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ABSTRACT 

In order to identify potential cis-acting elements responsible for the correct 

expression of the mosquito trypsin genes we have resorted to an evolutionary approach. 

This approach is based on the identification of DNA footprints that are conserved in 

homologous genes isolated &om different species. Several trypsin clones have been 

isolated from Aedes species specific genomic DNA libraries, and by sequencing been 

shown to contain an ORF coding for the late trypsin gene. Analysis of the 5' FLR's by 

multiple sequence alignment of the species specific late trypsin genes, reveals the 

presence of a conserved TATA-box and transcriptional initiator. A phylogenetic 

footprinting analysis detected some evolutionarily conserved sequence elements in the 5' 

regulatory regions of the late trypsin gene. A cis-element that bears sequence similarity 

with the target of the transcription factor Tinman has been identified. 

Analysis of the trypsin coding region for each species shows that the late trypsin 

&om the most distant species retains approxmiately 83% amino acid identity with late 

trypsin from Ae aegypti. Furthermore, unique features of the late trypsin specificity 

pocket from Ae aegypti are retained in all spec^ examined making this a unique 

evolutionary molecular tag for this serine protease. The dicotomy of a positive/negative 

charge observed in the specificity pocket of trypsm members of the chymotrypsin &mi]y 

of serme proteases is retained; however, the conserved aspartate is replaced by a 

glutamate. The position of this glutamate is dispkiced towards the N-terminus by a serme, 

which is characterisitic of chymotrypsin enzymes &om the same &mily with specificity 
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for large hydrophobic groups. Moreover, there is an insertion of a proline after the serine 

amino acid at the C-terminai end of the pocket. Furthermore, we have found that 

members of the Tribe Aedini express a unique form of Late Trypsin with a molecular 

signatiire located in the specificity pocket of the enzyme. Alignment of this trypsin to 

other members of the same protease family strongly suggests that it is related to a unique 

group of proteases called serine coilagenases. The most important enzymatic 

characteristic of the enzymes of this group is there lack of substrate specificity. Outside 

of the typical metalloproteases, these are the only proteases known to cleave coilageiL 

What these observations mean in terms of the evolution of enzyme specificity and 

structural fold remain to be elucidated. 
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INTRODUCTION: 

Mosquitoes as Disease Vectors: 

Control of arthropod borne diseases remains intractable, and the prevalence of 

these illnesses has resurged in many areas of the world. The reasons for these problems 

include; development of pesticide resistance in insects vectors of disease, development of 

drug resistance in parasites, and decline of vector control programs, consequently 

reducing the number of trained personnel to control vector-borne diseases. In addition, 

emergence of new vector-bome diseases is also a significant cause of morbidity and 

mortality in humans. Novel strategies for control of vector populations and vector-bome 

diseases need to be developed. 

The discovery at the turn of the century that mosquitoes transmitted malaria and 

yellow fever, mitiated an outburst of mterest in the description and classification of these 

insects. Mosquitoes belong to the Culicidae, with over 3200 species recognized 

and subdivided into three different subfamilies: Anophelinae, Culicinae, and 

Toxorhynchitinae. Three quarters of all mosquito species live in the humid tropics and 

subtropics. Anopheline and culicme females have a requkement for protein, from which 

to develop a large batch of eggs, and they ei^orge on vertebrate blood for that purpose. 

Toxorynchitine females feed onfy on plant juices. The blood-suckmg habits of anopheline 

and culicine female mosquitoes render them prone to aquve pathogens from one 

vertebrate host and pass them on to another. Three genera of mosquitoes are included in 

the Anophelinae, but only one. Anopheles, with almost 400 species, is widely distributed. 
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Anopheles mosquitoes are medically important as the sole vectors of human malaria. 

There are more than 2500 species of Culicinae of which the medically important Aedes 

and Culex include approximately 1600 species. Culicines are the major vectors of 

arboviruses and filariasis. 

The most recent reports released by the World Health Organization (WHO) show 

that over a third of the world's population are at risk of contracting some type of 

mosquito borne pathogen. The most significant of these pathogens including Malarm, 

Dengue, Yellow Fever, many viral Encephalitides, and Fflariasis, are estimated to cause 

over 600 million clinical cases each year. Mortality is estimated to be over 3 million 

fatalities each year caused by these diiieases, mostly in developing countries, and mainly 

in chfldren under the age of 10. Malaria alone is estimated to kill one child every 30 

seconds or approxmiately 3000 cbQdren under the age of five per day. 

Despite the central role vectors play in disease transmission very little is known of 

their molecular biology. This lack of knowledge contrasts sharply with what is known 

about other arthropods, especially Drosophila melanogaster. The competence of a 

mosquito as a vector refers to the ability of the pathogen to successfiilly infect, multiply 

and transmit itself to a new vertebrate host. Interactions between mosquitoes and the 

pathogens they transmit involves overcoming many different barriers. The first barrier the 

pathogen must overcome to establish an mfection is the harsh protease rich mosquito 

midgut envffonment. Previous studies have shown, fi)r example, that a mosquito serine 

protease is required to activate the prochitinase of the parasite Plasmodium gallinaceum 

ookinetes (Shahabuddin et. aL, 1996). The active chitinase is necessary to complete 
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parasite infection of Aedes aegypti, by penetrating the chitin-rich peritrophic matrix (PM) 

(Shahabuddin er. ai, 199S). 

Mosquito blood-feeding: 

Insects can be loosely divided into two categories according to their feeding 

behaviour, the continuous feeders such as dipteran larvae, and the discontinuous feeders 

such as the haematophagous ones. Contmuous and discontinuous feeding presents the 

animals with distinct problems in the control of digestive enzyme secretion, which are 

only beginning to be studied. Ultrastructural investigations on insect gut cells indicate 

that most secretion in insects probably occurs through the constitutive route (Lehane, 

1996) and that most examples of regulated secretion appear in discontinuously feeding 

insects. Ultrastructural evidence and changes in protease levels after a meal, demonstrate 

that control mechanisms regulate synthesis and secretion of digestive enzymes. 

Mosquitoes provide one of the best models to study the control of digestive enzyme 

synthesis and secretion. 

Anautogenous female mosquitoes require a blood meal in order to mature a batch 

of eggs, a process known as oogenesis. Pathogens have evolved to exploit the blood 

feeding habit of the insect as a way to propagate themselves fi:om one host to another. 

The distensible, abdominal part of the midgut is both the site of blood storage and 

digestion. It is characterized by the secretion of proteolytic en^rmes among which 

trypsin-like activity prevails (Gooding, 1975; Briegel and Lea, 1975). 
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Aedes aegypti Midgut Trypsins: 

The act of taking a blood meal from a vertebrate host triggers numerous changes 

in the mosquito, of interest to this study are the biochemical changes in the midgut that 

are required for digestion of the meaL Trypsin is the major proteolytic en^one induced 

after feeding. Earlier studies on trypsin synthesis following a blood-meal (Graf and 

Briegel, 1989 and Felix, et. al., 1991), showed that distinct trypsins are present m the 

midgut at different times after feeding; they kive been named early and late trypsin 

related to their temporal expression after a blood meal. During the first phase there is an 

"early" trypsin form that appears within two hours after a blood meal. The early form is 

replaced a few hours later by a late trypsin form. Late trypsin is the major trypsin form 

present in the midgut during the peak of trypsin activity, which occurs 24 hours after 

blood feeding (Graf and Briegel, 1988, 1989). These two trypsin genes have been cloned 

and sequenced (Kalhok, 1993; Barillas-Mury, et. al., 1991, 1993; Noriega, et. al., 1996a). 

Regulation of early trypsin synthesis is at the translational level, the mRNA being already 

present before blood feeding (Noriega, et. al., 1996b). Transcription of this gene is 

regulated by juvenile hormone (JH) by a pathway that is under study (Noriega et. aL, 

1997). 

The late trypsin gene is controlled at the transcriptional level after a blood meaL 

No sign of the mRNA is detectable before the meaL Inhibition of the enzymatic activity 

of early trypsm by feedmg soybean trypsin mhibitor (SBTI) added to the meaL prevents 

synthesis of late trypsin, blood meal digestion and oogenesis (Barillas-Mury et aL, 199S). 

Feedmg of a protein meal predigested with bovine trypsm in vitro, followed by addition 
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of SBTI, will rescue transcription of the late trypsin gene. However, if this same pre-

digested meal with SBTT is now fed in the presence of protein translation inhibitors, such 

as cycloheximide (CHX), transcription of the late trypsin gene is again impaired 

(BarOlas-Mury et al., 1995). Therefore, it is concluded that protein synthesis is required 

for late trypsin transcription. This suggests that activity of early trypsin is an obligatory 

step in activation of transcription of the late trypsin gene. 

Midgut Trypsins in Other Blood Feeding Insects: 

In the african malaria mosquito Anopheles gambiae seven trypsin (Muller et. aL, 

1993a) genes have been identified and sequenced. A &mily of trypsin genes has also 

been identified in the larvae of the buffalo fly Haematobia irritans (Elvin, et. al., 1993). 

Gut specific trypsm genes have been isolated and characterized in black flies 5. vittatum 

(Ramos et. al., 1993), blowflies L cuprina (Casu, et. al., 1994) and stableflies S. 

calcitrans (Lehane et. al., 1998). 

In Anopheles gambiae the trypsin genes are arranged as a tightly clustered gene 

&mily consisting of seven related coding sequences, devoid of introns (Muller et. al., 

1995). Two members, Antryp /and 2, are induced by the blood-meal and are ultimately 

responsible for digestion of the protein constituents of the meal; the role of the other 

trypsins Antryp 4-7 remains to be elucidated. Antryp 4-7 showed maximal expression at 

the second day after adult female emergence, during the foUowmg days then- levels 

decreased continuous^ (Muller et al., 1995). Sequence of the entire gene cluster 
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revealed that the distance between coding regions varied between 300 and 1500 bp 

(Muller et. aL, 1993b, 1995). 

Transcriptional Regulation of Midgut Trypsins: 

The biochemical mechanisms that regulate the expression and secretion of 

different serine proteases in the mosquito gut in a temporally coordinated manner have 

not yet been fidly elucidated. The l.lkb 5' FLR of Aedes aegypti early and late trypsin 

genes were the first putative regulatory sequences described. Analysis of these regulatory 

sequences revealed the presence of several putative DNA binding sites for known trans

acting proteins. 

In Anopheles gambiae transcriptional activity of the DNA sequences upstream of 

trypsins 1, 2 and 4 were investigated by both in vitro cell culture systems and in vivo 

heterologous transformation of D. melanogaster (Muller et. al., 1995; Skavdis et. al., 

1996; Crisanti and MuQer, unpublished results). The transcriptional control model 

derived firom these results suggests that the conserved DNA motif found upstream to all 

genes should function as a binding sequence for regulatory proteins. The presence of 

these proteins would exert opposite effects on the transcription of both early and late 

genes. Other regulatory elements involved m tissue specificity, sex specificity and 

induction of the late genes by a blood meal remam to be uncovered. 

