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ABSTRACT 

The yellow fever and dengue fever carrying mosquito, Aedes aegypti, requires 

blood feeding for egg production. The blood proteins are digested in the midgut to yield 

amino acids which are the nutritional source for oogenesis. Serine proteases are important 

enzymes that participate in the process of blood protein digestion. The identification of 

the corresponding genes may have significant implications in the control of mosquito-

borne diseases. A gut-specific chymotrypsin-like cDNA was isolated and sequenced. The 

938 bp clone encodes a preproenzyme with a putative 18 amino acid signal peptide 

sequence, a 7 amino acid activation peptide sequence rich in serine and charged residues, 

and a mature enzyme of 243 amino acids. The deduced amino acid sequence has a typical 

catalytic triad region for serine proteases (His 57, Asp 102 and Ser 195 in bovine 

chymotrypsin numbering system), and the hydrophobic substrate binding pocket with most 

features of chymotrypsins. Sbc cysteine residues are present in the sequence which are 

characteristically involved in disulfide bond formation in invertebrate serine proteases. 

Characterization of the gene expression and the protein synthesis, as well as the 

enzymatic activity in the midgut, clearly demonstrated that I) the chymotrypsin gene is 

newly transcribed after eclosion and the mRNA is present almost steadily during the 

digestion of a meal; 2) the chymotrypsin synthesis and its corresponding activity are 

induced and increased significantly by the ingestion of a meal. In vitro studies of the 

recombinant protease derived fi-om the cDNA indicated several unique properties of the 

mosquito chymotrypsin compared with its bovine analog. 
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INTRODUCTION 

Mosquito Aedes aeevpti, a disease vector 

The mosquito Aedes aegypti belongs to the family Culicidae, one of the most 

primitive families within the order Diptera, the two-winged flies. Like other true flies, 

culicids go through 'complete metamorphosis' (having both larval and pupal stages). The 

larvae are quite different from the adults, both anatomically and physiologically. 

Only the female adults require blood feeding from their vertebrate hosts 

(anautogeny) in order to obtain nutrients for late oogenesis. It is known that mosquitoes 

are themselves carriers for a variety of pathogens and parasites including viruses, bacteria, 

fungi, protozoa, nematodes, etc.. The blood-sucking (or hematophagus) habit renders 

female mosquitoes efiBcient vectors for transmission of diseases among humans. For 

example, the well-known vector-bome epidemic diseases, yellow fever and dengue fever, 

are caused by the corresponding arboviruses, which are carried and transmitted by Ae. 

aegypti. Therefore, the appropriate insect vector is one important target for the 

prevention of vector-bome diseases. 

Researches on the behavior, ecology and genetics of mosquito vectors, have 

helped to understand the disease cycles, and the genetic variations and similarities among 

the populations of certain species. Control methods such as environmental management 

and use of insecticides have also been undertaken. However some tropical diseases 

transmitted by mosquitoes remain active. It is clear that further efforts to develop 
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measures in the control of mosquito-bome diseases require, and largely depend on, 

knowledge of the biology of the insect. 

Upon blood feeding, the gut is the organ of mosquitoes first exposed to pathogens 

and parasites. Several types of microorganisms, such as arboviruses have evolved to 

exploit the feeding behavior of certain mosquito species to propagate them efficiently in 

the hostile environment (G. B. White, 1974). Increasing evidence indicates that mosquito 

digestive protease(s) can interfere with (or be useful to) the further development of 

parasites (or pathogens) in the midgut (M. Shahabuddin et al., 1993). It is also known 

that disruption of the process of blood utilization by digestive protease(s) would be 

detrimental to the vector population. In order to understand the biochemical mechanism 

of blood meal digestion, as well as to dissect early steps of vector-parasite (pathogen) 

interactions, it is important to study the proteolytic enzymes in the mosquito midgut. 

Such studies might be helpful in uncovering potential targets for controlling vector-borne 

diseases. 

1) Protease activity in adult midgut 

The midgut consists of a narrow tube-like anterior region, and a lens-shaped 

posterior region (or stomach) which is capable of extensive distention and expansion in 

shape and size. The single-layered epithelium covering the whole midgut is mainly 

composed of columnar cells which are active in protein synthesis. Much more abundant 

rough ER is observed only in those cells of the stomach (D. S. Bertram et al., 1961), 
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indicating a rapid protein (digestive enzymes) synthesis and secretion occurring in that 

region. 

Early studies of mosquito proteolytic enzymes, using crude extracts from posterior 

midguts of bloodfed Ae. aegypti, incubated with denatured hemoglobin, bovine serum 

albumin and y-globulin, showed that I) there was a broad peak of activity between pH 7 

and pH 10.5; and 2) the hemoglobin was the preferred substrate with a relatively high 

binding afiBnity compared to the other two substrates. Later investigations, using small 

synthetic substrates and specific inhibitors, demonstrated a distinctive presence of trypsin, 

chymotrypsin and aminopeptidase activities. 

2) Influence of blood feeding on midgut protease activity 

For the first two days after emergence, female mosquitoes feed only on nectar. 

The midgut is not fully differentiated, and there is little or no production of digestive 

enzymes (P. F. Billingsley, 1990). After the ingestion of a blood meal, there is a 

remarkable change in the midgut, morphologically and biochemically (D. S. Bertram et al., 

1961). The midgut undergoes further maturation, which is followed by a dramatic 

increase in the biosynthesis and secretion of digestive enzymes. 

Trypsin activity is first observed 3 hr after feeding and is maximal after 24-36 

hours in Ae. aegypti (C. R. Felix et al., 1991; P. F. Billingsley et al., 1991). There is 

evidence that trypsin synthesis occurs in two phases, and that more than one trypsin form 

are present in the midgut (R. Graf et al., 1985 and 1989; D. Borovsky, 1988). An 'early' 

form, which is produced in small amount immediately after the blood meal, is probably 
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translationally induced by blood proteins ingested in the midgut and is responsible for the 

first phase of tryptic activity (Noriega et al, 1996a and 1996b). A Mate' form(s), of which 

the mRNA is known to be transcriptionally induced, possibly by the peptide (or amino 

acid) products of the initial digestion, is the major form responsible for most of the 

digestion of proteins in the blood meal (C. Barillas-Mury et al., 1991 and 1995). 

Chymotrypsin, unlike trypsin, was found only in low titer and continuously present 

throughout blood digestion (Y. J. Yang et al., 1971; R. H. Gooding, 1969). Since the 

digestive requirements of the adult insect are quite different from those of the larvae, this 

very low chymotrypsin activity is unlikely to be the retention of the same enzyme from the 

larval or pupal stage. Inhibition assay using midgut enzymes from bloodfed Ae. aegypti 

that bound [^H]DFP, with the trypsin inhibitor TLCK, showed that there remained 20% ± 

8% activity which was considered as chymotrypsin activity (Borovsky and Schlein, 1988). 

It has been suggested that the main endoproteolytic enzyme for blood digestion is trypsin. 

Aminopeptidase, which acts as an exopeptidase in the midgut, showed a significant 

increase in the level of activity, similar to that of trypsin after blood feeding, except that a 

low level of the aminopeptidase activity (> 1/4 of the peak activity) was already present in 

non-bloodfed females (R. Graf et al., 1982; P. F. Billingsley et al., 1991). 

3) Molecular studies of digestive protease(s) in midgut 

The two inducible trypsins, the early (33-34 kDa) and late (30 kDa) forms, are 

encoded by the corresponding genes. Kalhok et al. (1993) have reported the cDNA 

sequence (clone 3a-1) which is now known to encode the early trypsin. Although the 
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mRNA was present in unfed midgut, its protein counterpart seems never to be translated 

until the ingestion of the blood meal, which was indicated by both in vitro translation 

experiment (Graf and Briegel, 1989) and western analysis (F. G. Noriega et al., 1996a and 

1996b). Unlike the early form, the late trypsin has been purified and characterized by 

Graf et al. (1985, 1988). Its cDNA clone was subsequently isolated using a monoclonal 

antibody (C. Barillas-Mury et al., 1991). The deduced amino acid sequence has most of 

the features present in that of other trypsins except that the conserved Asp 189 in the 

substrate binding pocket (following the bovine chymotrypsin numbering system) is 

glutamic acid. Further studies on the expression of late trypsin mRNA has suggested that 

it is regulated at the transcriptional level (C. Barillas-Mury et al., 1991). So far, the trans 

and cis regulatory elements for this mechanism have not been characterized. 

No molecular analysis has been carried out for another key enzyme in mammals 

and other invertebrates, chymotrypsin, in Ae. Aegypti. 

ChvmotrvDsin-like serine proteases 

Chymotrypsin-like serine proteases form the most thoroughly understood class of 

serine proteases which depend upon a serine residue for their catalytic activity. All 

members in this class (see Fig. I) retain the linear order of catalytic residues (His/Asp/Ser) 

in the primary sequence (A. J. Barret et al., 1995). Three dimensional structures that are 

available showed conserved secondary and tertiary motifs among the members of the 

class, reflecting a single origin in evolution. 



1) Structural basis of substrate specificity in the chymotrypsin-like serine proteases 

The canonical view of the diversity of substrate specificity among the 

chymotrypsin-like serine proteases rests upon small differences in structure of the 

substrate-binding pocket (R. M. Stroud, 1974). The sequence alignment of chymotrypsin-

like serine proteases based on structure has been created to assess substrate preferences 

using molecular modeling methods (J. Greer, 1990). The specificity is generally marked at 

the Si-sites of the enzymes, where the majority of sequences are able to be grouped into 

one of the three subclasses definable by the presence of a small number of critical amino 

acids. Position 189 (following bovine chymotrypsin numbering system) is located at the 

base of the Si pocket, while the side chains of amino acids at positions 190 and 228 extend 

into the base of the pocket. It is found that the Asp 189 is highly conserved in enzymes 

with trypsin-like specificity toward Arg (or Lys)-containing substrates, while a Ser or 

other small amino acid residue(s) is present at the position in chymotrypsin- or elastase-

like enzymes, which manifests specificity toward aromatic or small hydrophobic residue(s) 

in substrates. The side chains of residues 190 and 228 play an additional role in 

modulating the specificity profile. Amino acids at positions 216 and 226 are usually Gly in 

both trypsin and chymotrypsin-like enzymes, while larger, usually nonpolar residues are 

observed in elastases. Larger amino acids at these positions partially or fiilly block access 

of large substrate side chains to the base of the pocket, like the case in elastases of which 

substrate Pi-amino acids are restricted to those small hydrophobic residues (P. Geneste et 

al., 1969; D. M. Shotton et al., 1970). However, there are exceptions, in which the 
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shapes of Si pockets and the corresponding limited sets of amino acids are not sufiBcient 

to explain some of the observed specificities (J. J. Perona et al., 1995). 

2) Catalytic mechanism of the chymotrypsin-like serine proteases 

The generally accepted chemical steps in catalytic mechanism of the chymotrypsin-

like serine proteases is shown in Fig. 2 (T. A. Steitz and R. G. Shulman, 1982). Upon 

complexation with the substrate (which approximates a Michaelis complex), Ser 195 of 

the catalytic triad comes very close to the carbonyl group of the scissile bond. In contrast 

to the resting enzyme, a strong hydrogen bond is formed between Ser 195 and His 57 in 

the complex, which is necessary for the subsequent proton transfer. This is followed by a 

nucleophilic attack on the carbonyl carbon atom of the scissile bond by the negatively 

charged Ser 195, while the adjacent His 57 functions as a general base catalyst. As a 

result, a tetrahedral intermediate is formed in which there exists a hydrogen bond between 

N3 of His 57 and the peptide nitrogen of the scissile bond. The residues that form the 

oxyanion hole in the chymotrypsin-like serine proteases are the backbone amides of Gly 

193 and Ser 195. The consequent proton donation by His 57 to the newly forming amine 

group causes cleavage of the peptide bond, yielding an acyl enzyme intermediate. The 

deacylation reaction occurs via the same mechanism, with the attacking nucleophile 

provided by a water molecule (instead of a deprotonated Ser residue). The proton is 

transferred from His 57 back to Ser 195, and the polypeptide chain is released and the 

enzyme is back to its original state. 
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The role of Asp 102 of the catalytic triad in hydrogen bonding with His 57 is 

suggested to affect the protonation of the scissile bond in the tetrahedral intermediate, 

which may influence the rate of peptide bond cleavage. 

3) Bovine chymotrypsin and its proteolytic activation, a paradigm 

Bovine chymotrypsin is one of the best characterized serine proteases. Extensive 

biochemical, structural and genetic studies have revealed that this enzyme contains two 

juxtaposed P-barrel domains, with the catalytic residues bridging the barrels. His 57, Asp 

102 and Ser 195 are all essential for its catalytic activity (D. R. Corey et al., 1992). The 

shape of the Si pocket is wide and lined with hydrophobic residues (residue Ser 195 and 

side chains of Ser 190 and Trp 228), to accommodate an aromatic (or branched) Pi side 

chain of the substrate. The preference of the enzyme at Pi, as described by relative 

Kcai/Km values, is Tyr > Phe > Met > Leu, while Gly, Ala and Val are not hydrolyzed to a 

measurable extent (E. Kasafirek et al., 1976). 

In chymotrypsinogen, the enzymatic activity is 10"^ to 10"^ of the active enzyme. It 

is clear that the specific side chain binding site in the zymogen is different from that in its 

active form, thus the zymogen is unable to bind the substrate in the orientation required 

for catalysis (J. J. Birktoft et al., 1976; H. T. Wright, 1973; S. T. Freer et al., 1970). 

Under physiological condition, chymotrypsinogen is synthesized and secreted fi-om 

the pancreas, and activated by trypsin in the duodenum. The mature enzyme is a three-

chain active enzyme held together as a monomer by five pairs of disulfide bonds. The 

activation process (Fig. 3) is initiated by trypsin cleavage of the peptide bond between Arg 
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with a positively charged residue at lie 16 which forms a salt bridge with Asp 194. A 

series of conformational changes occur afterwards to correctly modify the substrate 

binding pocket and the catalytic site, such as movement of the backbone amino groups of 

Gly 193 and Ser 195 to where they can contribute to formation of the oxyanion hole in the 

tetrahedral intermediates. The 7c-chymotrypsin is fully active, but it is susceptible to 

further auto lytic cleavages to remove two dipeptides, Ser 14 - Arg 15 (forming 5-

chymotrypsin), and Thr 147 - Asn 148 to produce the final a-chymotrypsin which is the 

main form found in the duodenum. 

4) Invertebrate chymotrypsin-iike serine proteases 

Much less is known about invertebrate chymotrypsin-like serine proteases than 

their mammalian counterparts or those of prokaryotes, especially regarding the structural 

and genetic analysis. The invertebrate species from which chymotrypsin-like serine 

proteases have been isolated earlier in sufficient quantities for biochemical studies, are 

either relatively large in size, such as the crayfish or able to form colonies, such as the 

hornet. In the last ten years, more information about invertebrate proteases at both 

biochemical and molecular levels has become available due to the emergence of 

recombinant DNA techniques. 

In general, there are about 30-37 % identities in protein sequences among 

invertebrate chymotrypsin-like serine proteases and between the individual protein and 
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bovine chymotrypsin. Only three disulfide bridges are present, in the same positions as 

those found in bacterial counterparts. The enzymes are likely composed of a single 

peptide chain (K. D. Jany, 1980). cDNA sequences of chymotrypsin from the fly Lucilia 

cuprina (R. E. Casu et al., 1994) and the moth Manduca sexta (A. M. Peterson et al., 

1994) have shown that the primary translational products are most likely to be 

preproenzymes, with a signal peptide sequence for secretion, and a following activation 

peptide sequence which must be removed in order to generate the mature active enzyme. 

