acid sequence from the cDNA clones of the digestive enzymes revealed that the 

proteases are produced as zymogens, i.e. trypsinogen, chymotrypsinogen and 

proelastase. 

Based on the most likely cleavage site for the signal sequence and the amino

terminal sequence of the purified protein, the cloned trypsinogen has a very short 

activation peptide of 7 amino acids which ends in an arginine. The sequence of the 

activation peptide does not include the mammalian enterokinase consensus sequence 

DDDDK, but suggests a tryptic cleavage, perhaps by another trypsin in the midgut. 

The alternative is that the M. sexta trypsinogens are autocatalytic similar to that 

reported for silk moth prococoonase (Felsted et al., 1973) and mosquito trypsinogen 

(Muller et al., 1993). 

The sequence of the activation peptides for M. sexta chymotrypsin and elastase 

are very long (41 and 42 amino acids, respectively) compared to their mammalian 
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counterparts which have 15 amino acid activation peptides. Both the M. sexta 

putative activation peptides end in an arginine residue which suggests a tryptic 

cleavage. These insect zymogens may be activated, like mammalian pro elastase and 

chymotrypsinogen, by the midgut trypsin. A second possibility is that the enzymes are 

autocatalytic. The theoretical isoelectric point (pI) of the activation peptides for M. 

sexta chymotrypsin and elastase are very acidic (4.8 and 5.6, respectively) in contrast 

to the basic pI of the mature enzymes (12.2 for chymotrypsin and 11.8 for elastase). 

This is reminiscent of pepsinogen, the autocatalytic mammalian stomach protease. 

Pepsinogen A has a basic activation peptide of 44 amino acids (pI = 11.4) and the 

active enzyme, pepsin A, is highly acidic (pI=3.1) (Stryer, 1988; GCG software). 

When pepsinogen A is secreted into the acidic environment of the stomach, salt 

bridges between the basic activation peptide and the acidic protein are broken which 

expose the active site and results in an active enzyme (Foltmann, 1986). Pepsinogen 

is catalytically active and activation is intramolecular by the specific hydrolysis of the 

Leu 16 - Ile 17 bond (Stryer, 1988). 

The M. sexta chymotrypsinogen and pro elastase may also undergo a 

conformational change and become autocatalytic upon secretion into the alkaline 

midgut. It is interesting to note that the only lysine encoded in the M. sexta 

proelastase and chymotrypsinogen is found in the activation peptide. It is possible 
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that the lysine residue is involved in keeping the enzyme inactive until it is secreted 

into the midgut. Any salt bridge formed by lysine (pK.= 10) would be broken in the 

alkaline midgut of the M. sexta. Activation of chymotrypsinogen would be achieved 

by the hydrolysis of an Arg - lie bond. It may be that the observed specificity of the 

M. sexla chymotrypsin, cleavage of the peptide bond on the carboxyl side of arginine, 

is not due to contamination by trypsin, but is a necessary activity for auto activation. 

If the activation of M. sexta chymotrypsin and elastase is autocatalytic at high pH, it 

would be an interesting contrast to the described activation of pepsinogen at low pH 

and a unique adaptation to activation at high pH. 

Stability of M. sexta proteases at alkaline pH 

The M. sexla chymotrypsin and trypsin are stable and active in the extremely 

alkaline pH observed in the midgut lumen. High arginine content predicted by the 

cDNA clones may be one of the contributing factors in the stability of the enzymes 

at high pH. All the charged residues with a pK.> 7 in the mature proteins are 

arginine. This differs from bovine trypsin and chymotrypsin which each contain 14 

lysine and only two (trypsin) or three (chymotrypsin) arginine residues (Walsh and 

Neurath, 1964). The resultant theoretical pIs of the M. sexla trypsin, chymotrypsin 

and putative elastase are high (11.3-11.9, 12.2, 11.8, respectively). Other lepidopteran 
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larvae have been reported to have "basic" digestive enzymes. Eguchi and Kuriyama 

(1985) experimentally determined the pI of two purified digestive enzymes in B. morl 

(Lepidoptera) and found them> 11.0. Chris teller et al. (1992) reported that in the 

larvae of the twelve Lepidoptera surveyed, more than 90% of the midgut proteolytic 

activity was cationic. The arginines (pK. = 12.5) in the M. sexta enzymes may help 

stabilize the protein in the extremely alkaline conditions of the midgut by remaining 

charged at high pH. Again, the M. sexta enzymes are an interesting contrast to pig 

pepsin A, which is anionic and stable at low pH (2.0) and has a theoretical pI of 3.1. 