Sequence alignment of the different Antryp promoters unveQed the presence of a 

conserved sequence motif upstream of all Anopheles trypsm genes, its position ranging 

between -57 and -112 bp fi'om the start site of transcription. It was found that the blood 
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meal induced {Antryp I and 2) and the constitutive (Antryp 4-7) genes also differed with 

regards to a palindromic region upstream of the conserved motif. However, the 

importance of these regions to regulation of expression of the Anopheles trypsin genes 

rema^ to be proven. 

To date, several putative regulatory sites have been identified in both Aedes 

aegypti and Anopheles gambiae. However, we believe that these sites remain to be 

proven fimctionally responsible for the correct expression of mosquito midgut serine 

proteases in their respective homologous systems. 

The fundamental roles of midgut trypsins in digestion, oogenesis and parasite 

transmission underscores the need for a more detailed understanding of the regulation of 

trypsin gene expression. 

Evolution of Substrate Specificity within Tryspin-iike Serine Proteases: 

One of the enduring paradigms ui enzymology is the theme of evolutionary 

divergence in substrate specificity from a parental enzyme possessing a prototypical fold. 

Within the fold of each divergent enz^mie is embedded the catalytic machinery essential 

to providing rate enhancement for an identical reaction, and the particular amino acids 

directly involved in this fiinction are expected to be highly conserved and invariant in 

their spatial positions. Among the remaining residues will be those requked for the 

overall three dimensional structure. Such residues are found largely within the 

hydrophobic core of the em^moe and, withm a &mily, may show covariance according to 

the thermodynamic determinants specifying stability with the informational determmants 
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specifying uniqueness of the fold. The remaining amino acids of the enzymes then 

constitute much of the raw material for evolutionary adaptation to novel selectivity. 

The trypsin family of serine proteases is one of the most studied protein families, 

with a wealth of amino acid sequence information avaOable in public databases. 

Peptidases in which the catalytic mechanism depends upon the hydroxyl group of a serine 

residue acting as the nucleophile that attacks the peptide bond are termed serine 

peptidases. Trypsin-like enzymes are widely distributed in living organisms. These 

enzymes form one of the largest known families of proteins. The majority are proteases 

with a wide variety of functions, ranging from digestive proteins, regulatory proteins 

(blood coagulation), growth factors, and mast cell activators to hemoglobin-bindmg 

protein. The structures of the trypsin-like enzymes are very similar (Fisher et al., 1994). 

In addition to conservation of the catalytic triad, they all contain two topologically very 

similar six-stranded ^-barrels and a C-terminal a-helix. The two P-barrels are mutually 

super-imposable, with a typical Ca rms of about 0.5 A. There are many &milies of serine 

-type peptidases that can be distmguished on the basis of comparisons of the amino acid 

sequences. They have been grouped mto sbc distinct clans by comparing the tertiary 

structures and the order of the catalytic residues in the sequence. 

Common features present in all structures, including five enzyme-substrate 

hydrogen bonds at positions PI and P3, serve to properly juxtapose the scissile peptide 

bond adjacent to the Ser-His catalytic couple, such that the nucleophilic Ser 195 O-y is 

accurately positioned for attack. Given these conserved interactions in the dnrect vicmity 

of the reactmg groups, the more distal contacts sharpty diverge. 
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The specificity of the SI site of enzymes with folds typical of members of the 

Chymotiypsin Family of serine proteases has been subjected to considerable evolutionary 

refinement. The classical model for understanding specificity at this position, derived 

fi-om early crystallographic studies of chymotrypsin, elastase, and trypsin, is that the 

amino acids immediately contacting substrate fiilly determine the observed specificities 

for large hydrophobic, small hydrophobic, and basic residues, respectively. This model 

arose fiom the observation that the SI pockets of the enzymes are highly complementary 

to these amino acids. Thus, trypsin possesses a deep cylindrical pocket punctuated at its 

base by Asp 189, chymotrypsin an analogously shaped hydrophobic cavity lacking the 

negative charge, and elastase a shallow hydrophobic depression. In each case the walls of 

the pocket are formed by three P-strands connected by two surface loops and the disulfide 

bond Cys 191 -Cys 220. Amino acid side chains at positions 190 and 228 extend into the 

base of the pocket and modulate the specificity profile, whereas residues 216 and 226 are 

additional primary determinants located on one wall. These amino acids are Gly in 

en^mes exhibiting trypsin or chymotrypsin specificities. The glycines permit access of 

the large substrate side chains to the base of the pocket. In enzymes exhibiting elastase 

specificity, larger, usually nonpolar residues are present and provide a platform for 

interaction with small hydrophobic PI substrate side chains. 

This classical model is mcomplete, based in part on recent studies of trypsin 

(Craik, et. al., 1985; Gra^ et. al., 1987; Evnin, et. al., 1990; Hedstrohm, et. ai, 1992; 

Hedstrohm, et. ai, 1994a; Hedstrohm, et. al., 1994b; Perona, et. ai, 1994; Perona, et. ai, 

1995; Willet, et. ai, 1995). Amino acid substitutions in the primary binding pocket at 
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positions 216 and 226 can have a dramatic efifect on the specificity and catalytic 

eflSciency of trypsin due to improper register of the substrate with the catalytic machinery 

(Craik, et. ai, 1985). Although Asp 189 at the base of the PI pocket is a primary 

determinant of arginine and lysine specificity, substitution of this residue with other 

amino acids does not alter substrate specfficity (Graf, et. ai, 1987; Evnin, et. ai, 1990; 

WQlet, et. ai, 1995). Even substitution of all the ammo acids in the SI site of trypsin with 

their counterparts in chymotrypsin foils to transfer chymotryptic specificity to the variant 

en^roe (Hedstrohm, et. ai, 1992). Transfer of specificity requires the additional 

mutation of amino acids in at least three distal segments of the enzyme, none of which 

directly contacts substrate. The exchange of surface loops 1 and 2 is sufiBcient to confer 

high acylation rates toward Pl-Phe substrates (Hedstrohm, et. ai, 1992), and the further 

mutation Y172W in the third sur&ce loop 3 improves binding by 50-fold. The overall 

catalytic efficiency of the mutated en^one is roughly 10% of that exhibited by 

chymotrypsin (Hedstrohm, et. ai, 1994a). These mutational experiments of trypsin show 

that evolutionary refinement of SI site specificity in this femily can involve modulation 

by distal enzyme segments not contacting substrate. 

A second example of the role of sur&ce loops in generating subsite specificity 

comes from the study of fiddler crab coilagenolytic serine protease I. The ability of this 

em^me to cleave native type I triple helical collagen is a property not exhibited by 

classical chymotrypsin fold serme proteases. Incubation of the enzyme with type I 

collagen substrates produces signature cleavages at a number of sites located roughly 

three-quarters of the distance along the 1000-ammo acid chains (Tsu, et. ai, 1994). This 
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property identifies it as a true coUagenase, as distinct from gelatinases that cleave only 

denatured collagen (gelatin). Since the enzyme possesses the usual 30-35% sequence 

similarity with other members of the family, it was immediateiy apparent that unique 

structural determinants must be present to confer cleavage specificity toward the large 

triple helical substrate. CoUagenase is unique in its known properties by virtue of an 

exceptionally broad specificity encompassing the recognition properties of trypsin, 

chymotrypsin, and elastase. This is a consequence of a uniquely shaped SI site pocket, 

which is enlarged by the insertion of several amino acids between Gly 216 and the 

disulfide bond. Co-crystallization of the enzyme complexed to the proteinase inhibitor 

ecotin suggested multiple distinct bmding modes for the different PI substrate amino 

acids (Tsu, et. ai, 1997). Among eni^anes of known structure that have been tested for 

the ability to cleave type I collagen, include bov^ trypsin and chymotrypsin, human 

neutrophil elastase and crab coUagenase, only the invertebrate enzyme is active (Tsu, et. 

ai, 1994). 

Goals of this Study: 

1. To characterize the adult early and late trypsins firom different species of the 

Genus Aedes. This will provide information regarding the patterns of expression 

of these trypsins, as weU as provide the fi-amework for analysis of the proximal 

promoter regions by phylogenetic footprint^. Clonmg and sequencing of the late 

trypsin firom different Aedes will allow direct comparison with trypsins firom other 

species. Characterization of both nucleic acid and ammo acid composition of the 
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different trypsins was done to gain a better understanding of blood-feeding and 

trypsin evolution in mosquitoes. 

2. To isolate the late trypsin genomic clones from different Aedes sp and determine 

organization of the gene. Once the genes have been mapped and sequenced, the 

upstream regulatory regions will be used to identify potential regulatory DNA 

regions by phylogenetic footprinting analysis. 

3. To perform an in depth study of unique features identified within the specificity 

pocket of Aedes sp late trypsin. A purification protocol was devised so that 

preliminary substrate specificity studies can be done. This will provide new 

insight about the structural relationship and specificity of different members of 

the SI family of serme proteases. 
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MATERIALS AND METHODS; 

Mosquito Rearing: 

All mosquito species used in this study were reared at 2TC and 80% relative 

humidity under a 16h light : 8h dark photoperiod, following established procedures 

(Gerberg, E.J., et. al., 1994). For successfiil mating of some species, a dusk/dawn 

simulator built by the author was used, and additional Ih dusk: Ih dawn photoperiod was 

added. Mosquito larvae were hatched and reared in tap water treated with Aqua Plus 

Water Conditioner (Rolf C. Hagen Corp., U.Sj\. - Ma). Larvae were fed a standard 

mixture of finely ground rat chow and yeast hydrolysate. Adults were supplied with a 

cotton wool pad soaked in a 3% sucrose solution ad libitum. Three to five day old adult 

females were fed blood meals unless otherwise indicated, for both experimental purposes 

and egg production. Eggs were collected 2-3 days after blood-feeding using 100 ml 

beakers filled hal^ay with water and lined with paper towels. 

Sodium Dodecyl Sulfate Polyacrylaniide Electrophoresis: 

Discontmuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE), consisting of a stacking gel followed by a 10% resolving gel, was performed 

under reducing conditions (Laemmli, UJC., 1970). Protein samples were mixed with 

reducmg sample-buffer and placed in a boiling water bath for 4 minutes. Electrophoresis 

was carried out at 200 volts, constant voltage, for 45-60 mmutes. Gels were stamed for 
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protein using Coomassie BrUiant Blue R and destained with 7% acetic acid in 40% 

methanol. 

Western blot analysis: 

Midguts isolated from different Aedes species at 0, 2 and 24 hours after feeding a 

blood-meal were homogeneized in 20mM PBS pH 7.0. SDS-PAGE sample buffer was 

added to a final Ix concentration and samples were heated to 100°C for 5 minutes in a 

boiling water bath. Samples were then separated on a 12% SDS-PAGE and transferred to 

nitrocellulose membrane (Schleicher and Schuell) by electroblotting. Membranes were 

blocked using 5% non-fet miflc in TTBS buffer (20mM Tris-HCl pH 7.5, 0.5M NaCl, and 

0.05% Tween-20) for 2 hours at room temperature. Polyclonal antibodies generated 

against Aedes aegypti early or late trypsin were added at a dOution of 1:5000 and further 

incubated for 2 hours. Following incubation and several washes, colorimetric detection of 

the trypsm bands was observed using a goat anti-rabbit IgG conjugated with horseradish 

peroxidase (Bio-Rad - Richmond, VA) and the substrate 4-chIoro-l-naphtol added to 

PBS and H202- Washing the membranes m distilled water stopped the reaction. 