Because there exists an Arg preceding the amino terminus of the mature enzyme in all 

known sequences, the cleavage of the activation peptide is probably tryptic. This tryptic 

activation of digestive enzymes has been demonstrated by H. M. Miiller et al. (1993) in 

vitro using recombinant chymotrypsin and trypsin from a mosquito species Anopheles 

gambiae. 

Speciflc aims: 

The study of the proteolytic enzymes in the mosquito midgut will provide insights 

into the biochemical mechanism of blood meal digestion. Most of the previous 

information related to midgut proteases is limited to trypsin. Two research directions 

were carried out in the following study; 1) cloning and characterization of other digestive 

enzymes in addition to trypsin(s), such as chymotrypsin, which should also participate in 

the process of blood protein utilization; 2) investigation of the mechanism involved in the 
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regulation of late trypsin gene expression by searching for putative regulatory proteins and 

identifying novel genes up-regulated by a blood meal ingestion. 

Specific aim 1: Cloning and characterization of a putative serine protease gene in the 

midgut of mosquito Ae. aegypti; 

Specific aim 2: Overexpression, purification and characterization of a midgut-specific 

chymotrypsin in mosquito Ae. aegypti; 

Specific aim 3: Use of DDRT-PCR to identify a novel gene expressed in the midgut after a 

blood meal induction; 

Specific aim 4; An in vivo assay to test the effect of yeast GCN4 on the putative cis 

element of mosquito late trypsin gene. 
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MATERIALS AND METHODS 

Mosquito rearing 

Aedes aegypti of the NIH-Rockefeller strain were reared as previously described 

by Noriega et al (1994). All females used in the experiments were about 5 days old unless 

it is specifically indicated. 10 % sucrose solution was available right after emergence until 

10-12 hours before feeding. An artificial meal, a 10 % pig y-globulin (Cohn fi^action U, 

HI; Sigma Chemical Co.) solution was prepared in 120 mM NaHCOs and 100 mM NaCl, 

pH 7.4, and was supplemented with ATP to a final concentration of 1 mM immediately 

before feeding. 

Sodium dodecvl sulfate-polvacrvlamide gel electrophoresis fSDS-PAGE) 

5 X SDS sample buffer (5 % SDS, 12 % 3-mercaptoethanol, 50 % glycerol, 200 

mM Tris/Cl, pH 6.8, 0.02 % bromophenol blue) was added to each protein sample for 

SDS-PAGE under reducing condition. The mix was then boiled for 5 min before loading 

onto the gel. Polyacrylamide gels (12.5 %) were prepared according to Laemmli (1970). 

Electrophoresis was carried out at a constant current of 20 mA in the stacking gel and 30 

mA in the separating gel. The separated proteins were then stained with Coomassie 

brilliant blue (50 % methanol, 10 % acetic acid, 0.6 % Coomassie Blue). 

Construction ofS'UTR-CYCl fusion 
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A cluster of five repeated sequences was found within 200 nucletides upstream of 

the transcription start site of the late trypsin gene. These repeated sequences have some 

similarities to the yeast GCN4 DNA binding sites and have been speculated to be 

important in the cis regulation of the late trypsin gene expression. A promoter fusion 

plasmid, pLG699-Z (CYCl::lacZ amp'^ URA3 pBR322 2|i; M. Rose et al., 1981) 

kindly provided by Dr. Fink's laboratory, was used to make the construct of 5'UTR-

CYCl chimeric promoter. A 200 nucleotide sequence fi^om 5' untranscribed region of 

mosquito late trypsin gene was inserted into the upstream of CYCl gene as indicated in 

Fig. 4. The resulting promoter fiisions are shown schematically in Fig. 5. 

Yeast strains and veast transformation 

Two yeast stains, L4212 (MATa gcn4-2 ura3-52 leu2A2 GAL'), and L4196 

(GCN4 ura3-52 leu2A2; sister spore fi-om the same cross as L4212) provided fi-om Dr. 

Fink's laboratory, were transformed to obtain Ura* transformants containing 

autonomously replicating plasmids (see Fig. 4) using modified LiOAc method (D. Gietz et 

al., 1992). 

B-Galactosidase assay 

Growth condition: Individual transformant was grown to an ODeoo of 1.0 in 50 ml 

SD (minimal) medium (F. Sherman et al., 1974) supplemented with leucine for repressed 

growth conditions. Derepression was obtained by adding the histidine analogue, 3-



aminotriazole (10 mM) to cells growing logarithmically in liquid SD+Leu. Yeast cells 

were grown for another 6 hr (the wild-type strain) at 30°C. After the addition of 10 mM 

3-aminotriazole to the culture, the gen' strain did not show any change in its growth rate 

while the wild-type strain doubled its division rate. Cells grown to a density of 2x10' per 

ml in SD+Leu were chilled for 15 min, and ODeoo values were recorded. 

Yeast cell extract preparation; Cells were centrifliged (8 K at 4''C) and 

resuspended in cold extraction buffer (0.1 vol of 0.1 M Tris/Cl, pH 8.0, 20% glycerol, 

ImM dithiothreitol, ImM phenylmethylsulfonyl fluoride). Glass beads (0.5 mm; VWR 

Scientific) were added to the meniscus, and the mixture was fi^ozen at -20°C. Cell extracts 

were made by vigorous shaking on a Vortex mixer (6 times, 15 sec each) at 4°C. An 

equal volume of the above buffer was added, and the suspension was centrifiiged for 15 

min at 4°C. The supernatant was used for the enzymatic assay. 

Enzyme assay: P-galactosidase assays were performed as described by Miller 

(1972). Five hundred microliters of the clarified cell extract were incubated with 500 |il of 

Z buffer (0.06 M NajHPOa, 0.04 M NaH2P04, pH 7.0, 10 mM KCl, 1 mM MgS04-7H20, 

0.05 M P-mercaptoethanol) at 30°C for 5 min to achieve temperature equilibrium. Then 

200 |il of o-nitrophenyl-P-D-galactoside (ONPG; 4mg/ml) were added to the mixture and 

incubated at 30°C for 30 min to 4 hr (or overnight) with continuous shaking. A control 

with 1 ml Z buffer and 200 |il ONPG was prepared and incubated along with the other 

reaction tubes to monitor the spontaneous hydrolysis of the substrate. After a yellow 

color was developed, the reaction was stopped by adding a concentrated Na2C03 solution 
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to shift the pH and inactivate the enzyme. The hydrolysis product, o-nitrophenol, was 

measured by its absorbance at 420 nm using a Beckman DU-40 spectrophotometer. P-

galactosidase activity was calculated according to the formula: OD42o/t.V.[conc] (t: time 

of the reaction; V; volume of cell extract used in the assay; [conc.]: total protein 

concentration in the cell extract; An A420 of 0.0045 is equivalent to 1 nmol of o-

nitrophenol product), and expressed as nanomoles of ONPG cleaved per minute per 

milligram of protein. The protein concentration was meatured using the dye-binding 

method of Bradford with bovine serum albumin (BSA) as the standard. 

Oligonucleotide synthesis 

In order to isolate novel genes that are up-regulated in the midgut by a meal 

ingestion, "differential mRNA display (DDRT-PCR)" approach was used. All synthetic 

oligonucleotides used in this experiment were synthesized by Bio-synthesis, Inc.. These 

oligonucleotide sequences are listed in table 1. Other oligonucletide primers used for 

PCR, sequencing or site-directed mutagenesis were synthesized either by University of 

Arizona Biotechnology Core Facility or Keystone Laboratories, Inc.. 

Differential display rODRT-FCR) 

Total RNA from/Ie. aegypti female midguts at four different developmental stages 

was prepared using an acid guanidinium phenol/chloroform extraction and subsequent 

purification with glass powder (Noriega and Wells, 1993). In both reverse transcription 

and PCR reactions, core mixes were always made for more than 10 reactions. For each 



reverse transcription reaction, 0.1 fig of total RNA was used as template and incubated 

with 1 nM 3'primer, 20 nM dNTPs, 10 mM DTT, 2U RNasin, 200U reverse transcriptase 

(Gibco BRL) and 4 jil Sxbuflfer in a 20 pJ reaction at 37°C for 1 hr. Two jil of this 

reaction product was then subjected to 40 cycles of PCR (I |iM 3'primer, 0.2 |iM 

5'primer, 2 ^iM dNTPs, 2.2 mM Mg^*, 12.5 nCi "S-dATP[NEN], lU Taq DNA 

polymerase [Gibco BRL] and lOxbuffer) for 30 s at 94°C, 2 min at 40°C and 30 s at 72°C, 

followed by a final additional extention at 72°C for 5 min. 2.5 |il of the PCR products was 

loaded, and analyzed by 6% denaturing polyacrylamide gel electrophoresis and 

autoradiography of the ^'S-labeled DNA. Each DDRT-PCR experiment was repeated to 

avoid false positive signals. 

Isolation of differentiallv expressed sequence tags 

Polyacrylamide gels were aligned to their autoradiographs, and gel slices 

corresponding to the interesting bands which represent the differentially expressed 

sequence tags, were excised from the gels. Each gel slice was soaked in 100 [il of TE 

buffer (lOmM Tris/Cl, pH 8.0, ImM EDTA) for 10 min, boiled for 15 min and spun for 2 

min. DNA in the supernatant was precipitated with ethanol using 60 mM NaOAc and 100 

|ag/ml glycogen. After centrifiigation, the DNA pellet was resuspended in 10 |il of TE 

buffer. Four |il were used for reamplification by PCR of 40 cycles using the same pair of 

primers and almost the same PCR condition as the original DDRT-PCR, except the dNTP 

concentration was increased by ten fold. The amplified fi"agments were cloned into the 
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pGEM-T vector using a TA cloning kit (Proraega). The insert in each recombinant 

plasmid selected was sequenced. Only those sequences with the polyadenylation signals 

were considered for further analysis. 

PCR cloning of mosquito chvmotrvpsin-like cPNA clone 

RT-PCR was carried out by reverse transcription of mRNA from whole fed 

mosquitoes using reverse transcriptase and an oligo dT primer (1st strand cDNA synthesis 

kit, Stratagene). The cDNA generated was subjected to amplification by poljonerase chain 

reaction using the same oligo dT primer and 5'degenerate primers, 5'-GGITGYG 

GIGARCARAAYATG-3' (Hall et al., 1995). The PCR product was then cloned into the 

PCR n vector using a TA cloning kit (Invitrogen). 

Construction and screening of mosquito midgut cDNA libraries 

The midgut specific cDNA library was constructed from females 4-6 hr after 

feeding using the Superscript cDNA Synthesis and Plasmid Cloning System (Gibco BRL). 

Total RNA from the midgut tissue was extracted by the RNAzoiB method (Leedo Medical 

Laboratories, Inc.). Poly (A)^ RNA was fiirther purified over an aflSnity chromatograghy 

using oligo dT cellulose (Stratagene) (Ausubel et al., 1989). The library colonies were 

replicated onto nitrocellulose filters (Schleicher and Schuell), and cells were lysed and 

DNA was fixed to the filters by the method of Maniatis et al., (1982). A 670 bp PCR 

product was released from the PCR II vector by EcoR I digestion, and labeled with [a-
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^^P]dATP using the Random Primer DNA Labeling Kit (Gibco BRL). The labeled probe 

was used to screen the midgut cDNA library. 

The plasmid cDNA library was also screened using a sequencing tag (V7.1), a 320 

bp DNA fragment labeled with [a-^^P]dATP. 

A second midgut specific cDNA library was constructed from female mosquitoes 

at the same stage using ZAP Express cDNA Synthesis Kit (Stratagene). Total RNA from 

the midgut tissue was extracted, and poly(A)" RNA was purified as described above. The 

sequential steps for the cDNA library construction followed the manufacturer's instruction 

(Strategene). After the cDNA was synthesized with compatible ends (Xho I and EcoR I) 

for later ligation into X Zap vector arms, the cDNA was size fractionated on a Sephacryl 

S-400 column (Strategene). Fractions > 400 base pairs were ethanol precipitated, and the 

pellets were ligated to the vector arms. The ligation product was then packaged into 

Gigapack n Gold Packaging Extract (Strategene). 

The primary phage library without fiirther amplification was used to infect E. coli 

host, XLl-Blue MRF', and plated at 50,000 pfii/150-mm LB plate. The 5' 520 bp EcoR 

I fragment excised from V7.1 cDNA (partial cDNA sequence from the plasmid library) was 

labeled with [a-^^P]dATP using a Random Primer DNA Labeling Kit (Gibco BRL). 

Approximately 1 x 10® plaques were screened under high stringency hybridization 

conditions. 

In vivo excision 
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EflBcient excision of the pBK-CMV phagemid from the ZAP Express vector was 

produced using the ExAssist/XLOLR system (Stategene). The plaques of mterest were 

transfered from the agar plate to a sterile tube containing 500 |il of SM buffer and 20 |il of 

chloroform. The phage particles were released into the buffer by vortexing. Two hundred 

and fifty microliters of this phage stock (>1x10^ phage particles) were combined with 200 

jil of XLl-Blue MRF'ceUs (OD6oo=10) in 10 mM MgS04 and 1 ^il of the ExAssist helper 

phage (>1x10® pfij/ml), and incubated at 37°C for 15 min. Three milliliters of LB broth 

were added and the mixture was incubated for 3 hr at 37°C with continuous shaking. 

Then the mixture was heated at 70°C for 20 min, and centrifliged (4,000 rpm, 15 min at 

room temperature) to spin down bacterial cell debris. One hundred microliters of the 

supernatant (containing the excised pBK-CMV phagemid packaged as filamentous phage 

particles), were added to 200 |al of XLOLR cells (OD6oo<1.0) and incubated at 37°C for 

15 min. Three hundred microliters of LB broth were added and the mixture was incubated 

at 37°C for 1 hr with gentle shaking. Two hundred microliters of cells were plated on LB-

kanamycin plates (50 ug/ml) and grown overnight at 37°C. 

DNA sequencing 

The nucleotide sequences were determined from both strands by the dideoxy chain 

termination method (Sanger et al., 1977) using Sequenase 2.0 (United States Biochemical 

Co.). Nested deletions of cDNA clones were generated by unidirectional digestion with 

exonuclease lH (Henikofif et al., 1984). 
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Sequence comparison and sequence alignment 

Sequence analysis was performed with the GCG software (University of Wisconsin 

Genetics Computer Group). Sinularity searches of protein databases with the deduced 

amino acid sequence of mosquito chymotrypsin-like protease were undertaken using the 

Blastp program available through NCBI (NIH). Four additional deduced amino acid 

sequences were obtained from GenEMBL database using Stringsearch. All invertebrate 

and vertebrate chymotrypsins were subjected to multiple sequence alignments using the 

PileUP program (Feng and Doolittle, 1987). The mosquito midgut chymotrypsin 

sequence has been deposited in GenBank under accession number U56423. 

In Vitro transcription and translation of the chvmotrvpsin-like cDNA clone 

The mosquito chymotrypsin-like cDNA clone (pMC-8) and the parental plasmid 

(as a negative control) were linearized using Not I (Gibco BRL) and transcribed under the 

T7 promoter and T? RNA polymerase (Promega). The transcripts were treated with RQi 

RNase-free DNase (Promega) at lU/|ig template and purified using phenol/chloroform 

extraction and ethanol precipitation. The mRNAs were translated using rabbit reticulocyte 

lysate (Promega) in the presence and absence of microsomal membranes from canine 

pancreas (Promega) according to the manufacturer's protocol. A luciferase mRNA was 

used as a positive control in the translation step. The ^'S-labeled ([^^S]-L-Cys from 

Amersham) translational products were analyzed by SDS-PAGE and autoradiography. 
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Construction of pMCJ plasmid 

To overproduce mosquito chymotrypsin in vitro, a prokaryotic expression system 

was used. An expression plasmid which would express the recombinant mosquito 

chymotrypsinogen was constructed as follows. 