Direct comparison of the M. sexta chymotrypsin and trypsin with their 

mammalian counterparts in regard to pH optimum, the effect of pH on kinetic 

parameters and stability at high pH may not be straightforward. Mammalian trypsin 

and chymotrypsin unfold at high pH because the ex NH3 + of the amino-terminal 

isoleucine is titrated and no longer forms the salt bridge that maintains the enzyme 

binding pocket. The amino-terminal isoleucine of the M. sexta trypsin and or 

chymotrypsin is either buried in the interior of the protein molecule and not easily 

titrated or not involved in maintaining the enzyme binding pocket. 

The M. sexta enzymes are more similar to porcine elastase which has 12 

arginines and 3 lysines (Shotton and Watson, 1970), is fully active between pH 8-10 

(Kaplan and Dugas, 1969) and only begins to lose activity when the protein denatures 
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(pH> 10.5). The a NH3 + group of the amino-terminal valine has a pI(. = 9.7 and 

unlike trypsin and chymotrypsin, the enzyme remains active when the a NH3 + of 

valine is acetylated (Kaplan and Dugas, 1969). Therefore, it is likely that the stability 

of the M. sexta midgut proteases is a result of; 1) a stable substrate binding pocket, 

like that of mammalian elastase, which is maintained at high pH and 2) the large 

number of arginine residues (pI(. = 12) which remain charged and help to keep the 

protein in its active conformation at high pH. 

Distribution of M. sexta proteases in the midgut 

Assay of the anterior, middle and posterior midgut contents of a fifth ins tar 

larvae shows that proteolytic activity is distributed throughout the lumen. The 

majority of chymotrypsin and trypsin activity is present in the lumen of the middle 

portion of the midgut. Both enzyme activities are detected in the anterior midgut 

with less observed in the posterior midgut (data not shown). The distribution of 

mRNA for these proteins is quite different. Chymotrypsin mRNA is located in the 

anterior and middle region of the midgut, which is consistent with the protein 

distribution, but trypsin mRNA is located in the middle and posterior portions of the 

midgut. Two midgut fatty acid binding proteins (MFB1 and MFB2), isolated from 
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M. sexta, have a gradient distribution in the midgut (Smith et al. 1992). 

Immunological screening and northern analysis for MFB 1 and MFB2 localized MFB 1 

to the anterior and middle midgut region and MFB2 to the middle and posterior 

portions (Smith and Wells, 1993). These data suggest that the trypsin is secreted 

from the middle and posterior regions and chymotrypsin is secreted from the anterior 

and middle regions. Conclusive correlation of protein with the mRNA levels found 

in the midgut will be possible when a polyclonal antibody is produced. The trypsin 

assay for lumen activity will not distinguish between the trypsin isozymes and it is 

possible that, when cloned, the second trypsin (amino-terminal sequence 

IVGGSVTIINNYPSI) mRNA will have a different distribution than the cloned 

trypsin. 

The currently available data on M. sexta larvae are not consistent with the 

counter current enzyme recovery model proposed by Santos et al., (1984) for E. ella. 

The M. sexla larvae recycle water via the hemolymph (Reynolds et al., 1985) and to 

date, no midgut counter current fluid flux has been observed. Tryptic and 

chymotryptic activity is detected in the feces of day-2 fifth ins tar larvae (data not 

shown). The northern analysis and the enzyme activities suggest that trypsin and 

chymotrypsin are secreted from the midgut and freely cross the peritrophic 

membrane in order to hydrolyze the ingested food. The active enzymes, however, are 
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excreted and not recycled in the laIVae. More research is necessary to understand 

fully the synthesis, secretion and excretion of the enzymes in the lepidopteran midgut, 

which will permit development of a more accurate model for digestion. 

Serine protease genes 

Three different clones that were isolated from the M. sexta midgut cDNA 

library and completely sequenced, apparently encode very similar trypsins. The 

cDNAs are :::= 95% identical and cross-hybridize under high stringency conditions. 