Total RNA purification: 

Whole mosquitoes or isolated midguts were homogenized in 300[il lysis solution 

(25g Guanidine Thiocyanate, 29.3ml RNAse free water, 1.76 ml sterile 0.75M NaCitrate 

pH 7.0, 2.64 ml 10% n-Lauryl Sarcosme and 36ul B-Mercaptoethanol). The addition of 

I/IO volume 3M NaOAc pH 5.0, and 300^1 Acid Phenol at pH 4.0 was used to acidify 
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the homogenate. After vigorous vortexing, 300|il of Chloroform: Isoamyi Alcohol (24:1) 

was added followed by more vortexing and incubation on ice for 20 minutes. Extraction 

with phenol was repeated followed by a final extraction with chloroform : isoamyi 

alcohol to remove all remaining phenoL RNA binding glass (Bio-101) was added to each 

sample and incubated for 5 minutes at room temperature under gentle rocking. After two 

washes with RNA wash solution (Bio-lOl) the RNA was resuspended in RNAse free 

water, and quantified spectroscopically at 260 nm. 

Northern blot hybridization: 

Total RNA isolated as described above, from 10 adult females of each species, 

was collected at different time points after a blood meal. One female equivalent total 

RNA from each time point was fractionated under denaturing conditions on a 1.2% 

agarose-formaldehyde gel and stained with 0.5^g/ml ethidium bromide. RNA was 

transferred from the gel to a Nytran+ membrane (Schleicher and Schuell, Keene, NH) 

using the capillary method with lOX SSC and cross-linked using a UVStratalinker 

(Stratagene). Membranes were hybridized with the appropriate probe, labeled using the 

Random Prime Labeling system (Gibco, Life Sciences) and [a-^^P] dATP (ICN, Irvine, 

CA). Prehybridization/hybridization was carried out in the absence of formamide at a 

temperature of 65 ° C. Two washes with 2X SSC/0.I% SDS for 15 minutes at room 

temperature, followed by 2 more using 0.2X SSC/O.I% SDS for 15 minutes at room 

temperature, and finally two high strmgency washes usmg the latter buffer at 65° C for 15 
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minutes. The final wash solution was removed using 2X SSC, the membrane covered 

with plastic wrap and labeled bands quantified using a phosphoimager. 

3' RACE: 

Rapid Amplification of cDNA Ends (RACE) is a procedure for amplification of 

nucleic acid sequences &om a messenger RNA template between a defined internal site 

and either the 3' or the 5' end of the mRNA (I). PCR requires two sequence-specific 

primers that flank the sequence to be amplified (4,5). However, to amplify and 

characterize regions of unknown sequences, this requirement imposes a limitation. 3' 

RACE takes advantage of the natural poly(A) tail found m mRNA as a generic priming 

site for PCR. In this procedure, mRNAs are converted into cDNA using reverse 

transcriptase (RT) and an ob'go-dT adapter primer. Specific cDNA is then amplified by 

PCR using a gene-specific primer (GSP) that anneals to a region of known exon 

sequences and an adapter primer that targets the poIy(A) tail region. This permits the 

clonmg of unknown 3'-mRNA sequences that lie between the exon and the poly(A) tail. 

3'RACE was performed using total RNA isolated &om midguts of unfed and 24h 

post-fed adult females. The blood-meal firom fed individuals was removed prior to RNA 

isolation. Briefly, reverse transcription of total RNA was performed using an oligo-dT 

adapter primer (5'- GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT -Zy 

Early and late trypsin cDNA was then an^lified usmg one of two trypsm specific 

degenerate primers (TrypA 5'- GGNGAYTCNGGNGGNCC-3') or (TrypB 5'-

GGNGAYAGYGGNGGNCC-3'), based on the conserved sequence around the en^roe 
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specificity pocket, and an adapter primer (5'- GGCCACGCGTCGACTAGTAC -3')-

Amplified product was ligated to pCRII (Invitrogen - Carlsbad, CA) plasmid and 

competent bacteria transformed. Bacteria containing recombinant plasmid were identified 

by blue/white selection on agar plates containing X-Gal and ampicillin. Recombinant 

purified plasmid was sequenced on an ABI 377 (Applied Biosystems - Foster City, CA) 

automated cycle sequencer at the University of Arizona Sequencing Facility. 

Isolation of genomic DNA: 

Genomic DNA was isolated fiom carcasses of each species utilizing the method 

of Bradfield and Wyatt (1983) with some modifications. Approximately I gram 3-5 day 

old adult mosquitoes were frozen in liquid nitrogen and triturated to a fine powder in a 

liquid nitrogen chilled mortar. The powder was transferred to a SO ml conical tube 

containing 15 ml digestion buffer (lOOmM NaCl; lOmM Tris-Cl pH 8.0; 160mM 

Sucrose; 25mM EDTA pH 8.0; and 0.5% SDS). 100 nl RNace-It (Stratagene - La JoIIa, 

CA) ribonuclease cockataH was added and the sample incubated in a 3TC water bath for 

1.5 hours. Following RNA digestion, proteinase K was added to a final concentration of 

200 ^g/ml and the san:q)le incubated m a SO'C water bath overnight. The sample was 

extracted 3 times with 10 ml alkaline phenol and a few drops chloroform/isoamyl alcohol 

(24:1) and the supernatant removed with a wide end pipette. A final extraction was 

performed with 10 ml chloroform/isoamyl alcohol (24:1) and the supernatant transferred 

to a new tube. A Yi volume of 7.5 M ammonium acetate and 2 volumes supernatant 

equivalents of 100% ethanol were added and the tube gently swirled to precipitate the 
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DNA. Stringy DNA was gently spooled on a glass rod and carefully rinsed with 70% 

ethanol while on the rod. Spooled DNA was transferred to a new 50 ml conical tube and 

resuspended in 2 ml TE buffer and stored at 4''C. 

Generation of genomic DNA libraries: 

Genomic DNA isolated from each species was digested with Sau3Al, size 

fractionated using a sucroi? gradient (Maniatis et. aL, 1989) and cloned into XZap-

express (Stratagene, La JoUa, CA) following procedures described by the manufecturer. 

Briefly, the amount of restriction enzyme was determined by performing serial dilutions 

of enzyme with a fixed amount of genomic DNA. Reactions were separated on a 0.7% 

agarose gel and visualized by staining with EtBr. After optim^tion, digests were layered 

over a 10-40% sucrose gradient and centrifiiged at 35000 x g for 22 hours at 20°C. 

Fragments between 5-10 kb were pooled, ethanol precipitated, h'gated to BamHI treated 

XZap-express vector, and packaged using Gigapack m Gold packaging extracts as 

recommended by the manufacturer. 

Generation of DIG-labeled probes: 

Instead of using the regular mixture of dNTPs, 10 ^1 of digoxigenin-dUTP (DIG) 

labeling mixture (I mM dATP, I mM dCTP, 1 mM dGTP, 0.8 mM dTTP, and 0.2 mM 

digoxigenm-dUTP) were used m a 100 ^1 reaction. Labelmg PGR was performed using 

gel purified early or late trypsm PGR products from cloned Aedes aegypti cDNA . 

Typk:al reactions used the foUowmg gene specific primers: for early trypsin (ET); ET-



30 

DIG-F (forward) (5'- CCCTTCTGGACTCAGCCAA-3') and ET-DIG-R (reverse) (5'-

CCTCGGAAACCTCTCGGAT-3'; for late trypsin (LT): LT-DIG-F (5'-GCAAAATGTT 

CACTTCAACGG-3') and LT-DIG-R (5'-GCTCACAGTCCAGTCTTCTG-3'). Cycling 

parameters used a initial denaturation at 94°C for S minutes followed by 50 cycles of 

94''C for 30 seconds, 60°C for 30 seconds and 72°C for 40 seconds with a final extension 

cycle of 72°C for 7 minutes. A control reaction was added using regular dNTP mix at a 

concentration of ImM. Expected product size for the control reactions were in the range 

of 750 bp, whUe labeled products were expected to generate bands at larger sizes due to 

incorporation of the DIG label. 

Genomic DNA library screening: 

All genomic libraries were screened using a digoxigenin-labeled dsDNA probe 

made &om gel purified PGR products of earty or late trypsin Aedes aegypti clones, as 

described above. Approximately 2-3 genome size equivalents &om each species specific 

Ubrary (300-500.000 plaques) were screened using either early or late trypsin DIG-

labeled probes. VkgnaGraph Nylon membranes (Micron Separation Inc., Westborough, 

Mass.) were used to lift plaques (50000 pfu / 150 mm plate). Following standard 

denaturation/renaturation protocols, DNA was UV-crosslinked using a Stratalinker 

(Stratagene, CA). Disks were soaked m prehybridization/ hybridization solution (5x SSC 

with 2% blocking reagent, 0.1% N-lauroylsarcosine, and 0.02% SDS) for 2 hours at 

57°C. Approximately 20 ng of the probe of mterest were added per mi of 

prehybridization/ hybridization solution for hybridization. Hybridization was carried out 
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at 57°C for 12-16 hours. Disks were washed twice for 5 minutes in room temperature 2x 

SSC, 0.1% SDS. This was followed by 6 washes for 10 minutes each in 0.5x SSC, 0.1% 

SDS at 57°C. Prehybridization, hybridization, and all washes were performed in a gene 

roller from Fisher BioTech (Pittsburgh, PA). 

Colorimetric detection of positive plaques was performed using anti-Digoxigenin-

Alkaline Phosphatase (anti-DIG-AP) antibody and the substrates NBT and BCIP. After 

hybridization and washes, the membranes were equilibrated in washing buffer 1 (0.1 M 

Tris-HCl pH 7.5, 0.15 M NaCI) for 5 minutes. Membranes were then transferred to 

blocking solution (2% non-fat milk in buffer 1), and incubated for 60 minutes at room 

temperature with gentle agitation. Immediately after blocking, membranes were fluther 

incubated in 1:5000 anti-DIG-AP in blocking solution for 30 minutes with gentle 

agitation. Antibody solution was discarded and membranes washed in buffer 1 6 times, 

10 minutes per wash, to remove unbound antibody. Substrates NBT and BCIP were 

added to detection buffer (100 mM Tris-HCl pH 9.5,0.1 M NaCl, and 50 mM CaCb) and 

membranes allowed to develop m this solution until positive plaques were visualized. 

Positive plaques were isolated, replated at a density of 200 - 500 pfu, and screened as 

described above until isolation of single positive plaques was possible (usually after the 

second screen). 

In vivo plasmid excision: 

Smgle isolated positive plaques were eluted mto 0.5 mi of SM buffer by vigorous 

vortexing for 30 mmutes at room temperature. FoDowmg recommendations of the 
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manufacturer, inserts in X ZapExpress were in vivo excised into the pBK-CMV phagemid 

vector using the ExAssist helper phage (Stratagene - La JoUa, CA). Phagemid DNA was 

isolated from host ceils (XLOLR) by plasmid miniprep (Qiagen - Chatsworth, CA). 

Characterization of the insert size was performed by endonuclease restriction digest 

mapping of isolated phagemid. Primer walking of both strands of the DNA inserts was 

performed for sequence determination. All sequencing was done at the University of 

Arizona Sequencing Facility as described above. 