The chymotrypsin-like protease cDNA lacking its signal peptide sequence was 

generated by PCR using the cDNA clone (pMC-8). The primer 5'-CCCGAATTCT 

CCTCCAGAGCCACCCACAA-3', containing the sense strand sequence encoding part of 

the activation peptide and an EcoR I site (underlined), was used in combination with the 

primer 5TCGCATGCACGCGTACGTAA3', corresponding to the vector part flanking 

the 3'cloning site. Twenty-five PCR cycles were carried out in three steps of 1 min at 

94°C, 2 min at 57°C and 2 min at 72°C. The amplified PCR product carrying the EcoR I 

site and Hind m site at the two ends were digested with the two restriction enzymes 

(Gibco BRL), and cloned into an expression vector, pDS56/RBSII/6HIS (kindly provided 

by Hans-Michael Muller, Univ. of Ca Sapienza, Italy). The new plasmid construct which 

carries the mosquito chymotrypsinogen cDNA was designated as pMCJ (Fig. 12) 

Expression and purification of chvmotrvDsin-like protease 

Five hundred ml of the Kcoli host strain. Ml5 [pREP4] (Qiagen), carrying the 

(his)6 -chymotrypsinogen expression vector, pMCJ, was grown in LB broth containing 

ampicillin (100 |ig/ml) and kanamycin (25 pig/ml) at 37''C until As9o=0.4. EPTG was then 

added to a final concentration of 0.5 mM. Aliquots (0.5 ml) were removed at different 
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time intervals and total cellular proteins were analyzed by SDS-polyacrylamide gel. After 

3 hr of IPTG induction, the cells were harvested by centrifiigation (5000 rpm, 10 min at 

4°C). Half of the cells were resuspended in 50 ml of buffer A (6 M GuHCl, 0.1 M Na-

phosphate, 0.01 M Tris/HCl, pH8.0), and the cell suspension was stirred overnight at 4''C. 

The lysate was then centrifuged (15,000 rpm, 20 rain at 4°C). The supernatant was 

directly loaded onto a Ni-NTA sepharose colunrn (1.5 x 4 cm, 15 ml/hr), preequilibrated 

with buffer A. The column was washed with buffer A and then buffer B (8 M urea, 0.1 M 

Na-phosphate, 0.01 M Tris/HCl, pH 8.0). The bound proteins were eluted with a pH 

gradient following the manufacturer's instruction (Qiagen). Fractions of 1 ml were 

collected and analyzed on both reducing and non-reducing SDS-polyacrylamide gels with 

Coomassie blue staining. Purified (his)6 -chymotrypsinogen fractions were stored at 4°C. 

Thiol analysis 

Whether the six cysteines in the overexpressed recombinant (his)6 -

chymotrypsinogen are in the oxidized form or the reduced form was assessed by Ellman 

assay (1959). Two |il of Ellman reagent, 10 mM 5,5'-dithiobis-(2-nitrobenzoic acid) 

(DTNB) was added to a mixture containing 250 |il of thiol assay buffer (0.1 M Na-

phosphate, pH 8.0) and 250 |jJ of protein sample to initiate the chemical reaction. A 

standard curve of absorbance versus amount of thiols was established using GSH and 

DTT (at a concentration range of 0.1-0.01 mM). The test protein with the other two 

control proteins, BSA and a-bovine chymotrypsin A, were then assayed individually in 
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duplicate for thiol groups and for protein concentration (BCA protein assay. Pierce). The 

absorbance of the samples was read at 412 nm in a Beckman DU-40 spectrophotometer. 

The thiol assay was repeated under the same condition, but with the addition of 8 M urea 

and the change of buffer pH to the control proteins before adding DTNB. 

Protein renaturation 

Renaturation of the pure recombinant proteins was carried out using a dialysis 

procedure which removes the denaturants in three steps. Purified recombinant (his)6 -

chymotrypsinogen was dialyzed against a buffer containing O.OI M Tris. CI, pH 8.8, 150 

mM NaCl, 2 mM GSSH, 0.02 mM GSH, 10 % glycerol and 3.5 M urea, then against 1 M 

urea in the same buffer, and finally against the buffer alone. Each dialysis step was 

performed at 4°C overnight. 

Protein refolding 

Unfolding was carried out by incubation of soluble recombinant (his)6 -

chymotrypsinogen in 8 M urea, 0.1 M Na-phosphate, 0.01 M Tris. CI, pH 6.8, and 0.25 M 

3-mercaptoethanol (P-ME) at a final protein concentration of 1.5 mg/ml for 1 hr at 50''C 

(M. Cardamone et al., 1995). The reducing agent P-ME was removed by gel filtration 

using G-25 sephadex (PD-10 desalting column; Pharmacia-LKB). Both column 

preequilibration buffer and protein elution buffer contained 8 M urea, 0.1 M Na-

phosphate, 0.01 M Tris/HCl, pH 8.0. Refolding was initiated immediately and achieved 
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gradually by dialyzing against the refolding buffer ( the same buffer used in the three-step 

dialysis procedure mentioned in the "protein renaturation") with gentle agitation. 

Zymogen activation 

Trypsin (10 mg, per 1 g of chymotrypsinogen; Sigma Chemical Co.) was added to 

the dialysis tube containing the purified recombinant zymogen after renaturation. CaClz 

was supplemented to the dialysis buffer (0.01 M Tris.Cl, pH 8.0, 150 mM NaCl, 2 mM 

GSSH, 0.02 mM GSH and 10 % glycerol) to a final concentration of 50 mM. The 

activation reaction was carried out at 4°C for 16 hr and then shifted to room temperature 

for another 2.5 hr (P. D. Boyer, 1971; M. Laskowski, 1946). The completion of the 

activation was monitored using bovine a-chymotrypsinogen A (Sigma Chemical Co.). 

The buffer pH was adjusted to 3.5 by adding 12 N HCl before the enzymatic assay (C. K. 

Mathews et al., 1990). The activated proteases were stored at -20°C. 

Preparation of midgut crude extract 

Midguts were dissected and homogenized with a mixed buffer containing 15 mM 

HO Ac, 15 mM MES, 15 mM MOPS and 15 mM CHES, pH 9.0 and 50 mM CaCb using 

a hand held plastic pestle. Samples were sonicated for 1 min. After centrifiigation at 

15,000 g, 4°C, for 15 min, the supernatant was used for the enzymatic assays. 

Enzyme assay 
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Serine protease activity was measured using synthetic substrates. N-succinyl-ala-

ala-pro-phe-nitroanilide (AAPF) and N-succinyi-phenylalanine-nitroanilide (F) are specific 

for chymotrypsin, and N-succinyl-ala-ala-pro-Ieu-nitroanilide (AAPL) and N-succinyl-ala-

aia-ala-nitroanilide are specific for elastase. The chymotrypsin assay system consisted of 

390 nl buffer (0.1 M Tris.CI, pH 8.0, 50 mM CaCb), 10 nl substrate (200 mM AAPF or F 

dissolved in DMSO) and 50 |il H2O (Sandeman et ai., 1990). The elastase assay system 

consisted of390 fil buffer (0.1 M Tris.CI, pH 8.0, 0.05 % Triton X-100), 10 jil substrate 

(200 mM AAPL or AAA dissolved in DMSO) and 50 |il H2O (I. Grunnet et al., 1983; R. 

J. Beynon et al., 1989). The hydrolysis reactions were initiated with the addition of 1 |il 

of the activated recombinant protease and performed at room temperature for either 5 min 

(when assayed on AAPF or AAPL) or 20 min (when assayed on F or AAA). Each 

reaction was repeated as duplicate or triplicate. The hydrolysis product, nitroaniline, was 

measured by the change in absorbance at 410 nm using a Beckman DU-40 

spectrophotometer and corrected for the spontaneous hydrolysis of the substrates. A410 

readings were then converted to amount of the product (|jM) according to a standard 

curve of absorbance versus amount of the product, nitroaniline fi"om Sigma Chemical Co.. 

Enzyme assays using midgut crude extracts were carried out in the mixed buffer 

system containing 15 mM HO Ac, 15 mM MES, 15 mM MOPS and 15 mM CHES, pH 

9.0 and 50 mM CaCb. The hydrolysis reactions were initiated with the addition of 1 (il of 

the prepared midgut crude extract (equivalent to 1/15 midgut). Other conditions were the 

same as above. 
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PH rate profiles 

The synthetic substrates Suc-AIa-Ala-Pro-Phe-pNA and Suc-AIa-Ala-Pro-Leu-

pNA were used in the experiment. All measurements were performed at 25°C in a mixed 

buffer system of different pH values containing 15 mM HOAc (4.0-5.5), 15 mM MES 

(5.5-6.7), 15 mM MOPS (6.5-7.9) and 15 mM CHES (8.6-10.0) and 50 mM CaCla. 

Western analysis 

Purified (his)6 - zymogen was used as an antigen to generate rabbit anti-mosquito-

chymotrypsin polyclonal antibodies. The antigen was mixed with the adjuvant, RIBI 

(Immunochem Research Inc.) for the initial inoculation and later boosters (by Cocalico 

Biological Inc.). After four boosters, the rabbit was bled, and 70 ml of antisera was 

collected. The antibody specificity was tested by immunoblotting with the midgut protein 

homogenate. As controls we used two recombinant midgut trypsins fi^om Ae. aegypti 

(provided by Dr. Noriega in the laboratory). A 1 ; 50,000 dilution of the antisera was able 

to detect 50 ng of the purified (his)6 -zymogen by immunoblotting. 

Midgut tissue of female mosquitoes (10 per pool) fi^om stages Id, 2d, 3d, 4d, 5d 

and 6d after emergence, and Ih, 3h, 5h, 7h, 13h, 15h, 16h, 18h, 20h, 22h, 24h and 72h 

after feeding, were homogenized in 5 vol. of ice-cold suspension buffer (0.1 M NaCl, 

0.01 M Tris. CI, pH 7.6, 0.001 M EDTA, I ^lg/ml aprotinin and 100 ng/ml PMSF). 5 x 

SDS gel-loading buffer was then added to each homogenate. All samples were boiled (10 

min), sonicated (2 min) and centrifliged (10,000 rpm, 10 min at 4° C). One tenth of each 

supernatant, equivalent to one mosquito midgut, was loaded and the proteins were 
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separated on 12.5 % SDS-PAGE followed by an electrophoretic transfer to a 

nitrocellulose membrane (Schleicher and Schuell). Nonspecific binding of antibodies was 

blocked by incubating the membrane with 5 % dry skim milk in TTBS buffer (20 mM 

Tris.Cl, pH 7.5, 0.5 M NaCl, plus 0.05 % Tween-20) for 1 hr at room temperature. The 

membrane was washed once with TTBS and incubated with the rabbit anti-mosquito-

chymotrypsin polyclonal antisera (diluted at I ; 5,000 in TTBS buffer plus 5 % milk) for 1 

hr at room temperature. The membrane was washed twice with the TTBS (10 min each 

time), and incubated with the horseradish peroxidase (HRP) conjugated goat anti-rabbit 

IgG (Bio-Rad; diluted at 1 : 3,000 in the TTBS plus 5 % milk) for 1 hr at room 

temperature. After the TTBS wash followed by a PBS wash, the membrane was 

developed using HRP substrate (6.0 mg of 4-chloro-l-naphthol dissolved in 2 ml of 

methanol and 10 ml of PBS with the addition of 5 ^l of 30 % H2O2). The reaction was 

stopped by washing the membrane with distilled H2O. 

Northern analysis -1 

Total RNA fi-om pupae, unfed adult, as well as artificial-meal fed adult mosquitoes 

(6 per pool) at different time points was isolated using RNA binding glass powder 

(Noriega and Wells, 1993). One sixth of the total RNA, equivalent to 1 mosquito, was 

denatured, then loaded, and separated on a 1.5 % formaldehyde-agarose gel (Foumey et 

al., 1988) followed by a transfer to Nytran (Schleicher & Schuell). The Nytran blot was 

prehybridized in the buffer (6xSSC, 5xDenhardt's, 0.1% SDS, lOOug/ml salmon sperm 

DNA) for 3 hr at 65°C, and then hybridized in the same buffer with the addition of the 
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probe (a [a- ^^P]dCTP-labeIed mosquito chymotrypsin-like protease cDNA) at a 

concentration of 1.6x10® cpm/ml for another 18 hr at the same temperature. Washing 

steps were done under high stringency, sequentially with two washes (10 min, each) in 

2xSSC and 0.1 % SDS at room temperature, three washes (10 min, each) in the same 

buffer but at 60°C, and a final wash in O.lxSSC and 0.1 % SDS at 60°C for 20 min. The 

amount of radioactivity was quantified using a Betascope (Betagene). 

Northern analvsis-2 

Total RNAs from female mosquito midgut tissues at four different stages: right 

after emergence, five days after emergence, 4-6 hr after feeding and 18-20 hr after feeding, 

were prepared using the RNAzoiB method (Leedo Medical Laboratories, Inc.). Twenty 

five Jig of total RNA from each stage was loaded and separated on a 1.5 % formaldehyde-

agarose gel (Foumey et al., 1988) followed by a transfer to Nytran (Schleicher & Schuell). 

The Nytran blot was prehybridized in the buffer (50% formamide, 5xSSC, 0.05M 

phosphate buffer, pH 7.0, SxDenhardt's, 0.1% SDS, 100 ug/ml salmon sperm DNA) for 3 

hr at 42°C, and then hybridized in the same buffer with the addition of the probe (a [a-

^^P]dCTP-labeled sequence tag, e.g. V7.1) at a concentration of 5x10® cpm/ml for another 

18 hr at the same temperature. Washing steps were under high stringency as previously 

described. 

The same northern blot was later probed with a 5' 520 bp EcoR I fragment from 

Vv.i partial cDNA. 
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RESULTS 

Part I: Cloning and characterization of a putative serine protease from the midgut 

of mosquito Aedes aegypti 

Isolation of a putative serine protease cDNA 

Initially a 670 bp PGR product coding for the 3' end of the cDNA for 

chymotrypsin-like protease was obtained by serendipity while searching for mosquito 

proteins homologous to a-macroglobulins and complement proteins C3 and C4. In order 

to obtain the full length cDNA clone, this 670 bp PGR product was used as a probe to 

screen 2x10^ transformants from an Ae. aegypti stage-specific midgut cDNA library. The 

ten strongest positive clones were flirther examined. The clone with the longest insert, 

pMC-8 (stands for mosquito chymctrypsin clone #8) contained an open reading frame of 

804 bp that encodes a preproenzyme with 268 amino acids (Fig. 6). The predicted signal 

peptide sequence (underlined in Fig. 6) has a length of 18 amino acids and is very 

hydrophobic, as shown by hydropathy analysis (Fig. 7). This is consistent with its role in 

protein secretion. The following heptapeptide sequence, rich in serine and charged 

residues, is most likely to be an activation peptide, because the first residue of the mature 

serine proteases is highly conserved and usually preceded by a basic residue (either Lys or 

Arg). The deduced amino acid sequence of the mature enzyme unambiguously identifies it 

as a member of the chymotrypsin-like serine protease family, as it not only contains the 
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catalytic residues (His/Asp/Ser) arranged in the linear order in the polypeptide chain (A. J. 

Barret and N. D, Rawlings, 1995), but also maintains approximately 26-32 % sequence 

identity to the mammalian chymotrypsins, trypsins and elastases (P. E. Wilcox, 1970; C. 