The clones were differentiated by their restriction maps and it is possible that there 

are several more mRNAs in the M. sexta midgut that encode trypsins. The mixed 

amino-terminal sequence of the purified trypsin suggests a second trypsin, which may 

also be encoded by several mRNAs, is present in the midgut. Two different cDNA 

clones were isolated, based on restriction mapping, that encode the chymotrypsin 

cDNA. The two types of clones are also 95% identical and cross-hybridize under 

high stringency conditions; however, only one type of clone was completely 

sequenced. The data indicate that the similar enzymes are encoded by more than 

one gene. Gene families encoding serine proteases have been reported in both 

vertebrates and invertebrates. Using recombinant DNA techniques, Rutter and his 

colleagues have found evidence for more than one gene encoding chymotrypsinogen 
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and proelastase (MacDonald et al., 1982; Bell et al., 1984) and approximately ten 

trypsin genes (Craik et al., 1984) have been identified in the rat genome. Several 

midgut trypsin genes have been identified in two species of mosquito, A. gambiae and 

A. aegypti (Muller et al., 1993; Barillas-Mury and Wells, 1993; Kalhok et al., 1993) and 

several putative midgut serine protease genes have been isolated from D. 

melanogaster (Davis et al., 1985). 

The presence of several isozymes of trypsin and chymotrypsin in the midgut 

of the M. sexla is not unique. The isozymes may be beneficial to this insect because 

they may have subtle differences in the interaction with substrates and inhibitors 

which may aid the species in developing resistance to pesticides that target or interact 

with the digestive enzymes. 
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SUMMARY AND FUTURE DIRECTIONS 

The experiments examining the M. sexta midgut digestive enzymes described 

in the dissertation revealed the characteristics of the purified enzymes, the presence 

of several isozymes, the differential distribution in the midgut of the mRNAs 

encoding the enzymes and evidence for a putative elastase. Comparison of the two 

isolated midgut proteolytic activities and the three types of protease clones encoding 

midgut enzymes led to the conclusion that the M. sexta enzymes are stabilized in part 

at high pH by the arginine content present in the protein. The stability of the 

enzyme binding pocket seems to be more similar to that described for mammalian 

elastase and the activation of the enzymes more similar to that described for the 

mammalian stomach protease pepsinogen. The broader specificity and inhibition of 

M. sexta chymotrypsin compared to its mammalian counterpart, the presence of a 

number of trypsin isozymes in the midgut and the presence of several mRNAs coding 

for digestive enzymes complicated the study of the midgut enzymes. The different 

protease isoforms may prove to be an advantage for the insect species. 

Several areas for future study on the M. sexta midgut proteolytic enzymes 

include activation of the enzymes, localization of the enzymes in the midgut tissue, 

characterization of the midgut lIelastasell
, expression of the enzymes throughout 

development, gene structure, characterization of the second trypsin and a search for 
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other parallels with mammalian digestion. 

To study the activation of the enzymes, the zymogens can be produced using 

a baculovirus expression system (to overcome the problems encountered usingE. coli 

and yeast expression systems). One can then determine whether the activation of the 

enzymes is autocatalytic, initiated by an increase in pH (mimicking the secretion into 

the alkaline midgut) or activated by a tryptic cleavage. 

The over-expressed proteases could also be used to generate antibodies for 

localization studies. The antibodies would be an effective tool first to study the 

distribution of the enzymes in the midgut tissue and correlate the protein levels with 

the mRNA distribution observed and second to study secretion of the digestive 

enzymes. 

Biochemically, perhaps the most interesting study would be to determine 

whether the elastase encoded by the cDNA isolated has enzymatic activity. Again, 

the baculovirus expression system could be used to produce the putative elastase with 

the encoded threonine active site residue and/or do site directed mutagenesis of the 

active site (Thr to Ser or Ala) to study the activity and specificity of the enzyme. The 

alternative is to try isolating the elastase from the midgut contents using an affinity 

column. Even if the enzyme has little proteolytic activity, theoretically it should still 

bind ligand and be affinity purified. 
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It would be interesting to analyze RNA throughout development to determine 

when the protease mRNA is expressed, e.g. only in the larval stage, in response to 

feeding or during larval molts, and to determine the factors involved in the regulation 

of protease expression. An equally important experiment, in conjunction with the 

expression of the proteases, is to isolate and characterize the genomic clones. 

Isolation of the all three genes (or potentially several) may help to identify elements 

controlling gene expression. 

The amino-terminal sequencing of the affinity purified trypsin revealed the 

presence of a second midgut trypsin. It would be worthwhile to clone the cDNA of 

the second trypsin, determine its amino acid sequence and its distribution of mRNA 

in the midgut, and to isolate the genomic clone. The additional information may 

prove important in determining how the zymogens are activated, i.e. if the second 

trypsin is not present in the anterior midgut, it can not activate the chymotrypsinogen. 

Finally, given the similarities between the mammalian enzymes and the M. 

sexta enzymes, one could extend the similarities to the regulation of digestion. It 

would be logical to search for naturally occurring protease inhibitors and regulatory 

peptides, like those described for the mammalian system, in lepidopteran larvae. 
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