Computer analysis of DNA sequences: 

Multiple alignment of sequences was performed using several different 

computational approaches based on both local and global alignment algorithms. These 

computational algorithms were used depending on the goal of the different questions 

being asked. For global alignment of coding and protein sequences we used the following 

programs: Clustal X ver. 1.81 (Thompson, et. al., 1997); DCA (Stoye, J., 1998); MAP 

(Huang, X., 1994); and MSA (Gupta, et. aL, 1995). For the alignment of promoter 

regions we used both approaches; global alignment with programs like Clustal X ver. 

1.81 (Thompson, et. al., 1997) and Pileup in the Genetic Computer Group (GCG) 

Wisconsin Software Package (version 10.0); and local ab'gnment using MEME (Gnmdy, 

et.aL, 1997). We have also developed an approach that is based on superimposii^ 

multiple dot-plot analysis of a query promoter sequence with all other promoter 

sequences. The window size is determined experimentally. We have termed th^ i^proach 

"Multiple Local Alignment with a Sliding Window". The goal is to find high scormg 
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identities amongst highly diverged sequences by sliding a window on length n over a 

query sequence and simultaneously search all other sequences for a match with 

degeneracy d (where 0 < d < 1). Resuhs for all these approaches are reported in the 

chapters that follow. 

Late trypsin purification: 

Purification of Aedes aegypti late trypsin was done from females that had been 

fed an artificial blood meal (Kogan, P.H., 1990) 24 hours prior to homogenization. 

Approximately 1 g of fed females was homogenized in 20 ml ice-cold homogenization 

buffer (50mM Tris-HCl pH 8.0, 0.I5M NaCl, 5mM DTT, ImM EDTA) using a tissue-

tearer (BioSpec E'roducts, Inc.). The homogenate was centrifiiged twice at lOOOOx g for 

30 minutes followed by a final centrifugation at lOOOOOx g for 1 hour. The soluble 

protein was transferred to a 50 mi conical tube and 1.5 ml SBTI-Agarose affinity resin 

(Sigma Chemical Co. - St. Louis, MO) added. The sample was incubated overnight at 

4^, and the resin prevented firom settling by continuous inversion of the tube. The 

sample was loaded continuous^ mto an empty column until all resin had packed, then the 

sanq)le was allowed to elute and the flow through fiction collected. The colimin was 

washed with 20 ml homogenization buffer foUowed by a wash with 0.5 M NaCl in 

homogenization buffer. Elution of bound trypsm was done with 15 ml of lOmM Glycine-

HCl pH 2.4, fractions of 0.9 ml were collected dropwise into 1.5 ml tubes that contamed 

100 ^1 IM Tris-HCl pH 8.0. An aliquot of the sample was used to determine enzyme 



34 

activity and protein concentration. The rest of the sample was used in a second step of 

purification. 

A Sml Hi-Trap Q-Sepharose (Pharmacia) anion exchange column was used to 

further purify the late trypsin enzyme. Based on the estimated pi of late trypsin around 5, 

we expected the enzyme to bind tightly to the resin if the chromatogram was performed 

at pH 8.1. Therefore, the column was attached to a HPLC system consisting of two 

HPXL Rainin pumps and a UV-D Dynanm detector. Absorbance values at 280 nm were 

monitored and directly acquired with the aid of a computer software designed by the 

author. The mobile phase consisted of 50mM Tris-HCl pH 8.1. Enzyme was eluted from 

the column with a linear gradient of NaCl from 0 to IM and I ml fractions collected. 

Aliquots of each fraction were used to determine enzymatic activity. 

Late trypsin enscymatic assays: 

Trypsin activity was measured using the synthetic substrate BapNA (Sigma 

Chemical Co,, MO). All reactions were performed using lOtd sample and 90^1 reaction 

bufier (50mM Tris-HCl pH 8.0, O.IM NaCl, and 5mM CaClz) with ImM final substrate 

concentration. Appearance of p-nitroanilide (pNA) product was followed colorimetrically 

at 405 nm and 25°C m a 96-welI microplate reader (Molecular Devices Thermomax) 

equ^ped with a computer based kinetics measurement module. All measurements were 

made at 1 minute intervals and change k optical density was followed for 60 minutes. 
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CHAPTER 1 

Characterization of Early and Late Trypsin in Aedes 

ABSTRACT; 

The synthesis and secretion of trypsins by the female mosquito occurs in a two 

phase process. The first phase has been characterized by the presence of low levels of a 

trypsin termed early trypsin, followed by the second phase in which a second trypsin 

form (late trypsin), shown be synthesized in levels proportional to the amount and quality 

of food uptake, is the major digestive protease. In order to learn more about the 

regulation and distribution of trypsin in mosquitoes, we have characterized, cloned and 

sequenced trypsin &om different mosquitoes members of the Aedes genus. Both northern 

and western blot results show that the pathways responsible for the regulation of these 

genes are conserved in all species exammed. Sequence analysis fiirther proves the 

existence of two gene families that code for early or late trypsin respectively. Unique 

features first observed m the sequence of Aedes aegypti late trypsin have been extended 

to ail Aedes species examined as well as to another mosquito belongmg to the same tribe. 

The results presented in this section of the study will serve as the foundation for promoter 

analysis in Chapter 2 and an in depth study of the late trypsin gene in Chapter 3. 
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Introduction; 

Hematophagous insects have independently evolved the habit of feeding on blood 

numerous times. Blood is a unique meal rich in aminoacids and protein but deficient in 

carbohydrates, fat and many essential vitam^. Accordingly, insects have had to learn 

several times in the course of evolution, how to deal with this unbalanced meal. 

Moreover, they have developed unique mechanisms to digest the meal. Tsetse flies have 

a crop, or diverticulum of the gut, to which the ingested blood goes and is stored untfl 

sent to the intestine in small amounts for digestion. Triatomine bugs secrete sulfhydryl 

proteases similar to lysosomal cathepsms (Billingsley, 1990; Terra, 1990). Mosquitoes 

secrete serine protease-like en^mes in response to blood feeding (Gooding, 1966; Yang 

and Davies, 1971; Graf and Briegel, 1982). The diversity encountered is enormous, 

however, within a specific genera the diversity fe very small. For example, salivary anti-

hemostatic compounds encountered in one species have been encountered in another 

(Ribeiro et. al., 1994; Stark and James, 1996). This is not true when one looks across 

genera and mto tribes or femOies (Stark and James, 1996). The rationale of the 

experiments proposed in this section is based upon the idea that blood-feeding within a 

genera developed before speciation. If this is true, then it is likely that the mechanisms 

used to regulate the proteases involved m digestioa of the meal will be similar. 

In this section of the study we have analyzed the sequence and expression of 

midgut expressed trypsm genes ni several mosquito species. Our goal was to gain a better 

understanding of trypsin diversity as well as obtam preliminary results on the expression 
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of these genes for promoter analysis done in chapter 2. Several mosquito species 

belonging to the Genus Aedes were selected for this study based on their phylogenetic 

relationship and medical importance. Table 1.1 describes the classification, medical 

onportance and trypsin genes of the mosquitoes utilized in this study. The experiments 

performed, were used to isolate and characterize the expression of two trypsin genes 

previously identified in Ae. aegypti, in other members of this genera. We also started to 

investigate the distribution of these two genes in another member of the Tribe Aedini by 

use of 3' RACE of blood fed Armigeres subalbatus. 
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Results; 

Northern blot analysis of total RNA &om selected Aedes species belonging to 

different subgenera was performed utilizing cDNA probes made from Ae. aegypti early 

and late trypsin clones (Fig. 1.1 A and B). The presence of early or late trypsin protein in 

isolated midguts before and after blood feeding was verified by western blot and 

quantified by densitometry (Table 1.3). Midgut proteins were separated on a 12% 

denaturing SDS-PAGE and transferred to nitrocellulose. Trypsin protein was detected 

using early or late trypsin polyclonal antibodies fi-om Ae. aegypti as described in material 

and methods (Noriega, et. al.; 1996b). Our results indicate that each of the species tested 

has conserved early and late trypsin genes, and that the same patterns of expression 

described for the Ae. aegypti trypsins are observed (Barillas-Mury, et. al.;l993; Noriega, 

et. al.; 1996b). 

Midgut total RNA from unfed Aedes albopictus and Aedes epactius and 24 hour 

blood-fed Armigeres subalbatus was isolated and subjected to PGR using the 3'RACE 

protocol as described in material and methods. Products of the expected size, 

approximately 300 bp, were isolated and cloned into the pCR 2.1 vector (Invitrogen, 

CA). Recombinant clones were selected, plasmid DNA isolated (Qiagen, CA) and 

sequenced. Sequences were submitted online to the National Center for Biotechnology 

Information server and database searches performed usmg the BLASTX algorithm 

(Altschul, et. aL; 1990). Results indKate that PCR products firom unfed and 24 hour 

blood-fed mosqtiitoes correspond to trypsm C-terminal fragments, bearing highest amino-
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acid identity with Ae. aegypti early trypsin and late trypsin respectively (see amino acid 

multiple sequence alignments, Figure 1.2 and 1.4). 

Five genomic DNA libraries from Ae. aegypti, Ae. albopictus, Ae. epoetins, Ae. 

polynesiensis and, Ae. triseriatus were screened using a cloned Ae. aegypti late trypsin 

probe labeled with digoxigenin (DIG). Multiple primary positive clones were obtained 

and re-screened in order to isolate homogeneous pure plaques. Several species specific 

clones were isolated and phagemid DNA obtained using in vivo excision and the size of 

the inserts determined by restriction endonuclease mapping. Nucleotide and deduced 

amino acid sequence of all species-specific enzymes is shown in Figure 1.3. All late 

trypsins have a 771 base pair open reading frame (ORF) coding for 257 amino acids. All 

late trypsins from all Aedes species examined contain a conserved arginine residue 

(Arg2S) at the putative cleavage site that is shared by several digestive serine proteases. 

The N-terminal sequence of all active enzymes contains the typical hydrophobic residues 

valine or isoleucine (Figure 1.3). 

A second late trypsin-like enzyme was identified in a genomic clone from Ae. 

epactius. This en^mie did not have the exact same molecular signature found in all other 

late trypsms and coded for 256 amino acids rather then 257, therefore it was termed late 

trypsin-like 2. Late trypsm pavwise sequence divergence of the nucleotide and deduced 

amino acid sequences is presented in Table 1.4. Sequence identity at both ammo acid and 

nucleotide levels as well as molecular signatures present m all en^ones suggests these 

are orthologous genes. Interestingly, late trypsm-like 2 from Ae. epactius has all the 
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molecular signatures of late trypsin, except for the mutation of the glutamic acid at 

position 202 for a glutamine. 

Figure 1.4 shows the alignment of the deduced amino acid sequences of all late 

trypsin enzymes, including the 51 amino acid fragment &om Armigeres subalbatus and 

Ae, epactius late-like 2. Multiple sequence aUgnment was performed using the program 

Clustal X vl.81 (Thompson, J. D. et. al., 1997) and edited using the program BioEdit 

v5.0.9 (Hall, T.A., 1999). The residues participating in the catalytic triad (His 69, Asp 

116 and Ser 209, using the total length of the alignment for numbering) are conserved in 

all species. The six cysteines and aspartic acid 208 are conserved as well. 