S. Craik et al., 1984; E. G. Del Mar et al., 1980). 

Analysis of the deduced protein sequence of the putative serine protease 

A multiple sequence alignment of the deduced amino acid sequence of the 

mosquito chymotrypsin with the sequences of other chymotrypsins is shown in Fig. 8. 

The Ae. aegypti chymotrypsin (AAC) has a typical catalytic triad region for serine 

proteases at positions His 57, Asp 102 and Ser 195 (following the bovine chymotrypsin 

numbering system). Asp 194 next to the catalytic Ser is also conserved, which forms a 

salt bridge with the newly formed N-terminal lie in the mature enzyme, and stabilizes the 

catalytic site. The AAC lacks a negatively charged carboxylate (e.g. Asp) at position 189, 

which is present at the bottom of the substrate binding pocket of all known trypsins. 

Instead, the AAC has a hydrophobic substrate binding pocket which resembles that of 

chymotrypsins, typically containing a conserved Ser 189 residue (found in all known 

vertebrate chymotrypsins) at the base of the pocket and a conserved Gly 216 residue lining 

the entry of the pocket. The presence of Thr at position 226 in the AAC, compared to a 

smaller residue (Gly or Ala) found in vertebrate counterparts, may imply a slight difference 

toward substrate preferences. Besides, Ser 190 and Tyr 228 found in vertebrate 

chymotrypsins, which are the side chains that are extended into the substrate binding 



pocket are changed to Ala and Phe in the mosquito enzyme, which might also imply a 

change in the substrate specificity. 

Three conserved cysteine bridges (-S-S-) involved in the proper folding of proteins 

are common in all known invertebrate chymotrypsinogens, and also found in analogous 

positions of the Ae. aegypti sequence. On the other hand, in vertebrate counterparts, two 

more pairs of cysteine bridges are present at positions Cys I - Cys 122 (Cys 1 is part of 

the propeptide) and Cys 136 - Cys 201, which are known, in bovine chymotiypsin a, to 

hold the three polypeptide chains together. The lack of these extra cysteine pairs in 

invertebrate chymotrypsins may reflect a different conformational change during zymogen 

activation and processing. 

Four residues unique for the^e. aegypti chymotrypsin are marked by "U" in Fig. 8. 

In addition, the absolute conserved Arg 15 (following bovine chymotrypsin numbering 

system) immediately preceding the activation cleavage site is substituted by Lys. 

In vitro transcription and translation of the chvmotrvDsin-like cPNA clone 

In order to demonstrate that the putative chymotrypsin-like cDNA clone 

represents a real message which encodes a secretory protein, an in vitro experiment was 

carried out using rabbit reticulocyte lysate coupled with microsomal membranes from 

canine pancreas. In the absence of microsomes, a polypeptide product of ~ 34 kDa was 

produced (Fig. 9, Lane C). In the presence of microsomes, post-translational processing 
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of the secreted protein yielded additional product of Mr ~ 32 kDa, detected as a shift in 

apparent molecular weight (Fig. 9, Lane D). From these results, we conclude that the 

mosquito chymotrypsin cDNA has all the signals required for translation and post-

translational processing expected for a secretory protein. 

Detection of the levels of mRNA transcription and protein expression 

Chymotrypsin gene expression was determined by Northern analysis (Fig. 10, 

panel D). Midgut total RNA from pupae and unfed adult, as well as, artificial-meal fed 

adult mosquitoes at different time points was probed using [a-^^P]dCTP-labeled cDNA. 

The amount of radioactivity associated to each stage was quantified using a Betascope and 

depicted in Fig. 10, panels A and B ( • ). Chymotrypsin mRNA was absent during the 

pupal stage. The message could be first detected approximately 12 hrs after emergence 

and increased dramatically within the next 48 hrs. When adults were fed, the mRNA 

remains at a nearly constant level throughout meal digestion. 

Although the chymotrypsin gene is newly transcribed at the begirming of adult life, 

and nearly reached the maximum right before feeding, its protein product is not translated 

to a significant level until the ingestion of a meal (Fig. 10, panel A and B [A]). 

Chymotrypsin protein expression in the midgut tissue of both unfed and fed females at 

different stages were determined by Western analysis (Fig. 10, panel C) using rabbit anti-

mosquito-chymotrypsin polyclonal antibodies. The levels were then quantified by 

densitometry. Before feeding, the chymotrypsin could only be detected in trace amount 
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(Fig. 11, lane 2). Immediately after feeding, the amount of the chymotrypsin increased 

drastically within 24 hrs. The increased level of the protein expression is obviously 

initiated by the ingestion of a meal, indicating that a translational regulatory mechanism is 

involved in determining the amount of the chymotrypsin synthesis. 

Since the majority of the chymotrypsin detected was associated with the midgut 

contents (Fig. 11, see lane 4 and lane 9, lane 5 and lane 10), the protein is likely secreted 

into the lumen right after de novo synthesis in the midgut epithelium cells. To determine 

whether the protein detected by Western blotting actually represents active chymotrypsin, 

the enzymatic activity in midgut crude extracts was measured using synthetic substrates 

(Fig. 8, panel A and B "T"). In unfed midgut homogenate, there was no detectable 

chymotrypsin activity, whereas in homogenates from fed midguts there was an increase in 

the enzymatic activity following the meal which paralleled the increase in protein detected 

by Western analysis. The high-rate hydrolysis of AAPF (N-succinyl-AIa-AIa-Pro-Phe-p-

nitroaniline) was not inhibited by soybean trypsin inhibitor (data not shown). Graf et al. 

(1986) suggested that trypsin is the major endoproteolytic enzyme in the midgut of 

mosquito, Ae. aegypti, and a high concentration of trypsin activity is present at 24 hrs 

after feeding. The mosquito trypsin activity is inhibited by soybean trypsin inhibitor 

(Noriega, personal communication). These data show a clear correlation between the 

chymotrypsin synthesis and its enzymatic activity. Consistent with previous studies (Y. J. 

Yang et al., 1971; R. H. Gooding, 1969), the chymotrypsin activity is continuously 

present throughout meal digestion. However, it becomes clear only in this study that the 

activity is induced and increased significantly by the ingestion of a meal. 
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Part II: Overexpression, purification and characterization of a midgut-speciflc 

chymotrypsin in mosquito Aedes aegypti 

Expression of the recombinant chymotrvosin in E. coli ceils 

The mosquito chymotrypsin gene without its signal peptide sequence (encoding a 

zymogen) was cloned into the expression vector, pDS56/RBSII/6His. The recombinant 

was designated as pMCJ (Fig. 12). To analyze the level of expression and solubility of the 

recombinant zymogen, an E. coli strain. Ml 5 [pREP4], carrying plasmid pMCJ was 

grown at 3TC to a mid-log phase, and then IPTG was used to derepress the lac promoter. 

Aliquots were removed at dififerent time intervals and total cellular proteins were analyzed 

by SDS-polyacrylamide gel electrophoresis. The electrophoretic pattern of insoluble 

proteins is shown in Fig. 13. A protein band corresponding to the recombinant zymogen 

could be observed 30 min after IPTG induction. The recombinant zymogen was estimated 

to comprise approximately 35% of the total insoluble proteins 3 hr after induction. The 

majority of the overproduced recombinant zymogen is in the insoluble portion of total 

cellular proteins (data for the gel pattern of soluble proteins not shown). 

Purification of recombinant zymogen from the inclusion body 

A preliminary experiment indicated that the insoluble recombinant Ae. aegypti 

zymogen could be extracted ft-om the pellet using high concentration of denaturing agents. 
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such as 6M GuHCl. According to other reference, the denatured protein could be 

renatured by dialysis against PBS to form an active enzyme (Muiler et al., 1993). We, 

therefore, followed a simple, rapid procedure to purify the recombinant zymogen on Ni-

NTA sepharose column under a denaturing condition. 

The detailed procedure of purification was described in the "Materials and 

Methods". The result of the chromatography of (his)6-zymogen is shown in Fig. 14. 

Fractions collected were analyzed on both reducing and non-reducing (data not shown) 

SDS-polyacrylamide gels with Coomassie blue staining. Lane 8 and 9 (Fig. 14) are the 

fi-actions containing majority of the purified (his)6-zymogen, which were eluted with 0.2 M 

CH3COOH at pH 2.7. 

Refolding and activation of recombinant zymogen 

The six cysteines in the overexpressed recombinant zymogen were in the oxidized 

form, as assessed by Ellman assay. Purified denatured recombinant zymogen was either 

treated with P-mercaptoethanol to reduce disulfide bonds before renaturation, or directly 

dialyzed against the refolding buffer. The reduced disulfide bonds would be slowly 

oxidized during the dialysis process. The ratio of correct versus aberrant disulfide bond 

formation will be increased through the refolding pathway, if the reduced, denatured 

recombinant zymogen is subjected to the dialysis condition where the native structure is 

more stable. Only those properly folded zymogens with correct pairings of cysteines are 
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able to be activated by proteolytic cleavage. 

The activation of chymotrypsinogens in vertebrates is achieved by removing the 

activation peptide by tryptic cleavage of the peptide bond on the carboxyl side of arginine 

preceding the mature enzyme. This tryptic activation mechanism was also demonstrated 

in invertebrate chymotrypsin by H. M. Muller et al. (1993). In our experiment, bovine 

trypsin could readily activate the renatured zymogen, as shown in Table 2. The magnitude 

of activation by trypsin, or zymogenicity (defined as the ratio of catalytic eflBciency of the 

mature enzyme and that of the zymogen) in the renatured zymogen with previous p-

mercaptoethanol treatment is 3.0-fold greater than that of the renatured zymogen without 

the reducing treatment. Surprisingly, even without trypsin activation, the renatured 

recombinant zjonogens have higher specific activities than that of the activated bovine 

chymotrypsinogen. 

Substrate specificity of the recombinant mosquito chymotrypsin 

An amino acid sequence alignment of Ae. aegypti chymotrypsin with bovine 

chymotrypsin and porcine elastase is shown in Fig. 15. Residues important in determining 

substrate specificity are highlighted. Among them, serine residue at position 189 is 

conserved in all sequences. Residues at position 226 and 228 in mosquito sequence are 

identical to those in porcine elastase, whereas residue at position 216 is the same as that in 

bovine chymotrypsin. The distinction between the two chymotrypsins at position 226 may 

imply a slightly difference towards substrate preferences. 
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Specific activities for hydrolysis of the anionic substrates by the recombinant 

mosquito chymotrypsin are presented in Table 3. Relative to bovine chymotrypsin, 

specific activities of Ae. aegypti chymotrypsin toward the tetrapeptide substrates 

possessing Pl-Phe and PI-Leu, are 6-fold and 15-fold greater, respectively. When P2-Pro 

is replaced with P2-Val, and PI is Ala, the difference increases to 30-fold, although the 

cleavage is much lower. Similar to bovine chymotrypsin, the peptide with an aromatic 

residue in PI (Pl-Phe) was very readily and selectively split by mosquito chymotrypsin. In 

the group of tripeptide substrates the peptide with an alanine (or Val) residue in PI was 

very poorly cleaved in both chymotrypsins. In contrast, the specific activity of bovine 

chymotrypsin is 10-fold greater than that of Ae. aegypti chymotrypsin, when assayed on 

Suc-Phe-pNA. 

Effect of on the hydrolysis of peptidvl p-nitroanilide bv the refolded Ae. aesvpti 

chymotrypsin and bovine chymotrypsin 

A comparison of amino acid sequences between residue 70 and 80 is shown in 

Table 4. Unlike bovine chymotrypsin, the Ae. aegypti sequence contains Glu 70 and GIu 

80 (in the bovine chymotrypsin numbering system) which are involved in 

coordination in trypsin (W. Bode et al., 1975) and probably in the serine protease domain 

of coagulation factors (Arun K. Sabharwal et al., 1995). To determine whether the 

presence of the putative Ca^"^ binding site in Ae. aegypti chymotrypsin is important for 

maintaining its functional structure and thus its maximal catalytic eflBciency, the specific 
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activity of enzymes in the presence and absence of Ca^" was measured (Table 5). Ca^^ 

increased the amidolytic activity of the Ae. aegypti chymotrypsin by 2-fold, whereas Ca^" 

did not influence the activity of the bovine chymotrypsin on the tetra- or tri-peptidyl 

chromogenic substrates. A Ca^"^ effect on the bovine chymotrypsin was observed only 

when assayed with suc-Phe-pNA. 

Other features of Ae. aeevvti chvmotrvDsin 

1) Amino acid composition (Table 6); Unlike the bovine analog, the Ae. aegypti 

chymotrypsin is an acidic protein with a net negative charge of fifteen at neutral pH (Table 

7 and 8). As seen in Table 6, the total number of charged residues, Arg, His, Asp and 

Glu, is higher in the Ae. aegypti enzyme than its bovine analog, whereas that of the polar 

hydrogen bond-forming residues, Ser, Thr and Asn, is much higher in the bovine 

chymotrypsin than its invertebrate counterpart. Introduction of more proline residues into 

the Ae. aegypti chymotrypsin may contribute to its increased thermal stability (Von Der 

Osten et al., 1993). 

2) pH rate profile (Fig. 16): The profiles for the Ae. aegypti chymotrypsin (or the 

bovine one) on the two substrates are similar (compare A with C and B with D). The 

apparent optimal pH for bovine chymotrypsin is around 8.0-8.5, while it is almost 10.0 for 

the mosquito chymotrypsin. At neutral pH, the specific activity of Ae. aegypti enzyme is 

only 30% of its maximal. The pH of the midgut contents of bloodfed mosquitoes have not 

been well measured. It was reported that the pH is approximate 7.5 in the midgut 
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contents of mosquitoes Cx pipiem and A. quadrimaculatus, for the period shortly after 

ingestion and right before enzyme secretion (Bishop et al., 1956; Micks et al., 1948) 

Part ni: Use of DDRT-PCR to identify a novel gene expressed in the midgut after a 

blood meal induction 

Compared with subtractive hybridization, the "differential mRNA display" 

technique (Liang and Pardee, 1992) has two main advantages: 1) patterns of gene 

expression are highly reproducible; 2) more than two RNA samples can be subjected to 

comparative analysis simultaneously. This novel technique was applied in an attempt to 

identify transcripts that are up-regulated in blood meal ingested midgut. 

The experimental design is outlined in Fig. 17. 

Screening and recognition of interesting transcripts 

Fig. 18 shows an example of a differential display gel from one combination of 

reactions (eighty combinations in total to be saturated). "V" stands for the reaction 

combination with a specific set of primers. Number 5-8 represent the midgut tissue at 

different stages, and they are; within 2 days after emergence (5), unfed (6), 4-6 hr after 

feeding (7) and 18-20 hr after feeding (8). The specific set of primers used in this 

combination were the 5' arbitary primer, 5'GCGATCGATG3', and the 3' degenerate 

primer, 5'TTTTTTTTTTTTMG3'. The amplified transcripts displayed on the sequencing 
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gel were compared. The distinguished bands were visualized and marked with arrows. 

One of them, called V7.1, was excised and later reamplifed with the same pair of primers. 

To avoid false positive bands, each differential display experiment was duplicated. 

Cloning and sequencing of an expressed sequence tag 

The reamplified PGR product V7.1 was cloned into the pGEM-T vector (Promega). 

Four recombinant clones with an insert size of 310 bp were sequenced. Two of them are 

the same, and have a perfect polyadenylation signal (see Fig. 19). 

Further analyzing the mRNA expression pattern of V? 1 by Northern analysis 

In this experiment, the 310 bp V7.1 was used as a probe. 25 |j.g of total RNA from 

midgut tissues of each stage was loaded onto a denaturing agarose gel. Fig. 20 

demonstrates that signals are only present at the stage of 4-6 hr after feeding, which is 

consistent with the result shown in Fig. 18. 

So far, we have isolated one expressed sequence tag that is tissue and stage 

specific. We searched GenBank database with both V7.1 tag sequence and its deduced 

amino acid sequence. The analysis revealed that V7.1 has sequence similarity to some 

transcription factors, however, they are not among the functional domains of the proteins. 
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Library screening 

Both plasmid and A. phage cDNA libraries from females 4-6 hr after feeding were 

constructed. The amplified plasmid library was screened first in order to isolate the fiill-

length clone of the small-size message (about 1.8 kb) shown on the Northern analysis (Fig. 

20). After screening 10'* transformants, only one positive colony (clone 1) was found. It 

contains an insert of 1.15 kb. Sequencing result showed that V7.1 tag sequence was 

present at its 3' end, but with some A/G and C/T base substitutions. Unexpectedly, there 

are two stop codons found in the middle of the sequence. To confirm further that clone 1 

is the same expressed message shown in Fig. 20, a Northern analysis was performed with 

the 5'portion of the clone (520 bp EcoR I fragment) as a probe. The result was exactly 

the same as the one on Fig. 20(data not shown). 

The phage library was screened next to get a longer sequence. 1x10^ plaques 

were screened in total, and about 0.2% of them are positive. Twelve positive plaques 

were further screened and then sequenced. Three of them (clone 2, clone 3 and clone 4) 

consist of V7.1 tag sequence at their 3' ends. Clone 3 is identical to clone 4, with an insert 

of about 2.5 kb. Clone 2 is smaller. However, all of the three clones have more than two 

stop codons in the sequences, without any predictable open reading frames. It is possible 

that all the clones we obtained only represent the 3' untranslated sequence of a large 

message (Fig. 20, one of the top bands). 

This project was not continued. Although we have been able to isolate one 

expressed sequence tag which is differentially expressed in the midgut of female Ae. 
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aegypti after 4-6 hr blood meal induction, we have not been able to clone this expressed 

gene yet. 

Part rV: An in vivo assay to test the effect of yeast GCN4 on the putative cis 

element of mosquito late trypsin gene 

Previous result: A 4.1 kb genomic clone of the late trypsin gene was isolated 

(Barillas-mury et al., 1991). A 1.6 kb subclone, corresponding to 1.1 kb of the upstream 

regulatory region and 0.5 kb of coding region, was sequenced. A cluster of five repeated 

sequences was found within 200 nucleotides upstream of the transcription start site. 

These repeated sequences have some similarities to the yeast GCN4, mammalian Jun and 

Fos, DNA binding sites. 

Rationales: Should the five tandem repeats have truly acted as cis elements and 

interacted with yeast GCN4, there presumably exists a GCN4-like regulatory protein in 

mosquitoes, which shares sequence homology with the known positive transcription factor 

and functions in regulating late trypsin gene expression under the induction of a blood 

meal. The assumption would lead to the further isolation of the putative regulatory 

protein by using either its binding affinity to the cis regulatory elements or its similarity to 

the yeast GCN4 DNA binding domain. In order to determine whether the five repeated 

sequences present in the upstream regulatory region of the late trypsin gene are important 

in the cis regulation, a genetic experiment was applied. 
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Result: In the experiment, yeast strains L4212 and L4196, carrying a wt (GCN4) 

or a mutated (gcn4-2) gene were each transformed by a reporter gene construct with the 

5'UTR-CYCl chimeric promoter (see Fig. 4 and Fig. 5). The reporter gene expression of 

the fusion construct HYC was determined on the autonomously replicating plasmid 

(pLG699-Z'). The detection of the expression was measured by |3-gaIactosidase activities 

(Table 9). Under the derepression condition, GCN4 level is greatly increased in wild-type 

cells. However, the effect of GCN4 on the putative cis element was not observed. 

Since this experiment was just a simple test, not a critical experiment, only a 

positive result could be interpreted. However, the negative result was not unexpected 

because none of the five tandem repeats has the perfect sequence for GCN4 binding. At 

this point, it did not seem worthwhile to pursue this approach. 
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DISCUSSION 

Characterization of the recombinant Ae. aesvpti zymogen 

The Ae. aegypti chymotrypsinogen was overexpressed in E. coli with extra ten to 

eleven residues at its N-terminus, including the six consecutive histidine residues (see Fig. 

12). There is a clear shift in molecular weight between the recombinant zymogen and the 

mature enzyme shown on western analysis (Fig. 11, compare lane 14 and lane 15). This 

expression system was selected because 1) it is easy and eflBcient for purification based on 

the high aflBnity of Ni-NTA resin for the (his)6-tag; 2) the level of the foreign gene 

expression could be well controlled under the presence of pREP4 which carries lac 

repressor gene; 3) it has been successful in generating an active protease by a simple 

dialysis (H. M. Muller et al.; 1995). 

After a rapid and efficient purification procedure for mosquito zymogen, greater 

than 99 % homogeneity of the recombinant protein (32-34 kDa on SDS-PAGE) was 

obtained. Very few multimers or aggregates were observed in fi"actions eluted with pH 

4.5 - 3.5. Since the purification was performed in 8 M urea, the pure recombinant protein 

molecules were entirely unfolded. 

The renaturing process could be complicated by the presence of three pairs of 

disulfide bonds which are involved in correct folding of the enzyme. There is no obvious 

difference of gel patterns for purified recombinant proteins between the reducing and non-

reducing gels. This suggested that either the expressed recombinant proteins are in the 
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reduced form with free -SH groups, or there is almost no intermolecular disulfide bond 

formation among the recombinant proteins. The first possibility was excluded by EUman 

assay which indicated that all six cysteines were in the oxidized form (-S-S-). The 

recombinant proteins present at a high concentration in E. coli often aggregate because 

partially folded chains can interact with one another incorrectly through transiently 

exposed hydrophobic areas (R. Jaenicke, 1991). Misfolded chains can also be formed 

when partially folded intermediates become trapped and are unable to proceed towards 

functional conformations. It is hard to predict how many percent of cysteine pairs are 

correct in the population. A calculation for a random pairing of three disulfide bonds in 

one molecule shows that it would be 5 x 3 x 1 equally probable combinations. Thus, by 

chance, about one of the fifteen molecules might be expected to have the correct pattern 

of disulfide bonds. Classical experiments by Anfinsen (1973), and subsequently many 

others, have shown that pure proteins that have been unfolded (with disulfide bonds 

broken) by chemical denaturing agents would often refold spontaneously to their 

functional conformations through dilution or removal of the denaturing agents. This 

indicated that the amino acid sequence of a polypeptide chain itself contains the steric 

information to refold correctly. 

Two in vitro refolding pathways were compared in our experiment. One is simply 

to remove the denaturing agent, urea, from the purified recombinant protein against a 

dialysis buffer. The other is to treat the pure recombinant protein with P-mercaptoethanol 

first to reduce its intramolecular disulfide bonds before subjecting to a dialysis buffer. The 

second pathway generated more proper folded zymogens which are able to be activated by 



59 

trypsin (Table 2). This difference could be attributed to the increased ratio of correct 

versus aberrant disuffide bond formations in the second renaturation pathway. Although 

the recovery rate is increased, it is unlikely that it is 100 % complete. The zymogenicity 

(the magnitude of activation by proteolytic cleavage-activation) is too low (6 x) compared 

to that of bovine chymotrypsinogen, trypsinogen or proelastase (lO"*- 10®). However, 

unlike other zymogens mentioned above which are essentially inactive in the uncleaved 

state, the recombinant Ae. aegypti zymogen is active. 

Several features of the Ae. aeevDti chvmotrvDsin 

1) High specific activity: The specific activity we measured for the recombinant 

mosquito chymotrypsin is probably a lower estimate, because of the contamination of the 

misfolded zymogen which is unable to be activated by trypsin. Moreover, with the 

positive control to monitor a conversion rate from bovine chymotrypsinogen to 

chymotrypsin by trypsin, the maximal activation efiBciency is estimated to be around 70-80 

%. Nevertheless, the specific activities of recombinant Ae. aegypti chymotrypsin were 

much higher than those of bovine chymotrypsin (Worthington Biomedical Co.) when 

tetra- and tri-peptidyl p-nitroanilides were used as substrates. However, Suc-Phe-

nitroanilide and BTEE which are often used as substrates for routine assay of bovine 

chymotrypsin, proved to be poor substrates for mosquito chymotrypsin. 

2) Broad substrate specificity; An important interaction in association of serine 
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substrate or inhibitor into a preformed cavity of the enzyme called the Si pocket. The Pi 

residue in substrates (or inhibitors) is often called the primary specificity residue. When 

this residue is Lys or Arg, we anticipate interaction with trypsin. When this residue is Trp, 

Tyr, Phe, Leu or Met, interaction with chymotrypsin is expected. In general, the Si 

pocket of elastases is much smaller than those of chymotrypsins and trypsins. Ala at Pi is 

the most preferred substrate (or inhibitor) for elastases. In order to define the Pi residue 

for the Si pocket of the Ae. aegypti chymotrypsin, substrate assays were used. Peptidyl 

amide substrates possessing Pi- Phe, Pi- Leu and Pi-Ala were examined individually. 

Among the three, Pi-Phe is the most preferred residue for Ae. aegypti chymotrypsin 

which is similar to chymotrypsins. However, Pi-Ala and Pi-Leu have much higher 

activities with the Ae. aegypti chymotrypsin than with the bovine analog. The Ae. aegypti 

chymotrypsin appears to have a broader substrate specificity. Structural basis for the 

shape of Si pocket is virtually determined by a limited set of natural amino acids. A large 

amino acid at position 226 (Thr) and a small amino acid at position 216 (Giy) in Ae. 

aegypti chymotrypsin (see Fig. 15) may account for its selection of Pi-side chain with the 

features of both chymotrypsins and elastases. Further studies, such as X-ray crystal and 

site-specific mutagenesis, are required to elucidate the precise interaction between the Pi 

side chain and the Si- pocket of the Ae. aegypti chymotrypsin. 

Other serine proteases in the family which have been shown to have a broad 

substrate specificity are pancreatic elastase 2 fi^om porcine or human, and collagenase firom 
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crab. HPE2 (human pancreatic elastase 2) and PPE2 (porcine pancreatic elastase 2) have 

higher Kc»t/Kn, for Pr Phe, Pi-Tyr and Pi- Leu than for Pi-Ala (E. G. Del Mar et al.; 

1980). The collagenase from the hepatopancreas of the fiddler crab was shown to have 

high catalytic activity towards substrates possessing Pi- Arg, Pi- Lys, Pi- Leu, Pi- Phe, 

and Pi- Ala (C. A. Tsu et al.; 1994). A comparison of the range, i.e., the ratio of the 

highest to the lowest Kcat/K,n value, showed that the range is comparatively low for the 

collagenase, HPE2 and PPE2 compared with other enzymes in the same subclass of the 

family. The Ae. aegypti chymotrypsin seems to possess the same feature. When we 

compared the range (using specific activity) of Ae. aegypti chymotrypsin with that of the 

bovine chymotrypsin, the Ae. aegypti one has the lower range which reflects its broader 

substrate specificity. 

3) Single-chain mature enzyme: Unlike bovine chymotrypsin which is a three-chain 

monomer, the Ae. aegypti chymotrypsin consists of a single polypeptide chain. This 

feature has already been indicated in the primary sequence. The mosquito sequence lacks 

two extra pairs of disulfide bonds which are involved in holding the three pieces of 

polypeptide chains together in bovine a-chymotrypsin. Further proof was from our 

Western analysis. The midgut homogenate at different stages was loaded on reducing 

SDS-PAGE, and the midgut-specific chymotrypsin was later recognized by the polyclonal 

antisera. After meal ingestion, translation of chjonotrypsin in midgut epithelia cells is 

induced. From the stages of 6 hr to 13 hr post-feeding, an increase in secretion of newly 

synthesized chymotrypsin precursor was observed (Fig. 11, compare lane 4 and 9, lane 5 

and lane 10). Correspondingly, more chymotrypsin specific activity was detected in 
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midgut crude extracts. At stages after 13 hr post-feeding, the majority of the protein 

recognized should represent for the mature enzyme. Clearly, there is only single band with 

apparent molecular weight 30 kDa shown on the Western blot. Therefore, the active form 

of Ae. aegypti chymotrypsin is most likely to be a single chain monomer. 

A putative calcium ion binding site in Ae. aeevoti chvmotrvDsin 

The presence of a bound calcium ion was evident in the bovine trypsin structure 

during the refinement procedure (W. Bode and P. Schwager; 1975). The calcium ion is 

complexed by six different ligands positioned at the edges of an almost regular octahedron 

around it, and each about 2.5 A distant fi"om it. Two of its ligands are the carbonyi 

oxygens of Asn 72 and Val75. Another two ligands opposing each other in the 

octahedron are the water molecules. One oxygen atom of the carboxyl group of Glu 77 is 

very close to one of the water molecules, presumably forming a hydrogen bond with it, 

and thus disposing a hydrogen network through which the positive charge of the calcium 

ion could be at least partially dissipated to an anionic group. The two residual ligands, 

coordinating calcium ion, are the side chains of Glu 70 and Glu 80. 

However, no calcium has been found in the bovine chymotrypsin structure. No 

equivalence can be found for the side chain of Glu 80 (->Thr) in the chymotrypsin case. 

Also the carbonyi oxygen of residue 75 is too far away fi^om a possible calcium site. 
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It was noticed that the sequences of bovine chymotrypsin and trypsin show 

remarkable differences between residues 70 and 81 (the calcium-binding loop) which are 

very similar among trypsins from many species (W. Bode et al.; 1975). 

Recent studies on Ca^^-dependent clotting enzymes have suggested that the 

putative high aflSnity calcium binding site in the protease domain might be very similar to 

that found in trypsin. A loop similar to the calcium-binding loop in trypsin was observed 

in the crystal structure of factor X (K. Padmanabhan et al.; 1993). 

When we compared mosquito chymotiypsin sequence with bovine trypsin and the 

serine protease domain of clotting enzymes, as well as other chymotrypsins, it is surprising 

to find that the mosquito sequence contains Glu 70, Glu 77 and Glu 80 which are unusual 

for chymotrypsins, and could be involved in calcium binding (Table 4). 

The pronounced difiference in the effects of calcium ion on the hydrolysis of 

peptidyl p-nitroanilides by mosquito and bovine chymotrypsins can be ascribed to the 

difiference in this loop structure between the two. Lack of a calcium-binding site in bovine 

chjonotrypsin explains well the similar values of specific activity in the absence and 

presence of calcium ion. The presence of the putative calcium binding site, or the binding 

of calcium ion in mosquito chymotrypsin has been shown important, in the experiment, for 

its maximal catalytic efficiency. Ca^"-dependence in mosquito chymotrypsin is not 

absolute, since 50 % of the activity was retained in the absence of calcium ion. If a 

calcium ion plays its role through maintaining the functional structure of the enzyme, it is 

possible that the release of the calcium ion may lead to a partial disorder at the loop 

structure; alternatively, the fiinctional structure could be partly conserved by an internal 
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salt bridge as has indeed been found in mutant clotting factor X (Asp 70/ Glu 80->Lys) 

(A. R_ Rezaie et al.; 1994). 

A different calcium ion binding site in trypsin was proposed by Bimbaum and 

Damall (1975) which is composed of the side chains of Ser 190 and Asp 194. The same 

group later suggested that the calcium ion binding site in a-chymotrypsin is the same as 

that in the trypsin (1977). Wilcox (1970) also described that one calcium ion is bound to 

chymotrypsin and stabilize the molecule, just as the binding of calcium ion in the zymogen. 