Amino acid composition of the unprocessed enzymes (starting with methionine) is 

presented in Table 1.5. The only significant d^inction amongst all enzymes examined is 

the 3 to 5 fold higher number of isoleucine residues found in late tryspin-like 2 from Ae. 

epactius. Codon usage, shown in Table 1.6, is in agreement with results obtained by Dr. 

Jun Isoe were the preferred codons for arginine use C for the first position while leucine 

uses T and G for the second and third position respective^ (Isoe, J.; 2000). 
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Discussion; 

The use of polyclonal antibodies to mosquito trypsins of Anopheles, Culex and 

Aedes has shown little if any cross-reactivity between genera, although it was possible to 

show the presence of trypsin-like enzymes withm mosquitoes of the same genus (Graf et. 

aL, 1991). Our results show that, as expected, there is a high degree of conservation at 

both the molecular and transcriptional levels for the Aedini mosquitoes tested. This is in 

agreement with the results obtained by Graf as described above. Furthermore, Ae. aegypti 

early or late trypsin polyclonal antibodies and cDNA probes displayed high specificity 

when used for both western and northern blot analysis respectively. Based on these 

results, the same cDNA probes were used to screen 2 to 3 genome size equivalent 

genomic DNA libraries fi'om S diflferent Aedes species. 

We have compfled in Table 12 current knowledge on midgut trypsin genes 

isolated &om other mosquito species belonging to different subfamilies, tnbes or genera 

in order to have a broader view of their expression and distribution. Prior to this study, 

trypsin genes from An. gambiae (Muller et. aL, 1993), An. stephensi (not shown) and 

Culex pipiens quinquefasciatus have also been reported. Anopheles gambiae contains 7 

different trypsm genes arranged in a llkb genomic DNA cluster. Based on expression 

patterns, trypsins 3,4 and 7 are thought to play a role analogous to that of early trypsin in 

Aedes aegypti, while trypsins 1 and 2 (the inducible forms) would flinction like late 

trypsin. Anopheles trypsins 5 and 6 are thought to be non-functional due to critical active 

site substitutions, as well as data obtained from en^moatic assay of recombinant forms. 
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The presence of both trypsins 5 and 6 in the Anopheles genome very much resembles that 

of another trypsm found in Aedes aegypti 5gl, whose function and role have not yet been 

determined. In contrast to Aedes aegypti, were no trypsin protein is detected prior to a 

blood meal, the ^mM)gen form of AnTryp4 (An. gambiae Trypsin 4) can be detected in 

unfed midgets (Table 1.2). Information on both early and late trypsin from Culex 

(Borovsky et. ai) is restricted to the publication of their respective sequences in the 

Genbank database (Table 1.2). 

More than 2 kb late trypsin DNA was sequenced for each species, and the 

organization of the clones determined. We have also isolated over 30 early trypsin clones 

from all h'braries. These clones have not yet been sequenced and are to be pursued at a 

later date. For the remainder of this study we will be focusing our attention on the late 

trypsin gene. 

Analysis of the genomic clones containmg the Aedes late trypsins revealed the 

presence of multiple transposable elements. Furthermore, we have also found a second 

serine protease immediately upstream of the late trypsin gene from Aedes epoetins. 

Sequence analysis of this new protease and late trypsin suggest they are distantly related 

and that it possibly arose from a early gene duplication event. 

Comparative sequence analysis shows that most amino acid substitutions are 

synonymous based on physico-chemical properties. The position of the conserved 

cysteine and catalytic residues amongst trypsm-like ser^ proteases is observed in ail 

mosquito late trypsin clones, which supports their mportance in the overall structure of 

the active enzyme. Vertebrate trypsin sequences usualty contain more than three cysteine 
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pairs. The presence of only three pairs in all Aedes late trypsins is a typical feature of 

invertebrate trypsin sequences. 

The most prominent distinction found in these late trypsins is the odd specificity 

pocket which is highly conserved ui trypsin-like en^mes. As already noted for Ae. 

aegypti late trypsin (Barrillas, et. al., 1991), the determinants of enzyme specificity found 

in loop I of all trypsins, most notably the Asp residue that provides a negative charge at 

the bottom of the pocket, are unique to these late trypsins. The mosquito trypsins 

distinguish themselves by the presence of a Glu residue which is located at position 188 

instead of 189, based on the chymotrypsin numbering system. Furthermore, a conserved 

sequence motif Lys, Glu, Ser and Pro (KESP) is found in all late trypsin sequences. 

Therefore, we hypothesize these represent a unique molecular signature found only in 

late trypsin fiom mosquitoes of the Tribe Aedini. 

The existence of different trypsin &milies in mosquitoes could possibly be 

derived from different genetic loci, which separated before branching of the mosquito 

sub&milies. Much complexity and distinction is found in the composition and source of 

the protein meaL Adaptation to blood feeding by mosquitoes should have led to the 

evolution of distinct molecules and pathways to deal with the diverse composition of the 

blood from the preferred vertebrate host Therefore, mosquitoes adapted to feeding on 

bffds, reptiles or humans should display lower fitness when ofiered blood from a non-

preferred host The unique features observed m the late trypsin sequences fiirther 

supports the idea that the blood-feedmg habit was acquired many times during evolution 

ofCulicidae. 



Species Disease Trypsin Reference 

Family Culicidae 
SubFamily Anophelinae 

Genus Anopheles 
Subgenera Cellia 

Anopheles gambiae Malaria Seven trypsins 
AgTrypl'7 

Muller et. 
al., 1993 

SubFamily Culicinae 
Tribe Aedini 

Genus Aedes 
Subgenera Ochlerotatus 

Aedes epactius Unknown Early fragment 
and Late 
Trypsin 

This report 

Subgenera Protomacleaya 
Aedes triseriaius LaCrosse and 

California 
Encephalitis 
Serogroup 

Late Trypsin This report 

Subgenera Stegomyia 
Aedes aegypti Yellow Fever Early and Late Barrillas-

Dengue Trypsin Mury et. 
Avian Malaria al., 1991; 
Filaria Kalhok et 

ah, 1993 
Aedes albopictus Chikungunya, 

Dengue, 
Encephalitis 

Early fragment 
and Late 
Trypsin 

This report 

Aedes polynesiensis Ross River & 
Dengue virus, 
and Filaria 

Late 
Trypsin 

This report 

Genus Armigeres 
Subgenera Armigeres 

Armigeres subalbatus FOaria Late Trypsin 
(fragment) 

This report 

Tribe Culicini 
Genus Culex 

Subgenera Culex 
Culex pipiens Encephalitis Early and Late GenBank# 
quinquefasciatus and Filaria Trypsin U65411, 

U65412 

Table 1.1 Mosquito classification, medical inqwrtance and trypsin distribution. 



species/form LARVAE Pupae MALE oto3d9 0TO8H BF9 8T0 30HBF9 30T0 72HBF9 I 
Ae. aegypti 

Early Trypsin 
ND ND ND mRNA Protein ND mRNA 1 

Ae. aegypti 
Late Trypsin 

ND ND ND ND mRNA mRNA/Protcin Protein | 

C. quinquefasciatus 
Early Trypsin (PCR) 

ND ? ? 
mRNA 

? ? ? 1 

C. quinquefasciatus 
Late Trypsin (PCR) 

ND ? 7 ? ? mRNA 

An. gambiae 
Trypsin 1 

ND (mRNA/ 
Protein) Low 

ND (mRNA/ 
Protein) Low 

(mRNA/ 
Protein) 

(mRNA/ 
Protein) High 

mRNA Low 

An, gambiae 
Trypsin 2 

ND ND ND ND ND (mRNA/ Protein) 
High 

ND 1 

An. gambiae 
Trypsin 3 

ND ND ND mRNA ND 20H mRNA mRNA 1 

An. gambiae 
Trypsin 4 

ND ND ND (mRNA/ 
Protein Low) 

mRNA Low 20H mRNA (mRNA/ 1 
Protein) J 

An. gambiae 
Trypsin 5 

ND ND ND mRNA ND 20H mRNA mRNA 1 

An. gambiae 
Trypsin 6 

ND ND ND mRNA ND 20H mRNA mRNA 1 

An. gambiae 
Trypsin 7 

ND ND ND mRNA ND 20H mRNA mRNA 1 

Table 1.2 Digestive trypsins found in mosquitoes and their expression. 

H == hours; D = days; BF = blood-fed; ND = Not Detectable. 
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Figure 1.1; Relative mRNA levels quantified by phosphoimager analysis of northern 

blots for both earfy (A) and late (B) trypsm from different Aedes species. 
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Table 1.3 Western blot densitometry for both early and late trypsin from two Aedes 

mosquitoes. Results are represented as a percent density for the time point measured from 

all time points used for the species/form being anafysed. H = hours. 

species/form UNFED 2.5 H Blood fed 24 H Blood fed 

Ae. epactius 
Earty Trypsin 

0% 84% 16% 

Ae. epactius 
Late Trypsin 

0% 12% 88% 

Ae. albopictus 
Late Trypsin 

0% 0% 100 % 



2 +- 3 i 3 
•k'k'kieir-^itit-^r'k "k^-kir-kitirir -A ir it • •^r -A "k it -k m ir 

Am. mmgypti ET 
Am. «2i>0)pictu« ET 
Am. apmctiua ET 

181 ALVNVVPVTEQMICAGYAAGGKDSCQGDSGGPLVSGDKLVGVVSWGKGCALPNLPGVYAR 240 
1 CQGDSGGPLVADGKLIGVVSWGKGCALPKLPGVYAR 36 
1 CQGDSGGPLVDENTLVGVVSWGYGCAVPGYPGVYSR 36 

Am. mmgypti ET 241 VSTVRQWIREVSEV 254 
Am. mlhapiatua ET 37 VSAAREWIREVAQV 50 
A*, mpmatiua ET 37 VAAVRDWVKNVSGV 50 

Figure 1.2: Multiple sequence alignment of early trypsin 3'RACE products from different Aedes sjiecies. Numbers above 
alignment represent conserved cysteine residues; 4- catalytic Serine; * identical residues; and, : conserved residues. 
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> Aedes aegypti late trypsin 

1 ATG TTC ACT TCA ACQ GTG GTT TTC GCA TCT CTG ATG GCT TTG GCT 45 
1 Met Phe Thr Ser Thr Val Val Phe Ala Ser Leu Met Ala Leu Ala 15 

46 TCG GCC TTC CCA TCG TTG GAC AAC GGT CGG GTA GTA AAC GGA CAA 90 
15 Ser Ala Phe Pro Ser Leu Asp Asn Gly Arg Val Val Asn Gly Gin 30 

91 ACG GCT ACC CTC GGT CAG TTC CCA TTC CAA GTT CTC TTG AAA GTT 135 
31 Thr Ala Thr Leu Gly Gin Phe Pro Phe Gin Val Leu Leu Lys Val 45 

136 GAA CTC TCT CAG GGA CGT GCC TTG TGT GGC GGA AGC TTG CTG AGT 180 
46 Glu Leu Ser Gin Gly Arg Ala Leu Cys Gly Gly Ser Leu Leu Ser 60 

181 GAC CAA TGG GTC CTC ACG GCT GGA CAC TGC ACA GAT GGA GCC AAA 225 
61 Asp Gin Trp Val Leu Thr Ala Gly His Cys Thr Asp Gly Ala Lys 75 