People seem biased towards the presence of calcium ion in chymotrypsin and the binding 

of the calcium ion is somewhat important to the enzyme, because it is routine to add 

calcium ion into chymotrypsin reactions. However, there is no clear evidence that calcium 

ion is bound to Asp 194. Moreover, it is somewhat paradoxical about the necessity for 

the presence of calcium ion at this site. A salt bridge between the N-terminal He 16 and 

Asp 194 in both trypsin and chymotrypsin has been known to be necessary for the 

conformational change during zymogen activation, and thus to maintain the active form of 

the enzymes (S. Kumar et al., 1975; A. R. Fersht, 1972; N. C. Robinson et al.; 1973). 

The presence of a calcium ion bound to Asp 194 would preclude the formation of this salt 

bridge. Therefore it is doubtful whether there is a calcium ion binding site in bovine 

chymotrypsin, unless the binding of the calcium ion not only conserves the active form of 

the enzyme but also somehow increases its enzymatic activity. 

In vitro experiments with the manipulation of pH, ionic strength in the solution, 

and the presence of a substrate, Ca^^ effect on bovine chymotrypsin might be expected 
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(W. Bode and P. Schwager, 1975; P. E. Wilcox, 1970). The observed Ca^^ influence on 

bovine chymotrypsin in our experiment, when assayed on Suc-Phe-nitroanilide with the 

similar reaction conditions as other substrates, is still beyond speculation. 

Implication of the biological role of adult Ae. aeevvti chvmotrvpsin 

Unlike trypsin, chymotrypsin has received very little attention in Ae. aegypti 

because of its comparatively low activity in adult midgut when BTEE was used as a 

substrate. This low level of chymotryptic activity was not considered to contribute 

actively to the digestion of blood proteins (Y. J. Yang et al., 1971). The result of our 

study clearly demonstrated that the chymotrypsin gene is newly transcribed at the 

beginning of adult life and its protein synthesis, as well as the corresponding proteolytic 

activity, is largely increased after a meal ingestion. This evidence strongly suggested the 

biological function of chymotrypsin during the process of blood protein utilization. 

At the early stage of digestion, chymotrypsinogen could be activated by early 

trypsin because the chymotrypsin activity appears earlier than that of the late trypsin. 

Initial digestion of blood proteins by small amount of early trypsin and the chymotrypsin 

produce limited amount of short peptides (or amino acids) which might serve as a signal to 

trigger transcription of the late trypsin gene (C. Barillas-Mury et al., 1995). During the 

late stage of digestion, the late trypsin could be involved in the activation of the 

chymotrypsinogen as the early trypsin is only present for a short period after a meal 

ingestion. Completion of blood protein digestion may need both highly concentrated 
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trypsin and chymotrypsin activities. 

The activation of chymotrypsinogen may not be such a critical event in Ae. aegypti 

as in vertebrates. Both chymotrypsin and its zymogen are active in our in vitro 

recombinant experiments. 

The broad substrate specificity of the recombinant chymotrypsin we found could 

be an important feature of the native chymotrypsin, which may fulfill roles as chymotrypsin 

and elastase. So far, midgut elastase has not been reported in Ae. aegypti. 

Reeulation of the synthesis of the digestive enzymes in the female .>4e aeevpti midgut 

Like early trypsin (Noriega et al., 1996a), the chymotrypsin gene is first 

transcribed at the beginning of adult life and its mRNA reached its maximal level before 

feeding, but the protein product was not translated until the the ingestion of a meal. 

Unlike early trypsin, whose mRNA decreases rapidly following a meal and for which there 

is only transient protein synthesis, the mRNA for chymotrypsin does not decrease after 

feeding and chymotrypsin protein is produced continuously during meal digestion. The 

similar pattern of gene expression following aduh eclosion between the early trypsin and 

the chymotrypsin probably means that the transcription is regulated by juvenile hormone 

(Noriega et al., 1996b). The constant chymotrypsin mRNA level could mean that the 

mRNA does not turn over during the 48 hrs after feeding (61 hr after feeding, the mRNA 

decreases dramatically, data not shown) or that the rate of mRNA synthesis and 
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degradation are equal during that time period. We have no data, at present, on this point. 

The pattern of protein synthesis following a blood meal is different among chymotrypsin, 

early and the late trypsin. Thus, it is becoming evident that the regulation of protein 

synthesis in the female Ae. aegypti midgut following a blood meal is complex - three 

different patterns have been observed with three different proteins. 
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FUTURE STUDIES 

Continued investigation of the mechanism involved in the regulation of late trypsin 

gene expression 

Yeast two hybrid system is going to be applied to isolate putative transcription 

factors involved in the interaction with the upstream regulatory region of the mosquito late 

trypsin gene. About 1 kb nucleotide sequence of the 5' untranscribed region of the late 

trypsin gene has been inserted to the reporter gene construct. The expression construct 

will contain a midgut-specific library and express the putative regulatory factor. 

Characterization of the gene/gene product up-regulated bv a blood meal ingestion 

One expressed sequence tag which is tissue and stage specific has been isolated 

using DDRT-PCR. The message shown on Northern analysis is about 8 kb. 2.5 kb 

sequence at the 3' end has been sequenced. The result indicated that this message 

contains a long 3' untranslated sequence. In order to define the identity of this 

differentially expressed gene, it is worthy to continue the cloning and finish the sequencing 

of the fiill length cDNA. Both cDNA Ubrary and genomic library could be tried for this 

purpose. 
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Structure-functional relationship study of Ae. aeevpti chymotrvpsin bv mutational 

analysis 

Firstly, the present studies indicated that a putative high affinity Ca^^ binding site is 

present in the Ae. aegypti chymotrypsin. In order to understand the function of this site, 

site-specific mutagenesis could be employed by substituting either GIu 70 or Glu 80 

(following bovine chymotrypsin numbering system) with Lys to eliminate the Ca^"^ binding 

site. 

Secondly, a broad substrate specificity of the Ae. aegypti chymotrypsin was 

observed compared to its bovine analog. The structural basis for this feature could be 

ascribed to the presence of Thr at position 226 instead of a small residue Gly (or Ala) in 

the mosquito chymotrypsin. Thr-226—>Gly mutant may increase its substrate specificity 

towards aromatic residues. 

Thirdly, four residues have been found unique in Ae. aegypti chymotrypsin. At 

this point, we have no clue whether those differences exert any effects on the tertiary 

structure. Site-specific mutagenesis at these sites may be helpfijl to answer the question. 

Further studies on the substrate specificity of mosquito chymotrypsin bv inhibition 

assay 

Two conserved residues. Asp 35 and Asp 64 in vertebrate chymotrypsins which 

have been shown to interact specifically with serine residues of its cognate protein 
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inhibitor, are replaced by Ghi and Asn in Ae.aegypti chymotrypsin. Therefore the Ae. 

aegypti chymotrypsin is predicted to have a different substrate specificity from its 

vertebrate analog. A strong bovine chymotrypsin inhibitor could be a weaker one for the 

Ae. aegypti chymotrypsin, and vice versa. In collaboration with Dr. Laskowski laboratory 

in Purdue, the inhibition study is proposed. 



Appendix A: Illustrations 

Fig.1 

Family Known Catalytic Residues 

Si Chymotrypsin H D- s 

Sj a-lytic endopeptidase H D- s 

S3 Sindbis virus core endopeptidase H D— s 

S5 Lysyl endopeptidase H D- s 

So IgA-speciOc serine endopeptidase S 

St Yellow fever virus NS3 endopeptidase HD-S 

S29 Hepatitis C virus NS3 endopeptidase S 

S30 Tobacco etch virus 35 kDa endopeptidase H-D—S 

S31 Cattle diarrhea virus p80 endopeptidase S 

S32 Equine arteritis virus endopeptidase 

Fig. 1. Family members in chymotrypsin-tike serine protease class. 
For the purpose of illustrating the arrangement of catalytic residues in the 
polypeptide chains, the chains are normalized to a uniform length. The 

catalytic residues shown are only those for which there is direct evidence 

of involvement in the activity of the enzyme; there are some others that 

are indicated indirectly by their location in amino acid sequences remini

scent of those around known catalytic residues in other members of the 

class. For all the members in the class, the data are consistent with a triad 

of catalytic residues arranged in the order His/Asp/Ser. (Alan J. Barret and 
Neil D. Rawlings. 1995) 
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Fig. 2. Generally agreed upon sequence of stereochemical steps in the hydrolysis of an 
amide bond by serine proteases. I. Michaelis complex. II, V. Tetrahetral intermediates. 
III, IV. Acyl intermediates. VI. product complex. (Steitz & Shulman, 1982) 
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Chymotrypsmogen Tnttial cut 

J, 
13 15 16 

Trypsin 
\/ 

n - Chymotrypsin 

oc - Chymotrypsitt 

N3H 

TZ" s - s -

146 149 

S - S  m. 

"Sj-
s-s-

00c 245 

Fig. 3. Schematic view of chymotrypsinogen activation. Cleavage between amino 
acids 15 and 16 (arrow) results in the formation of 7c-chym0trypsin. Subsequent 
removal of the segments (highlighted) yield a a-chymotrypsin. Note that disulfide 
bonds hold the structure together despite these cleavage. (Mathew's biochemistry, 1991) 
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Fig. 4 Insertion of 5' UTR into upstream of CYC 1 gene 
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Promoter 

TJAS LacZ 
CYC 1"^ 1 7^/= 1 I 1 ^ I 

XhoI XhoI 

+ l LacZ 
CYC 1-AXho I , " I Him 

Xho I 

HYC —^— 
Xbcl 

+44++ 
+1 

j=±. LacZ 
•7/7777 

Xho I 

Fig. 5. Promoter fusion. Black boxes signify the five tandem repeats present at 
the upstream untranscribed region of the late trypsin gene. UAS stands for the 
upstream activation sequence. 
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GCATCGAACAGTAATCG 17 

ATG GCT TTC AAA CTC ACG GTA GCT TTC CTG CTC GTT GCC AGT TTG GCA CTC GCT TCC TCC 77 
Met Ala Phe Lvs Leu Thr Val Ala Phe Leu Leu Val Ala Ser Leu Aia Leu AJa Ser Ser 20 

AGA GCC ACC CAC AAG ATC GTC GGT GGC GAT GAG GCC GAA GCG CAC GAA TTT CCC TAC CAA 137 
Arg Ala Thr His Lys lie Val Gly Gly Tyr Glu Ala Glu Ala His Glu Phe fto Tyr Gin 40 

t 
ATC TCG CTG CAG TGG AAC TTC AAC GAT GGA CAA ACG GAG ACC ATG CAC TTC TGC GGA GCT 197 

lie Ser Leu Gin Trp Asn Phe Asn Asp Glv Gin Thr Glu Thr Met His Phe Cvs Gly Ala 60 
a 

TCG GTG TTG AAC GAA AAC TTC GTC CTG ACG GCT GCT CAC TGC AAG ACC GCA TAC TCC AAT 257 
Ser Val Leu Asn Glu Asn Phe Val Leu Thr Ala Ala His Cys Lys Thr Ala Tyr Ser Asn 80 

ACC GGG TTC ATC GAA GTG GTT GCC GCT GAA CAT GAT GTG GCC GTT GCG GAA GGA TCC GAA 317 
Thr Gly Phe lie Glu Val Val Ala Ala Glu His Asp Val Ala Val Ala Glu Gly Ser Glu 100 

CAG CGT CGT TTG GTT GCG GAG TTC ATC GTC CAC GAG GAC TAT CAA GGA GGA GTC AGT CCC 377 
Gin Arg Arg Leu Val Ala Glu Phe Qe Val His Glu Asp Tyr Gin Gly Gly Val Ser fto 120 

GAT GAC ATT GCC GTC ATT CGT GTG GAC AAA CCC TTC GAA TTG AAC GAT AAG GTG AAG GCC 437 
Asp Asp He Ala Val He Arg Val Asp Lys Pro Phe Glu Leu Asn Asp Lys Val Lys Ala 140 

GTT AAG CTG CCC AAG CAG TTG GAA CAA TTC GAT GGC GAT GTT ACT CTG AGT GGA TGG GGA 497 
Val Lys Leu E^ro Lys Gin Leu Glu Gin Phe Asp Gly Asp Val Thr Leu Ser Gly Trp Gly 160 

TCC GTA TCG ACG ACG GTG TTC CCG GAC TAT CCT GAC AAA CTG AGG AAA GTC GTG CTT CCG 557 
Ser Val Ser Thr Thr Val Phe Pro Asp Tyr Pro Asp Lys Leu Arg Lys Val Val Leu fto 180 

CTG GTA GAC TAC GAA CAA TGT GAC ACC CTG TGG GGC AAC GAC AGT GCT CTA GCG AAG AGT 617 
Leu Val Asp Tvr Glu Gin Cvs Asp Thr Leu Trp Glv Asn Asp Ser Ala Leu Ala Lvs Ser 200 

a 
AAT GTC TGC GCT GGC CCG ATC GAT GGC TCC AAG TCG GCC TGC TCG GCT GAT TCA GGT GGC 677 
Asn Val Cys Ala Gly Pro De Asp Gly Ser Lys Ser Ala Cys Ser Ala Asp Ser Gly Gly 220 

CCG TTG GTG AAA CAG TCC GGT GAA GAA GTG ATC CAG GTC GGT GTC GTG TCG TGG GGA GCC 737 
Pro Leu Val Lys Gin Ser Gly Glu Glu Val De Gin Val Gly Val Val Ser Trp Gly Ala 240 

GTT CCA TGT GGA TCG CCA CGT CGT CCG ACC GTG TTT GCC GGA GTT TCC CAT TAC GTC GAT 797 
Val Pro Cys Gly Ser Pro Arg Arg Pro Thr Val Phe Ala Gly Val Ser His Tyr Val Asp 260 

TGG ATC GAG CAG CAG CTC CGT GCG TGAGAAAGAAACAGGACTCGGATGTGATGTTATTTGACGA 861 
Trp De Glu Gin Ghi Leu Arg Ala 268 

TGATGACCAATGCCTCTAAGCGCAATTAAAGTTATGGTGATGGCAACCAATTAAAACTTGAAAAAAA 928 

AAAAAAAAAA 938 

Fig. 6. Nucleotide sequence and deduced amino acid sequence of 938 bp Ae. aegypti ciiymotrypsin cDNA. 
The predicted sequence of 18 amino acids for a signal peptide is underlined. The following heptapeptide 

sequence (boldfaced), rich in serine and charged residues, is served as an activation peptide. Cleavage between 

Lys and He (t) by trypsin is presumably the main mechanism to activate the mature chymotrypsin. The 

catalytic residues highly conserved in all serine proteases are indicated by " U The possible polyadenylation 

signal is also underlined. 
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Fig. 7. Kyte-Doolittle hydrophobicity analysis of the preproenzyme. It shows that 
the first 18 amino acids at the N-terminus of the protein are very hydrophobic. This 
feature fits its role as a signal peptide in protein secretion. 
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16 1 Vl lJV104 
RAC rvNGEDAJ:PG SWPWQVSLQ. • •••• DKTGJ' HI'CGGSLISZ DWVVTAAIIC. GVK'rSD •••• VVVAGEI'DQG SDEEN'IQVLK IAQVI'KNPKF NMI".rVllllDIT 
BOC rvNGEDAVPG SWPWQV'SLQ. • •••• DSTGI' HI'CGGSLISZ DWVVTAAIIC. Gll'l".rSD. • • • VVVAGEI'DQG LETEDTQVLK IGKVI'KNPKI' SILTVIUIDIT 
DOC rvNGBDAVPG SWI'WQVSLQ. • •••• DSTGI' HI'CGGSLISZ DWVVTAAHC. GVllTTHQ. • • . VVAGEI'DQG SDAZSIQVLK IAKVI'KNPKI' NMI'TINNDIT 
GMC rvNGEEAVPH SWSWQVSLQ. • •••• DQTGJ' HI'CGGSLIHZ NWVV'.rAAIIC. NVKNYH. • . • RVVLGEHDRS SNSZGVQVHT VGQVFRHPRY NGI'TINNDIL 
AAC IVGGDZIIEAH EI'PYQISLQW NJ'NDGQTZTM HI'CGASVLNB NI'VLTAAIIC. I:C&YSNTGFI ZVVlUUI:IIDVA Vli.EGSZQIUlL VAD'IVHEDY QGGVSPDDIA 
AGel VVGGEVJUCNG SAPYQVSLQV P ••• GWG ••• HNCGGSLLND RNVLTAAIICL •• VGHAPGDL MYLVGTNSLK EGGZL ••• LK VDKLLYHSRY NLPRI'HHDIG 
ASC2 VVGGIIVAliNC SAPYQVSLQV P ••• GMQ ••• HNCGGSLLND ~CL •• VGD:PSDL MYLVGTNSLK li:GGEL ••• LK VDKLLYHSRY NRPQI'HNDIG 
EHC IVGGTDAPRG ltYPYQVSLliA P ••••• K. • • HI'CGGS. ISK RYVLTAAHCL •• VGKSKHQV TVHAGSVLLN REZAV ••• YN AEELrvNKNY NSIRLINDIG 
PVCl IVGGVEATPH SWPHQAALI'I D •••• DM ••• YI'CGGSLISS ZNIILTAAHC. • •• MDGAGPV li:VVLGAHNIR QNEASQVSIT STDI'I".rHENW NSKLLTNDIA 
PVC2 IVGGVEATPH SWPHQAALI'I D •••• DM ••• YI'CGGSLISS ZWVLTAAHC •••• HDGIIGI'V li:VVLGAHNIR QNZASQVSIT STD!TTIIENW NSKLLTNDIA 
LCC ITNGQDAVMG QI'PYQVGLSL NLGNI'KS ••• AWCGGSLIGN ZNIILTAAHC •••• TDGVKSV TVI'LGA.TYR TEAEVKX'l'I7K PNDILIHPGN NN~cr.LKNDIS 
MSC IVGGSSSSVG QI'PYQAGLVI TLPRGTA ••• A.CGGSLLSN RllVLTAAHCW WDGQNQASRI' WVLGSNRLI' SGG .•• VM.Z TRDIVMIIGSW NPNLVIUIDIA 

• * * ** *•***** * ** 

105 4 2 2 3 lJ v 197 
RAC LLlCLATPAQI' Sli:TVSAVCLP NVDDDI'P •• P GTVCAftGMQ KTKlCNAL.KT PZKLQQAALP IVSEADCKKS WG •• SKITDV M'l'CAGA •• SG VSSOIGDSGG 
BOC ~PAQI' SZTVSAVCLP SADZDI'P •• A GMLCATTGWG KTJ:aHAL. K!r PDKLQQATLP IVSNTDCIUtr WG •• SRVTDV MICAGA •• SG VSSOIGDSGG 
DOC ~PARI' SKTVSAVCLP QATDDI'P •• A GTLCVT'l'GIVIJ LTKII'.rNA.NT PDKLQQAALP LLSNAECKia' WG •• SKITDL MVCAGA •• SG VSSOIGDSGG 
GMC LVKLATPA!rL NMRVSPVCLA ETDDVI'Ii: •• G GMKCV'.rSGWG LTRYNAA. DT PJILLQQAALP LLTNEQCKKI' 1IG •• NKISDL MICAGA •• AG ASSOIGDSGG 
AAC VIRVDKPI'ZL NDltVKAVKLP EQLZQI'D •• G DV •• TLSGWG SVSTTVI'PDY PDKLIUtVVLP LVDYEQCDTL WGNDSALAKS NVt:AGPIDGS KSACSADSGG 
AGel LVIU.EQPVQI' SZLVQSVZY. SZKAVP ••• A NATVBLTGWG RTS. AN. GPS PTLLQSLNVV TLSNEDCNKK GGDPGr.rDVG HLCTLT. KTG EGACNGDSGG 
AGC2 llmLBQPVQI' SZLVQSVEY. LZKAVP ••• V ~ JilTS. TN. GNV Jil.TLLQSLNVV TLSNEDCKAK MGNPENVDI'P DVCTLT. KAG EGACNGDSGG 
EHC LIRVSKDISY TQLVQPVKLP VSNTIK ••• A GDPIIVLTGWG RIY. VN. GPI PNNLQQITLS rvNQQTCia'lt •• IDIGLTD. S QICTI'T. KLG EGACDGDSGG 
PVCl LIRLPSPVSL NSNIK!rVKLP SSDVS •••• V GT'J.'IITPTGMQ RPSDSA.SGI SDVLRQVNVP VMI.'NADCDSV YG ••• IVGDG WCIDG.TGG KSTCNGDSGG 
PVC2 LIKLPSPVSL NSNIK!rVKLP SSDVA •••• V GTTVTPTGWG RPLDSA.GGI SDVLRQIIDVP DITNDDCDAV YG ••• IVGNG WCIDS.EGG KGTCNGDSGG 
LCC LVKIPZT.AY TALIQPVZLP ALASSYPSI'A GDEVIASGIVIJ RISDSA. SGV 'l'N!LQMARLE VISNAVCART YG •• STITSS RLCVKT. PGG VSTCKGDSGG 
MSC MIRLPSNVGI' NNNINVIALP SGSQLHLNI'A GERAIASGI'G JilTRDGA •• NI DGSLNHVTLD VIANNVCSRT I'P •• LLIQSS NICTSG.ANG RSTCHGDSGG 

•*•* *• * •* * **** 
198 4 3 245 

RAC PLVCQKDGVW TLAGIVSWGS GVC. STSTPA VYSRVTJILMP WVQQILUH. 
BOC PLVCQKNGAW TLAGIVSWGS STC.STSTPA vrARVTALMP WVQZTLAAN. 
DOC PLVCQKDGAW TLVGIVSWGS GTC.STSTPG VY.liRVTKLIP WVQQILQAN •• 
GMC PLVCQDGSW TLVGIVSWGS GTC.TPTMPG VY.liRVTZLIIA WYDQTIAAII •• 
AAC PLVKQSGEEV IQVGVVSWGA VPCGSPRRPT VI!'AGVSHYVD WIZQQLRA ••• 
AGCl PLVYE •••• G KLVGIIVHFG. • VPCALGrPD GI'AR.VSYYHD WYRTTMANNS 1t 
AGC2 PLVYE •••• G KLVGVVNI'G. • VPCGRGI'PD GI'AR.VSYYHE WIIRTTMIINNS 
EHC PLVAN •••• G VQIGIVSYG. • HPCAVGSPN VI'TRVYSI'LD WIQIINQL ••• 
PVCl PLRL •• NG •• ll'l'YGITSI'GS SAGCEKGJCPA AI'TRVYYl!LD WIQQKTGII'.rP 
PVC2 PLNL •• NG. • ll'l'YGITSI'GS SAGCEVGYPD Al''l'RVYYYLD WIEQK!rGII'.rP 
LCC PLVLASSG •• VQVGLTSI'GS ILGCEKGI'PA AI'TRV'.rSYLZ WINEHTGISY 
MSC PLAATRNNRP LLIGII'.rSI'GH RDGCQRGHPA AI'AR.VTSn>A WIIIRNL •••• 

** * * • •* *• 

Fig. 8. Multiple sequence alignment of Ae. aegypti chymotrypsin with vertebrate and invertebrate 
chymotrypsins. Abbreviations are as followes: RAC, rat chymotrypsin; BOC, bovine chymtrypsin and 
DOC for dog chymotrypsin. GMC, chymotrypsin from cod (G. morhua); AAC, the putative 
chymotrypsin from mosquito (A. aegypti); AGC1 and AGC2, two chymotrypsins from mosquito (A. 
gambiae); EHC, chymotrypsin from European hornet (v. crabro); PVC1 and PVC2, two chymotrypsins 
from shrimp (P. vannamei); LCC, chymotrypsin from black fly (L. cuprina); MSC, chymotrypsin from 
tobacco homwonn (M. sexta). " * " indicates identical residues in all sequences. The residues in the 
catalytic triad, His 57, Asp 102 and Ser 195, are each marked by an" V ". Conserved residues (D. G. 
George et al., 1990) are denoted by" • ". Several residues that are highly conserved in other sequences, 
but substituted in A. aegypti chymotrypsin are indicated by " U ". Three pairs of cysteines are labeled by 
1, 2 and 3. The extra pair of cystein present in vertebrate chymotrypsins is labeled with " 4 " 
Gapweight=3.0; Lengthweight=O.l. 



A B c D 

..... N 31 kDil 
,.... P 32 kDa 

79 

Fig. 9. In vitro transcription and translation of the mosquito chymotrypsin eDNA 
clone. The eDNA clone and the parental plasmid (as a negative control) were linearized and 
transcribed under the T 7 promoter. The transcripts were then translated using rabbit reticulocyte 
lysate (Promega) in the presence and absence of microsomal membranes (from Canine Pancreas; 
Promega). Lane A is a negative control. Lane B is a positive control, translated from a luciferase 
mRNA. Lane C and D are the nonprocessed and processed putative serine protease. 
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Fig. 10. Pattern of the midgut-specific chymotrypsin gene expression and protein synthesis in A. aegypti. 
Chymottypsin gene expression was determined by Northern analysis of the midgut total RNA from pupae, 
unfed adult, and artificial-meal fed adult mosquitoes at different time points using labeled DNA probe. The 
amount of radioactivity associated to each stage was quantified using a Betascope. Chymotrypsin protein 
expression in the midgut tissue of both unfed and fed females at different stages was determined by Western 
analysis using rabbit anti-mosquito-chymotrypsin polyclonal antibodies. The levels were then quantified by 
densitometry. Chymotrypsin activity was measured on the synthetic substrates Suc-Ala-Ala-Pro-Phe-pNA 
using midgut crude extracts. IE: represents the first 12 hrs after emergence. 1L: represents the second 12 hrs 
after emergence. 2E-5E: represent days after emergence. 1h-22h: represent hours after feeding. Lane 4 and 5 
in panal C are from midguts in which meals have been emptied. Lane 3 and 15 were loaded with the purified 
recombinant zymogen. 
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Fig. 11. Western analysis of mosquito chymotrypsin expression in the midgut tissue. 
The Mosquito chymotrypsin from whole midguts of both unfed (lane 1-lane 2) and fed 
females (lane 6-lane14) at different stages was recognized by rabbit anti-mosquito
chymotrypsin polyclonal antibodies. Lane 4 and 5 are from midguts in which meals have 
been emptied. Lane 3 and 15 were loaded with the purified recombinant zymogen. 
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0::1 
p D S 5 6/RB S I I/6his 

3437 bp 

ttl 

6 
::r: ........ 

ATGCATCACCATCACCATCACGGATCCGAATTCGTCGACCTGCAGCCAAC~ 

Met His His His His His His Gly Ser 

GAA TTCTCCTCCAGAGCCACCCACAA----

GbJ. Phe Ser Ser Arg Ala. Thr His 
Mosquito chymotrypsinogen sequence 

Fig.l2. Diagram of pDS56!RBSII/6His used for the expression of 
mosquito serine protease. The recombinant expression vector is 
designated as pMCJ. 
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Fig. 13. Time course of mosquito chymotrypsin expression in E. coli. The E. coli 
Ml5[pREP4] cells harboring recombinant plasmid pMCJ were cultured, and samples were taken 
at different time intervals after IPTG induction. The cells were lysed and total insoluble cellular 
proteins were analyzed on SDS-PAGE with Coomassie blue staining. 
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Fig. 14. Metal ion affinity chromatograghy (using Ni-NTA sepharose) of (his)6-chymotrypsinogen 
under denaturing condition. After 3 hr IPTG induction, cell pellets were solubilized in the buffer 
containing 6 M GuHCl, pH8.0. The cell suspension was stirred and the lysate was then centrifuged. The 
supernatant was pumped at a flow rate of 15 mllhr onto a Ni-NT A sepharose column (1.5 x 4 em). The 
column was washed and the bound proteins were eluted with a pH gradient. Fractions were selected and 
analyzed on the reducing SDS-P AGE with Coomassie blue staining. Lane 1 and 2 are column flow
through. Lane 3, 4, 5, 6 and 7 are fractions eluted by a pH gradient (pH6.5- 4.5). Lane 8 and 9 are the 
fractions containing majority of the purified (his)6-chymotrypsinogen eluted with 0.2 M CH3COOH, 
pH2.7. 



bovine chymotrypsin 

porcine elastase 

mosquito chNTnotijpsin 

182 195 

CAG-ASGV-SSCMGDS 

CAGGDG-VRSGCQGDS 

CAGPIDGSKSACSADS 

214 228 

SWGSST-CS-TSTPGVY 

S FVSRLGCNVTRKPTVF 

SWGAVP - CGSPRRPTVF 

Fig. 15. Amino acid sequence alignment of mosquito A. aegypti with bovine 
chymotrypsin and porcine elastase. It shows the similarity and distinction in primary 
specificity residues (bold) and secondary determinants (underlined). 



86 

pH profile 

of mosquito and bovine chymotrypsin on AAPF and AAPL 
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Fig. 16. pH rate profiles of the recombinant mosquito chymotrypsin and bovine 
chymotrypsin. The synthetic substrates Suc-Ala-Ala-Pro-Phe-pNA (AAPF) and Suc-
Ala-Ala-Pro-Leu-pNA (AAPL) were used in the assay. Chy = chymotrypsin. All 
measurements were performed at 25°C in a mixed buffer system of different pH values 
containing 15 mM HOAc (4.0-5.5), 15 mM MES (5.5-6.7), 15 mM MOPS (6.5-7.9) and 
15 mM CHES (8.6-10.0) and 50 mM CaCla. Each point represents the enzymatic activity 
at certain pH, which was repeated in triplicate. 



Aedes aegypti female midguts f:rom 4 d:ifFerent deVII!lopmental stages were collected 

I Emergence I I Unfed I I 4-6 ltr after feedmg I 18-20 ltr after feedirlg 

~ J l 
isolate total RNA alld amplify with d:ifFerent sets of primers 

**3'MN-TTTTTTTTTTTT 
5' .ubitrary primer 

generate a set of RT -PCR p:roducts wmch are 1ll1ique to t:he primer 
set: four 3'MN-TTTTTTTTTTTT alld twenty 5'.ubitrary 

primers are needed to coVII!r all mRNA species in a cell 

l 
resolVII! p:roducts in a sequencil:!g gel 

stage 1 2 3 4 

*--

---
excise * ba!lds alld reamplify t:hem usil:!g t:he same primer set 

~ 
done t:he PCR p:roducts by usil:!g T A-do:n:Wg Vll!ctor 

Nort:hen analysis to conf'mnpositiVII! ba!lds usil:!gPCR p:roducts as p:robes 

sequence t:he reconf'umed PCR p:roducts 

screen eDNA hbrary to isolate fWJ.-lellgl:h clone 

** M: Represents one of the four bases, A, T, C and G. 
N: The penultimate base from the 3' end ofthe primer could be A, C or G. 

* mRNA of the putative regulatory protein was speculated to be detected either 
at unfed stage or at the stage of 4-6 hr after feeding. The mRNA of proteins, such 
as the late trypsin, which were turned on by the regulatory protein, were 
speculated to be detected at the stage of 18-20 hr after feeding. 

Fig. 17. Flow scheme for experimental design in DDRT -PCR. 
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Fig. 18. Differential display gel from A. aegypti midgut tissues "V" stands for the reaction 
combination with a special set of primers. Here, 5 ' GCGATCGA TG 3' and 5' I I I I I I I I I I I 
TMG 3' were used as 5' ans 3' primers. Number 5-8 represent midgut tissue at differen stage, 
and they are: within two days after emergence (5), unfed (6), 4-6 hr after feeding (7) and 18-20 
hr after feeding (8). Arrows indicate bands which are distinctively expressed at stages 4-6 hr 
after feeding. 