226 TCA TTC GAA GTC ACT CTC GGG GCT GTT GAT TTC GAG GAC ACA ACT 270 
76 Ser Phe Glu Val Thr Leu Gly Ala Val Asp Phe Glu Asp Thr Thr 90 

271 AAT GAT GGA CGT GTT GTA CTG ACC GCA ACG GAA TAC CAC CGC CAC 315 
91 Asn Asp Gly Arg Val Val Leu Thr Ala Thr Glu Tyr His Arg His 105 

316 GAG AAG TAC AAC CCA CTG TTC GCT ACG AAT GAT GTG GCC GTT GTC 360 
106 Glu Lys Tyr Asn Pro Leu Phe Ala Thr Asn Asp Val Ala Val Val 120 

361 AAA CTA CCA ACT CCG GTA GAA TTC AAC GAC CGA GTC CAA CCG GTA 405 
121 Lys Leu Pro Thr Pro Val Glu Phe Asn Asp Arg Val Gin Pro Val 135 

406 AAA CTG CCC ACC GGA AGT GAT ACC TTT ACC GAC CGC GAG GTA GTC 450 
136 Lys Leu Pro Thr Gly Ser Asp Thr Phe Thr Asp Arg Glu Val Val 150 

451 GTC AGT GGC TGG GGA CTG CAG AAG AAC GGA GGA AAC GTA GCG GAC 495 
151 Val Ser Gly Trp Gly Leu Gin Lys Asn Gly Gly Asn Val Ala Asp 165 

496 AAG TTG CAG TAC GCT CCC CTG ACG GTG ATC AGT AAC AAC GAA TGC 540 
166 Lys Leu Gin Tyr Ala Pro Leu Thr Val lie Ser Asn Asn Glu Cys 180 

541 TCG AAG GCC TAC AGC CCG TTG GTG ATC AAG AAG TCC ACT CTG TGC 585 
181 Ser Lys Ala Tyr Ser Pro Leu Val lie Lys Lys Ser Thr Leu Cys 195 

586 GCC AAG GGT GAA CAC AAG GAA TCG CCG TGC CAA GGA GAT TCC GGT 630 
196 Ala Lys Gly Glu His Lys Glu Ser Pro Cys Gin Gly Asp Ser Gly 210 

631 GGC CCA TTG GTT TTG GAA GGC GAG AAC GTT CAG GTG GGA GTG GTC 675 
211 Gly Pro Leu Val Leu Glu Gly Glu Asn Val Gin Val Gly Val Val 225 

676 AGC TTC GGC CAT GCT GTC GGA TGC GAG CAG GGA TAC CCG GGA GCA 720 
226 Ser Phe Gly His Ala Val Gly Cys Glu Gin Gly Tyr Pro Gly Ala 240 

721 TTC GCT CGG CTG ACG TCC TTC GTC GAT TGG ATC AAG CAG AAG ACT 765 
241 Phe Ala Arg Leu Thr Ser Phe Val Asp Trp lie Lys Gin Lys Thr 255 

766 GGA CTG 771 
256 Gly Leu 

Figure 1.3: Aedes late trypsin protein aiid sequence mfonnation. 
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> Aedes alhopictus late trypsin 

1 ATG TTC GTT CAG ACA GTA CTC 
1 Met Phe Val Gin Thr Val Leu 

46 GCG GCC TTC CCA TCA CTG GAC 
16 Ala Ala Phe Pro Ser Leu Asp 

91 CCG GCC GCT CTC GGT CAA TTT 
31 Pro Ala Ala Leu Gly Gin Phe 

136 GAA CTG CCC CAA GGT CGT GCC 
46 Glu Leu Pro Gin Gly Arg Ala 

181 GAC CAG TGG GTT CTA ACT GCC 
61 Asp Gin Trp Val Leu Thr Ala 

226 TCT TTC GAG GTT ACT CTG GGT 
76 Ser Phe Glu Val Thr Leu Gly 

271 AAT GAC GGT CGT GTT GTG CTG 
91 Asn Asp Gly Arg Val Val Leu 

316 GAG AAG TAC AAC CCA CTG TTT 
106 Glu Lys Tyr Asn Pro Leu Phe 

361 AAG CTG CCC AAA CCG GTG GAA 
121 Lys Leu Pro Lys Pro Val Glu 

406 AAA TTG CCT TCG GGA AGC GAC 
136 Lys Leu Pro Ser Gly Ser Asp 

451 GTC AGC GGC TGG GGA CTA CAG 
151 Val Ser Gly Trp Gly Leu Gin 

496 AAG TCG CAG TAC GCC CCG TTG 
166 Lys Ser Gin Tyr Ala Pro Leu 

541 TCG AAG ACA TAC AGC CCG TTG 
181 Ser Lys Thr Tyr Ser Pro Leu 

586 GCT AAG GGA GAA CAC AAG GAA 
196 Ala Lys Gly Glu His Lys Glu 

631 GGT CCA CTG GTT TTG GAA GGC 
211 Gly Pro Leu Val Leu Glu Gly 

676 AGC TTC GGG CAT GGT GTC GGA 
226 Ser Phe Gly His Gly Val Gly 

721 TTT GCT CGG CTG ACG TCC TTT 
241 Phe Ala Arg Leu Thr Ser Phe 

766 GGC CTG 771 
25 6 Gly Leu 

Figure 1.3: Continued. 

TTC 
Phe 

GCA 
Ala 

TCG CTG 
Ser Leu 

ATA 
He 

GCA 
Ala 

TTG GCT 
Leu Ala 

45 
15 

CAA GGT 
Gin Gly 

CGA GTG 
Arg Val 

GTC 
Val 

AAC 
Asn 

GGA CAA 
Gly Gin 

90 
30 

CCG 
Pro 

TTC 
Phe 

CAA GTT 
Gin Val 

CTG 
Leu 

TTG 
Leu 

AAG GTC 
Lys Val 

135 
45 

CTA TGT 
Leu Cys 

GGT GGT 
Gly Gly 

AGC 
Ser 

TTG 
Leu 

CTA AGT 
Leu Ser 

180 
60 

GGT CAC 
Giy His 

TGT ACG 
Cys Thr 

GAT 
Asp 

GGA 
Gly 

GCT AAG 
Ala Lys 

225 
75 

GCC 
Ala 

GTT 
Val 

GAT TTC 
Asp Phe 

GAA 
Glu 

GAC 
Asp 

CTG ACT 
Leu Thr 

270 
90 

ACC 
Thr 

GCG 
Ala 

ACC GAA 
Thr Glu 

TAC 
Tyr 

TAT 
Tyr 

CGC CAC 
Arg His 

315 
105 

GCC 
Ala 

ACG 
Thr 

AAC GAC 
Asn Asp 

GTG 
Val 

GCC 
Ala 

GTT GTC 
Val Val 

360 
120 

TTC 
Phe 

AAC 
Asn 

GAT CGT 
Asp Arg 

GTC 
Val 

CAA 
Gin 

CCG GTG 
Pro Val 

405 
135 

ACC 
Thr 

TTC 
Phe 

ACC GAT 
Thr Asp 

CGC 
Arg 

AAG 
Lys 

GTT GTC 
Val Val 

450 
150 

AAG AAC 
Lys Asn 

GGA GGC 
Giy Gly 

AAC 
Asn 

GTA 
Val 

GCC GAT 
Ala Asp 

495 
165 

ACG 
Thr 
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Val 

ATC AGC 
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Asn 

AAC 
Asn 

GAA TGC 
Glu Cys 

540 
180 
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ACT 
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CTG TGC 
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585 
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TCG 
Ser 
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TGC AAC 
Cys Asn 

GGA 
Gly 

GAC 
Asp 

TCC GGT 
Ser Gly 

630 
210 

GAA 
Glu 

AAC 
Asn 

GTT CAG 
Val Gin 

GTG 
Val 

GGA 
Gly 

GTG GTT 
Val Val 

675 
225 

TGC GAG 
Cys Glu 

CAG GGC 
Gin Gly 

TAC 
Tyr 

CCA 
Pro 

GGA GCG 
Gly Ala 

720 
240 

GTA GAT 
Val Asp 

TGG GTC 
Trp Val 

AAG 
Lys 

CAA 
Gin 

AAG ACT 
Lys Thr 

765 
255 
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> Aedes epactius late trypsin 

L ATG TTT GCA TCA ACG GTG ATA ATC GCA TCC TTC GTG GCC TTG AGC 45 
1 Met Phe Ala Ser Thr Val lie lie Ala Ser Phe Val Ala Leu Ser 15 

46 GCT GCT TAT CCA TCG ATT GAC CAA GGT CGG GTC GTC AAT GGA CAA 90 
16 Ala Ala Tyr Pro Ser lie Asp Gin Gly Arg Val Val Asn Gly Gin 30 

91 ACG GCG ACT TTA GGG CAG TTC CCG TAC CAA GTT TTG CTT CGA ATT 135 
31 Thr Ala Thr Leu Gly Gin Phe Pro Tyr Gin Val Leu Leu Arg lie 45 

136 CAG TTT GCC GAG GGA AAG GCC TTG TGC GGT GGC AGC TTA TTG AGC 180 
46 Gin Phe Ala Glu Gly Lys Ala Leu Cys Gly Gly Ser Leu Leu Ser 60 

181 AAC CAA TGG GTG TTG ACT GCC GGT CAT TGC ACG GAT GGA GCT AAA 225 
61 Asn Gin Trp Val Leu Thr Ala Gly His Cys Thr Asp Gly Ala Lys 75 

226 TCA TTT GAG GTG ACT CTG GGA GCG GTG GAT TTC AAC AGT GAA ACA 270 
76 Ser Phe Glu Val Thr Leu Gly Ala Val Asp Phe Asn Ser Glu Thr 90 

271 GAC GAT GGC CGT GTG GTT TTG ACA GCA ACA GAA TAC TAT CGC CAC 315 
91 Asp Asp Gly Arg Val Val Leu Thr Ala Thr Glu Tyr Tyr Arg His 105 

316 GAG AAG TAC AAT CCA CTT TTC GCC ACA AAT GAC GTA GCT GTT GTC 360 
106 Glu Lys Tyr Asn Pro Leu Phe Ala Thr Asn Asp Val Ala Val Val 120 

361 AAG CTA CCA CAA CCG GTG GAG TTC AAC GAT AGA GTT CAC CCA GTG 405 
121 Lys Leu Pro Gin Pro Val Glu Phe Asn Asp Arg Val His Pro Val 135 

406 GAG CTT CCA TCG GGA CCC GAC AGT TAT GCT AAC CAG GAA GTG GTA 450 
136 Glu Leu Pro Ser Gly Pro Asp Ser Tyr Ala Asn Gin Glu Val Val 150 

451 GTC AGC GGA TGG GGT CTT CAG AAG AAC GGA GGA AAC GTT GCC GAC 495 
151 Val Ser Gly Trp Gly Leu Gin Lys Asn Gly Gly Asn Val Ala Asp 165 

496 AAG CTG CAG TAT GCT CCA CTG ACG GTT ATT ACT AAC GAC GAG TGT 540 
166 Lys Leu Gin Tyr Ala Pro Leu Thr Val lie Thr Asn Asp Glu Cys 180 