5'primer 

GCAATCGATC AACCACAGAA 6T6ATGACGA 
GACCA6CGAC TC6ATCCCA6 AC6TCCAGCA 
TACGCTGATT AATAGAATTC TAACCAATAA 
TCGTATTGTA ACAGTGTAGA GTAACGATTA 
AACGAACATT CCATTACTTA CATTATACTT 
AAATTTGCGA AAAAAAAAAA AA 

3'primer 

AAACAGAACC AGCATAGCAA CAGCCAGGAG 
ACGTGGACGC CGATGCCGAT GCGATGGATT 
AAGG6ACAGT GAGGGAAATT CAGGTTCAGT 
ATTAAATAAA TGTTTTTTCA TCTGAATGTC 
TGCAATTGAA ATAAATGGAA AAATGATGTG 

Fig. 19. DNA sequence of V7.1 tag. The pair of primers used in the generation of V7 
are indicated by the arrows above and underneath the sequences. The perfect 
polyadenylation sequence is underlined. 



... 
Cl) 
~ ... 
ca 
:E 

9.5~ 

7.5~ 

4.4~ 

2.4~ 

1.4~ 

0.24~ 

Cl) 
(,) 
c: 
Cl) 
0) ... 
Cl) 

E 
w 

0 
"'C ... 

:I: Cl) 

"'""" c: CD 
I 

::;) -.:::!" 

Fig. 20. Northern blot analysis of V 1.1. 

90 

0 ... 
:I: 
0 
N 

I 
co ,... 



91 

Appendix B: Tables 

Table 1 

5' arbitary primers 

1. S'GAATCTTAGGB' 6. 5'CACATGTCGC 3' II. 5'TCTCTGAAGC 3' 16. 5'GCAATCGATG 3" 

2. 5'TGTACACCTC 3" 7. 5'ACCGATGGCC 3' 12. 5'ATCGATCCAG 3'17. 5'CCGAAGGAAT 3' 

3. 5'TGATTCCGAG3' 8. 5'ATACCCGCTG 3' 13. 5'TCAGCTCCAC 3' 18. 5'GGATTGTGCG 3' 

4. 5"ATACGGTAGC 3'9. 5'GAAGCTGCTC 3' 14. 5'ATACTACGGG 3'19. 5'CGTGGCAATA3-

5. 5'AAGATCGTCG3' 10. 5'GTGATCGTAG 3' 15. 5'TGATGTAGTG 3'20. 5TAGCAAGTGC 3' 

3' degenerate primers 

5'TTTITTTTTTTTM*A 3' 5'TTTTTTTTnTTMC 3' 5'TTTTTTTTmTMG 3'5'TTTTTTTTTTTTM: 

* M; tni-xed sites. G/A/C. 
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Table 2. Refoldinga and activation of recombinant mosquito chymotrypsinogen 

Protease P-ME Trypsinb Specific activityd 
(J.!mol/mg.min) 

recombinant zymogen 31.76 ± 4.18 

recombinant zymogen + 63.92 ± 8.39 

recombinant zymogen + 27.83 ± 1.46 

recombinant zymogen + + 168.72 ± 10.44 

ca.-bovine chymotrypsinogen A + 22.28 ± 0.68e 

• Reducing reaction was carried out by incubating of soluble recombinant zymogen in SM urea, O.OlM 
Tris/HCl, pH6.8, and 0.25M ~-ME at a fmal protein concentration of 1.5 mg/ml for lhr at 50°C. ~-ME was 
removed by gel filtration. Both reduced and non-reduced (without ~-ME treatment) forms were subjected to 
the same renaturation condition (see materials and methods). 
h Bovine trypsin from Sigma Chemical Co. was used to cleave/activate zymogens. 
c a-bovine chymotrypsinogen A (Sigma Chemical Co. ) was used as 1) a positive control which was 
activated under the same condition as the recombinant zymogens; 2) a monitor to measure the completion 
of the activation reaction. 
d Enzymatic activities were assayed on small synthetic substrate N-succinyl-ala-ala-pro-phe-nitroanilide. 
• Each assay was performed in triplicate and the number represents for the standard error of the mean. 



Table 3. Specific activities for hydrolysis of peptidyl p-nitroanilides 
by refolded mosquito chymotrypsin and bovine chymotrypsin 
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Substrates refolded mosquito ehymotrypsina 
(~-tmol/mg.min) 

bovine ehymotrypsinb 
(~-tmol/mg.min) 

Sue-Ala-Ala-Pro-Phe-pNA 174.78 ± 13.22c 30.63 ± 0.44 

Sue-Ala-Ala-Pro-Leu-pNA 55.97 ± 1.4 3.75 ± 0.5 

Sue-Ala-Ala-Val-Ala-pNA 1.30 ± 0.09 0.04 ± 0.001 

Sue-Ala-Ala-Ala-pNA 0.015 ± 0.002 0.005 ± 0.0005 

Sue-Ala-Ala-Val-pNA ct 

Sue-Phe-pNA 0.0035 ± 0.0005 0.043 ± 0.007 

a The refolded mosquito chymotrypsin is the activated recombinant zymogen after 13-ME 
treatment af)d refolding (the same as the "recombinant zymogen +I3-ME +trypsin" in Table 2). 
b a-bovine chymotrypsin A was purchased from Worthington Biochemical Corporation. 
c Each value represents the mean ± SEM for triplicate measurements. 
d The cleavage of this substrate by both enzymes are very poor. The substrate can not be 
dissolved in the reaction buffer with 50 mM Ca2+ supplement. 
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Table 4. Sequence of a putative high affinity Ca -binding site 

Protein Sequence 

mosquito chymotrypsin 

* bovine trypsin 

bovine factor IX 

bovine factor VII 

*human factor IX (235-145)** 

*human factor X (250-260) 

bovine chymotrypsin A 

™EHDVAVAEGS-E*° 

EHNIEETE-THE 

EHNTEKPEPT-E 

EHDLSRVEPEQE 

EHNIEETF-THE 

DRNTEQEEGG-E 

EFDQGSSS-EKI 

* Trypsin, human factor IX and X each has been shown to contain a 
high affinity Ca"* binding site. 
* * The corresponding residues in a coagulation factor in which Ca"" 
binding site has been demonstrated are given in parentheses. 



Table 5. Effect of Ca2+ on the hydrolysis of peptidyl-p-nitroanilides by refolded 
mosquito chymotrypsin and bovine chymotrypsin 

Refolded mosquito chymotrypsina Bovine chymotrypsinb 
(J.lmol/min.mg) (J.lmollmin.mg) 

Substrate 2+ 2+ 

+c - d + 

Suc-Ala-Ala-Pro-Phe-pNA 161.6±11.2° 76.4 ± 5.5 28.5 ± 2.4 24.4 ± 2.7 

Suc-Ala-Ala-Pro-Leu-pNA 52.88 ± 2.81 26.44 ± 2.7 3.7 ± 0.6 2.9 ± 0.3 
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Sue-Ala-Ala-Val-Ala-pNA 1.19 ± 0.08 0.67 ± 0.04 0.035 ± 0.001 0.04 ± 0.001 

Sue- Ala-Ala-Ala-pNA 0.013 ± 0.002 0.0085 ± 0.001 0.005 ± 0.0005 0.005 ± 0.0007 

Suc-Phe-pNA 0.0038 ± 0.0003 - f 0.028 ± 0.005 0.015 ± 0.002 

• Refolded mosquito chymotrypsin is the activated recombinant mosquito chymotrypsin after 13-ME 
treatment and refolding experiment (the same as the one in Table 3). 
b a-bovine chymotrypsin A was purchased from Worthington Biochemical Corporation. 
c The reaction buffer contains 0.1 M Tris.HCI, pH 8.0, 50 mM CaC12. 

d The reaction buffer contains 0.1 M Tris.HCl, pH 8.0, 0.05% Triton X-1 00. 
e each value represents the mean ± SEM for triplicate measurements. 
r It is not measured. 



Table 6 
Amino acid composition of mosquito chymotrypsin compared to its bovine analog. 

Amino acid Chymotrypsin 

mosquito Aedes aegypti bovine 

Gly 21 21 

Ala 21 21 

Val 30 21 

Leu 15 17 

He 9 9 

Phe 10 6 

Tyr 6 4 

Trp 5 8 

Pro 12 7 

Arg 7 3 
Lys 11 14 
His 6 2 
Asp 18 9 

Glu 17 5 

Ser 18 26 
Thr 10 23 
Asn 8 14 
Gin 12 9 

Cys 6 9 

Met 1 2 



Table 7 pi of bovine chymotrypsin 

Number of Hydrogen Ions Bound 

Net 

pH Arg Lys His Tyr Cys GIu Asp NH2 COOH Total Charge.. 

1.00 3.00 14.00 2.00 4.00 9.00 5.00 8.99 1.00 1.00 47.98 19.98 

I.50 3.00 14.00 2.00 4.00 9.00 4.99 8.97 1.00 0.99 47.95 19.95 

2.00 3.00 14.00 2.00 4.00 9.00 4.97 8.89 1.00 0.97 47.84 19.84 
2.50 3.00 14.00 2.00 4.00 9.00 4.91 8.66 1.00 0.92 47.50 19.50 

3.00 3.00 14.00 2.00 4.00 9.00 4.73 8.01 1.00 0.78 46.53 18.53 

3.50 3.00 14.00 2.00 4.00 9.00 4.25 6.48 1.00 0.53 44.26 16.26 

4.00 3.00 14.00 1.99 4.00 9.00 320 4.04 1.00 0.27 40.50 12.50 
4.50 3.00 14.00 1.98 4.00 9.00 1.80 1.84 1.00 0.10 36.72 8.72 

5.00 3.00 14.00 1.94 4.00 9.00 0.75 0.68 1.00 0.04 34.40 6.40 
5.50 3.00 14.00 1.82 4.00 8.99 027 023 1.00 0.01 33.31 5.31 

6.00 3.00 14.00 1.52 4.00 8.96 0.09 0.07 1.00 0.00 32.64 4.64 
6.50 3.00 14.00 1.00 4.00 8.86 0.03 0.02 0.99 0.00 31.90 3.90 

7.00 3.00 14.00 0.48 4.00 8.57 0.01 0.01 0.97 0.00 31.04 3.04 

7.50 3.00 13.99 0.18 4.00 7.77 0.00 0.00 0.92 0.00 29.87 1.87 
8.00 3.00 13.98 0.06 4.00 6.00 0.00 0.00 0.78 0.00 27.82 -0.18 
8.50 3.00 13.93 0.02 3.99 3.48 0.00 0.00 0.53 0.00 24.95 -3.05 

9.00 3.00 13.78 0.01 3.96 1.50 0.00 0.00 0.27 0.00 22.50 -5.50 

9.50 3.00 13.32 0.00 3.86 0.53 0.00 0.00 0.10 0.00 20.82 -7.18 

10.00 2.99 12.05 0.00 3.60 0.18 0.00 0.00 0.04 0.00 18.85 -9.15 

10.50 2.97 9.25 0.00 2.95 0.06 0.00 0.00 0.01 0.00 15.24 -12.76 
II.00 2.91 5.34 0.00 1.88 0.02 0.00 0.00 0.00 0.00 10.15 -17.85 

11.50 2.73 2.28 0.00 0.88 0.01 0.00 0.00 0.00 0.00 5.90 -22.10 
12.00 2.28 0.81 0.00 0.33 0.00 0.00 0.00 0.00 0.00 3.42 -24.58 

12.50 1.50 0.27 0.00 0.11 0.00 0.00 0.00 0.00 0.00 1.88 -26.12 
13.00 0.72 0.09 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.84 -27.16 

Isoelectric Point 

7.96 3.00 13.98 0.07 4.00 6.16 0.00 0.00 0.80 0.00 28.00 0.00 



Table 8 pi of mosquito cfaymotrypsin 

Number of Hydrogen Ions Bound 

Net 
pH Arg Lys His Tyr Cys GIu Asp NH2 COOH Total Charge.. 

1.00 7.00 11.00 6.00 6.00 6.00 16.99 17.98 1.00 1.00 72.97 24.97 

1.50 7.00 11.00 6.00 6.00 6.00 16.97 17.93 1.00 0.99 72.89 24.89 

2.00 7.00 11.00 6.00 6.00 6.00 16.90 17.78 1.00 0.97 72.66 24.66 

2.50 7.00 11.00 6.00 6.00 6.00 16.70 17.33 1.00 0.92 71.95 23.95 

3.00 7.00 11.00 6.00 6.00 6.00 16.09 16.03 1.00 0.78 69.91 21.91 

3.50 7.00 11.00 5.99 6.00 6.00 14.43 12.96 1.00 0.53 64.92 16.92 

4.00 7.00 11.00 5.98 6.00 6.00 10.88 8.07 1.00 0.27 56.20 8.20 
4.50 7.00 11.00 5.94 6.00 6.00 6.12 3.68 1.00 0.10 46.84 -1.16 
5.00 7.00 11.00 5.82 6.00 6.00 2.57 1.35 1.00 0.04 40.77 -7.23 

5.50 7.00 11.00 5.45 6.00 5.99 0.91 0.45 1.00 0.01 37.81 -10.19 

6.00 7.00 11.00 4.56 6.00 5.97 0.30 0.15 1.00 0.00 35.97 -12.03 

6.50 7.00 11.00 3.00 6.00 5.91 0.10 0.05 0.99 0.00 34.04 -13.96 

7.00 7.00 11.00 1.44 6.00 5.71 0.03 0.01 0.97 0.00 32.17 -15.83 

7.50 7.00 10.99 0.55 6.00 5.18 0.01 0.00 0.92 0.00 30.65 -17.35 

8.00 7.00 10.98 0.18 5.99 4.00 0.00 0.00 0.78 0.00 28.94 -19.06 
8.50 7.00 10.94 0.06 5.98 2.32 0.00 0.00 0.53 0.00 26.84 -21.16 

9.00 7.00 10.82 0.02 5.93 1.00 0.00 0.00 0.27 0.00 25.04 -22.96 

9.50 6.99 10.46 0.01 5.79 0.36 0.00 0.00 O.IO 0.00 23.72 -24.28 

10.00 6.98 9.46 0.00 5.39 0.12 0.00 0.00 0.04 0.00 21.99 -26.01 

10.50 6.93 7.27 0.00 4.43 0.04 0.00 0.00 0.01 0.00 18.68 -29.32 

11.00 6.79 4.20 0.00 2.83 0.01 0.00 0.00 0.00 0.00 13.82 -34.18 

11.50 6.36 1.79 0.00 1.32 0.00 0.00 0.00 0.00 0.00 9.48 -38.52 

12.00 5.32 0.64 0.00 0.49 0.00 0.00 0.00 0.00 0.00 6.45 -41.55 

12.50 3.50 0.21 0.00 0.16 0.00 0.00 0.00 0.00 0.00 3.88 -44.12 

13.00 1.68 0.07 0.00 0.05 0.00 0.00 0.00 0.00 0.00 1.80 -46.20 

Isoelectric Point 

4.43 7.00 11.00 5.95 6.00 6.00 6.76 4.17 1.00 0.12 48.00 0.00 
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Table 9. Measurement of P-gaiaetosidase activities 
on reporter gene expression(nmol/min.ng) 

wt gcn4-2 
R DR R 

CYC I 200 NT 770 

CYC l-AXho I 32 NT 31 

HYC 5 6 7 

R: repression conditions DR: derepression conditions NT: not tested 
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