541 TCG CAG ACC TAC AGT CCC TTG GTG ATC AAG AAA ACG ACC CTC TGT 585 
181 Ser Gin Thr Tyr Ser Pro Leu Val lie Lys Lys Thr Thr Leu Cys 195 

586 GCC AAG GGA GGC AAC AAG GAG TCA CCC TGC AAT GGA GAT TCG GGC 630 
196 Ala Lys Gly Gly Asn Lys Glu Ser Pro Cys Asn Gly Asp Ser Gly 210 

631 GGC CCG CTG GTG TTG GAG GGC AGC AAG GTG CAG GTC GGT GTA GTC 675 
211 Gly Pro Leu Val Leu Glu Gly Ser Lys Val Gin Val Gly Val Val 225 

676 AGC TTC GGT CAT GCG GCC GGA TGC GAG CTT GGC TAC CCA GGA GCA 720 
226 Ser Phe Gly His Ala Ala Gly Cys Glu Leu Gly Tyr Pro Gly Ala 240 

721 TTT GCC CGG GTC ACA TCG TTC GTT GAC TGG GTC AAG AAA AAG ACT 765 
241 Phe Ala Arg Val Thr Ser Phe Val Asp Trp Val Lys Lys Lys Thr 255 

766 GGA TTG 771 
256 Gly Leu 

Figure 1.3: Contmued. 
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> Aedes epactius late trypsin-like 2 

1 ATG ATT GCG TCA ATA GTA ATC ATC AGT TCC CTG GTA GCA CTG TCT 45 
1 Met lie Ala Ser lie Val lie lie Ser Ser Leu Val Ala Leu Ser 15 

46 GCA ACG TTT CCG TCG GCA GAT ATA GCC CGC ATA GTT AAC GGT CAA 90 
16 Ala Thr Phe Pro Ser Ala Asp lie Ala Arg lie Val Asn Gly Gin 30 

91 ACC GCT GCC GTG GGC CAG TTT CCG TAT CAA GCA TTA CTT AAG ATA 135 
31 Thr Ala Ala Val Gly Gin Phe Pro Tyr Gin Ala Leu Leu Lys lie 45 

136 CAG CTT CCG CAG GGT CGG GCG CTG TGT GGC GGA AGT TTG ATC AAT 180 
46 Gin Leu Pro Gin Gly Arg Ala Leu Cys Gly Gly Ser Leu lie Asn 60 

181 GCC CAA TGG GTT CTG ACC GCC GGA CAT TGT ACA CAG GGT GCT ACG 225 
61 Ala Gin Trp Val Leu Thr Ala Gly His Cys Thr Gin Gly Ala Thr 75 

226 TCA TTT GAA ATA ACG CTC GGT GCA GTA GAT ATG GAA CAG CAA TCG 270 
76 Ser Phe Glu lie Thr Leu Gly Ala Val Asp Met Glu Gin Gin Ser 90 

271 GAG GAT GGC CGC GTA GTT CTG GTT GCC AGT GAG TTC TAC AGG CAC 315 
91 Glu Asp Gly Arg Val Val Leu Val Ala Ser Glu Phe Tyr Arg His 105 

316 GAG AAG TAC AAT CCC CTG TTC GCG TCG AAC GAT GTT GCC GTG GTT 360 
106 Glu Lys Tyr Asn Pro Leu Phe Ala Ser Asn Asp Val Ala Val Val 120 

361 AAA CTA CCG AAT CCG GTA CAG TTC AAC GAA CGC ATT CAA CCA ATT 405 
121 Lys Leu Pro Asn Pro Val Gin Phe Asn Glu Arg lie Gin Pro lie 135 

406 CAA CCA ACC GGA AGT GAC AGC TAT GCC GAT CGT ACG GTT GTG 450 
136 Gin XXX Pro Thr Gly Ser Asp Ser Tyr Ala Asp Arg Thr Val Val 150 

451 GTT AGT GGG TGG GGC CTG CAG AAA AGT GGA GGA AAT GTC GCA CCA 495 
151 Val Ser Gly Trp Gly Leu Gin Lys Ser Gly Gly Asn Val Ala Pro 165 

496 AAG CTG CAA TTT GCA CCG CTC AAA GTT ATC ACC AAC AGC AAG TGT 540 
166 Lys Leu Gin Phe Ala Pro Leu Lys Val lie Thr Asn Ser Lys Cys 180 

541 ATG AAA ACG TAC AAT CCT CTG GTC ATC AAG AAA ACC ACG ATC TGC 585 
181 Met Lys Thr Tyr Asn Pro Leu Val lie Lys Lys Thr Thr lie Cys 195 

586 GCC CAA GGA GGT GAA AAG CAA TCG CCT TGC AAC GGA GAT TCC GGA 630 
196 Ala Gin Gly Gly Glu Lys Gin Ser Pro Cys Asn Gly Asp Ser Gly 210 

631 GGA CCA TTG GTA CTG GAG GGC AGC AAC GTT CAG GTC GGA GTG GTG 675 
211 Gly Pro Leu Val Leu Glu Gly Ser Asn Val Gin Val Gly Val Val 225 

676 AGC TTC GGC CAT GCG AGC GGA TGC GAC CGA GGA CTT CCG GGG GCG 720 
226 Ser Phe Gly His Ala Ser Gly Cys Asp Arg Gly Leu Pro Gly Ala 240 

721 TTC GCT CGG CTG ACC TCC TTC TCC GAC TGG ATC AAG CAG AAG ACC 765 
241 Phe Ala Arg Leu Thr Ser Phe Ser Asp Trp lie Lys Gin Lys Thr 255 

766 GGA ATG 771 
256 Gly Met 

Figure 1.3: Continued. 
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> Aedes polynesiensis late trypsin 

1 ATG TTC ACC TCA ACG GTA GTC TTC GCG TCT CTG ATG GCA TTG GCT 45 
1 Met Phe Thr Ser Thr Val Val Phe Ala Ser Leu Met Ala Leu Ala 15 

46 GCG GCC TTC CCG TCC TTG GAC GAA GGT CGA GTT GTC AAC GGA CAA 90 
16 Ala Ala Phe Pro Ser Leu Asp Glu Gly Arg Val Val Asn Gly Gin 30 

91 GCG GCT ACT CTC GGT CAA TTT CCG TTC CAA GTG CTG TTG AAG GTC 135 
31 Ala Ala Thr Leu Gly Gin Phe Pro Phe Gin Val Leu Leu Lys Val 45 

136 GAA ACA CAT CAG GGA CGT GCC CTC TGC GGT GGT AGC CTG CTG AGT 180 
46 Glu Thr His Gin Gly Arg Ala Leu Cys Gly Gly Ser Leu Leu Ser 60 

181 GAT CAG TGG GTC CTG ACT GCC GGT CAC TGC ACA GAA GGA GCC ACA 225 
61 Asp Gin Trp Val Leu Thr Ala Gly His Cys Thr Glu Gly Ala Thr 75 

226 TCG TTC GAA GTT ACT CTG GGA GCC GTT GAT TTC GAG GAC CTA AGC 270 
76 Ser Phe Glu Val Thr Leu Gly Ala Val Asp Phe Glu Asp Leu Ser 90 

271 AAT GAC GGT CGG GTT GTG CTG ACC GCA ACT GAG CAC TAT CGG CAC 315 
91 Asn Asp Gly Arg Val Val Leu Thr Ala Thr Glu His Tyr Arg His 105 

316 GAG AAG TAC AAC CCA ATG TTT GCC ACG AAC GAT GTG GCC GTT GTC 360 
106 Glu Lys Tyr Asn Pro Met Phe Ala Thr Asn Asp Val Ala Val Val 120 

361 AAG CTG CCC AAA CCA GTA GAA TTA AAC GAT CGT GTG CAA CCG GTG 405 
121 Lys Leu Fro Lys Pro Val Glu Leu Asn Asp Arg Val Gin Pro Val 135 

406 AAA TTG CCC TCG GGA AGT GAC AAC TTC ACC GAT CGC AAG GTT GTC 450 
136 Lys Leu Pro Ser Gly Ser Asp Asn Phe Thr Asp Arg Lys Val Val 150 

451 GTC AGC GGC TGG GGA CTG CAG AAG AAC GGA GGA AGC GTA GCC GAT 495 
151 Val Ser Gly Trp Gly Leu Gin Lys Asn Gly Gly Ser Val Ala Asp 165 

496 AAG TTG CAG TAC GCT CCA CTG ACG GTG ATC AGC AAC AAC GAA TGC 540 
166 Lys Leu Gin Tyr Ala Pro Leu Thr Val lie Ser Asn Asn Glu Cys 180 

541 TCG AAG ACT TAC AGC CCG TTG GTG ATC AAG AAG ACC ACT CTG TGC 585 
181 Ser Lys Thr Tyr Ser Pro Leu Val lie Lys Lys Thr Thr Leu Cys 195 

586 GCC AAG GGA GAA CAC AAG GAA TCG CCC TGC AAT GGA GAC TCC GGC 630 
196 Ala Lys Gly Glu His Lys Glu Ser Pro Cys Asn Gly Asp Ser Gly 210 

631 GGC CCA CTG GTT TTG GAA GGT GAA AAT GTT CAG GTG GGA GTG GTT 675 
211 Gly Pro Leu Val Leu Glu Gly Glu Asn Val Gin Val Gly Val Val 225 

676 AGC TTT GGC CAT GCC GTT GGA TGC GAG CAG GGA TAT CCG GGT GCG 720 
226 Ser Phe Gly His Ala Val Gly Cys Glu Gin Gly Tyr Pro Gly Ala 240 

721 TTC GCT CGG CTG ACG TCC TTC GTC GAT TGG ATC AAG CAG AAG ACT 765 
241 Phe Ala Arg Leu Thr Ser Phe Val Asp Trp lie Lys Gin Lys Thr 255 

766 GGC CTG 771 
256 Gly Leu 

Figure 1.3: Contmued. 
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> Aedes triseriatus late trypsin 

1 ATG TTC GCT CCA ACQ GTA GTA ATT ACA TCT CTG GTG GCT TTG GCC 45 
1 Met Phe Ala Pro Thr Val Val lie Thr Ser Leu Val Ala Leu Ala 15 

45 GCT GCT TTT CCA TCG GCT GAC CAA GAC CGA GTC GTG AAC GGT CAA 90 
16 Ala Ala Phe Pro Ser Ala Asp Gin Asp Arg Val Val Asn Gly Gin 30 

91 ACT GCA ACC TTG GGT CAG TTT CCG TAC CAA GTT TTA CTT CGG GTC 135 
31 Thr Ala Thr Leu Gly Gin Phe Pro Tyr Gin Val Leu Leu Arg Val 45 

136 CAG CTT CCC CAG TAT CAG GCC CTG TGT GGT GGT AGT TTG TTG AGT 180 
46 Gin Leu Pro Gin Tyr Gin Ala Leu Cys Gly Gly Ser Leu Leu Ser 60 

181 GAT CAG TGG GTC TTA ACA GCC GGT CAT TGT ACG GAT GGG GCC ACC 225 
61 Asp Gin Trp Val Leu Thr Ala Gly His Cys Thr Asp Gly Ala Thr 75 

226 TCG TTC GAG GTT ACT CTA GGA GCG GTT GAC TTC GAT AGT CAA ACG 270 
76 Ser Phe Glu Val Thr Leu Gly Ala Val Asp Phe Asp Ser Gin Thr 90 

271 GAC GAT GGC CGC GTG GTG TTG ACT GCA ACG GAA TAC TAC CGC CAC 315 
91 Asp Asp Gly Arg Val Val Leu Thr Ala Thr Glu Tyr Tyr Arg His 105 

316 GAG AAG TAC GAT CCT ACG TTT GCT ACT AAC GAT GTG GCC GTA GTT 360 
106 Glu Lys Tyr Asp Pro Thr Phe Ala Thr Asn Asp Val Ala Val Val 120 

361 AAA CTA CCA AAA CCA GTG GAG TTC AAC GAT CGG GTT CAA CCT GTG 405 
121 Lys Leu Pro Lys Pro Val Glu Phe Asn Asp Arg Val Gin Pro Val 135 

406 GAA CTT CCA ACC GGT AGC GAT AAC TAC GCT GAT CGT AAG GTC GTC 450 
136 Glu Leu Pro Thr Gly Ser Asp Asn Tyr Ala Asp Arg Lys Val Val 150 

451 GTC AGC GGT TGG GGA CTT CAG AAG GAC GGA GGA AAG GTT GCC GAC 495 
151 Val Ser Gly Trp Gly Leu Gin Lys Asp Gly Gly Lys Val Ala Asp 165 

496 AAA CTG CAG TAC GCA CCG TTG ACG GTG ATT ACC AAT AAC GAG TGT 540 
166 Lys Leu Gin Tyr Ala Pro Leu Thr Val lie Thr Asn Asn Glu Cys 180 

541 TCG AAA ACC TAC AGC CCG TTG GTG GTC AAG AAG ACA ACG CTC TGT 585 
181 Ser Lys Thr Tyr Ser Pro Leu Val Val Lys Lys Thr Thr Leu Cys 195 

586 GCA AAG GGA GAT CAC AAG GAG TCG CCT TGC AAT GGA GAT TCC GGC 630 
196 Ala Lys Gly Asp His Lys Glu Ser Pro Cys Asn Gly Asp Ser Gly 210 

631 GGT CCA TTG GTG TTG GAG GGC AGC AGA GTT CAG GTG GGC GTG GTT 675 
211 Gly Pro Leu Val Leu Glu Gly Ser Arg Val Gin Val Gly Val Val 225 

676 AGC TTC GGA CAT GCA AGC GGA TGC GAG CTT GGT TAT CCG GGT GCC 720 
226 Ser Phe Gly His Ala Ser Gly Cys Glu Leu Gly Tyr Pro Gly Ala 240 

721 TTT GCT CGG GTA ACG TCT TTC GTA GAT TGG GTC AAG AAG AAG ACT 765 
241 Phe Ala Arg Val Thr Ser Phe Val Asp Trp Val Lys Lys Lys Thr 255 

766 GGA CTG 771 
256 Gly Leu 

Figure 1.3: Contmued. 



Am. mpmctiua LT 1 

Am. triamrxmtua LT 1 

Am. amgyptl LT 1 

A*, polynmaxmnaxa I<T 1 
Am. altoaplctua LT 1 

JUr. aubalbatua LT-PCR 
Am. •pactlua LT-2 1 

K 1 
.*#*****:. 

MFASTVIIASFVALSAAYPSIDOGRVVNGOTATLGOFPYOVLLRIOFAEGKALCGGSLLS 60 

MFAPTVVITSLVALAAAFPSADQDRyVNGQTATLGQFPYQVLLRVQLPQYQALCGGSLLS 60 

MFTSTVVFASLMALASAFPSLDNGRVVNGQTATLGOFPFOVLLKVELSQGRALCGGSLLS 60 

MFTSTVVFASLMALAAAFPSLDEGRyVNGQAATLGQFPFQVLLKVETHQGRALCGGSLLS 60 
MFVOTVLFASLIALAAAFPSLDOGRVVNGOPAALGOFPFOVLLKVELPOGRALCGGSLLS 60 

MIASIVIISSLVALSATFPSADIARIVNGQTAAVGQFPYQALLKIQLPQGRALCGGSLIN 60 

Am. mpaatiua LT 
Am. trlamriatua LT 
A*. amgyptl LT 
A*. polynma±mna±a LT 
Am. albopiatua LT 
Ax. aubaXbatus LT-PCR 
Aa. mpaatiua LT-2 

4-1 
*******#** • ****** ;**,***;******• , •******_*;*^•*****;* **; 

61 NQWVLTAGHCTDGAKSFEVTLGAVDFNSETDDGRVVLTATEYYRHEKYNPLFATNDVAVV 120 

61 DQWVLTAGHCTDGATSFEVTLGAVDFDSQTDDGRVVLTATEYYRHEKYDPTFATNDVAVV 120 

61 DQWVLTAGHCTDGAKSFEVTLGAVDFEDTTNDGRVVLTATEYHRHEKYNPLFATNDVAVV 120 

61 DQWVLTAGHCTEGATSFEVTLGAVDFEDLSNDGRVVLTATEHYRHEKYNPMFATNDVAVV 120 

61 DQWVLTAGHCTDGAKSFEVTLGAVDFEDLTNDGRVVLTATEYYRHEKYNPLFATNDVAVV 120 

61 AQWVLTAGHCTQGATSFEITLGAVDMEQQSEDGRVVLVASEFYRHEKYNPLFASNDVAVV 120 

Figure 1.4: Multiple sequence alignment of the different Aedes late trypsins. Cysteines are numbered in pairs from 1 to 3 and 
catalytic site residues are displayed with an arrow. Also shown are the positive/negative charge found in the specificity pocket 
which is itself highlighted by residues in bold and underlined. The putative site for cleavage and activation of the mature 
protein is double underlined and marked by a scissor at the top of the sequence. Numbers above alignment represent conserved 
cysteine residues; 4- catalytic triad residues; * identical residues; and, : conserved residues. 



2 
*** **•*****•*.**.** * 

A*. fl»pactlu« Vr 121 KLPQPVEFNDRVHPVELPSGPDSYANQEVVVSGWGLQKNGGNVADKLQYAPLTVITNDEC 180 
Am. tr±amr±*tua VT 121 KLPKPVEFNDRVQPVELPTGSDNYADRKVVVSGWGLQKDGGKVADKLQYAPLTVITNNEC 180 
Am. amgypti LT 121 KLPTPVEFNDRVQPVKLPTGSDTFTDREVVVSGWGLQKNGGNVADKLQYAPLTVISNNEC 180 
Am. polynmalmnala LT 121 KLPKPVELNDRVQPVKLPSGSDNFTDRKVVVSGWGLQKNGGSVADKLQYAPLTVISNNEC 180 
Am. albopictua LT 121 KLPKPVEFNDRVQPVKLPSGSDTFTDRKWVSGWGLQKNGGNVADKSQYAPLTVISNNEC 180 
Ar. auhalbatua LT-PCR 
Am. mpmctlua LT-2 121 KLPNPVQFNERIQPIQ-PTGSDSYADRTVVVSGWGLQKSGGNVAPKLQFAPLKVITNSKC 179 

2 *- 3 i 3 
^ 4k ^ ^ _**********. **; * *** 

Am. «!pactius LT 181 SQTYSPLVIKKTTLCAKGGNKBSPCNGDSGGPLVLEGSKVQVGVVSFGHAAGCELGYPGA 240 
Am. txiamriatua LT 181 SKTYSPLVVKKTTLCAKGDHKESPCNGDSGGPLVLEGSRVQVGVVSFGHASGCELGYPGA 24 0 
Am. amgypti LT 181 SKAYSPLVIKKSTLCAKGEHKESPCQGDSGGPLVLEGENVQVGVVSFGHAVGCEQGYPGA 240 
Am. polynmalmnala LT 181 SKTYSPLVIKKTTLCAKGEHKBSPCNGDSGGPLVLEGENVQVGVVSFGHAVGCEQGYPGA 240 
Am. alboplatua LT 181 SKTYSPLVIKKTTLCAKGEHKESPCNGDSGGPLVLEGENVQVGVVSFGHGVGCEQGYPGA 240 
Ar. aubalbmtua LT-PCR 1 GDSGGPLVLEGSNVQVGVVSFGHAVGCEQGLPGA 34 
Am. mpaatiua LT-2 180 MKTYNPLVIKKTTICAQGGEKQSPCNGDSGGPLVLEGSNVQVGVVSFGHASGCDRGLPGA 239 

A*, mpaatiua LT 241 
Am. triamjriatua LT 241 
A*. a«g})pti LT 241 
A«. polynmaimnaia LT 241 
A*, albopictua LT 241 
Ar. auballaatua LT-PCR 35 
Am. mpaatiua LT-2 24 0 

FARVTSFVDWVKKKTGL 257 
FARVTSFVDWVKKKTGL 257 
FARLTSFVDWIKQKTGL 257 
FARLTSFVDWIKQKTGL 257 
FARLTSFVDWVKQKTGL 257 
FARLTSFVDWVKQKTGL 51 
FARLTSFSDWIKQKTGM 256 

Figure 1.4: Continued. 



Table 1.4 Sequence identity (%) of five Aedes late trypsin genes and Ae epactius #2. 

' 1 2 3 4 5 T~ 

1 .  Amdma amgypti 

2. Amdms ai^ppictus 

3. Amdms cpactlus 

4. Amdma apactius #2 

5. Amdma polynmaimnaxa 

6. Amdma txiamzimtna 

9 2 . 2  8 0 . 9  7 1 . 9  9 1 . 8  8 2 . 8  

8 4 . 0  -  8 1 . 7  7 2 . 3  9 2 . 2  8 4 . 4  

7 4 . 3  7 3 . 2  -  7 2 . 7  7 9 . 7  8 5 . 6  

7 0 . 2  6 8 . 4  6 7 . 7  -  7 2 . 3  7 4 . 3  

8 5 . 6  8 8 . 1  7 2 . 2  6 9 . 0  -  8 3 . 6  

7 6 . 0  7 7 . 3  7 8 . 5  7 2 . 3  7 6 . 7  

Amino acid and nucleotide sequence identity are shown above and below the diagonal 
respectively. 



Table 1.5 Amino acid composition of the different Aedes late trypsins. 

1 

Amdma 
mmgyptl 

Amdma 
mlhoplctua 

Amdma 
mpmctlua 

Amdma 
^actlua §2 

Amdma 
polynmalmnaia 

Amdma 1 
fcrlsariatud | 

1 Ala 19 19 22 23 20 21 
Arg 7 7 6 8 7  8 
Aan 11 11 12 11 11 7 
Asp 13 13 12 9 12 18 
Cya 6 6 6 6 6  6 

1 
13 12 12 8 14 9 

1 12 13 12 18 11 13 

1 Gly 26 27 27 26 26 24 

1 5 4 4 3  6  4 
lie 3 3 6 15 3 2  
Leu 25 26 22 20 25 23 
Lya 14 16 14 13 15 15 
Met 2 1  1 4 3  1  
Phe 13 13 11 10 12 10 
Pro 12 14 13 14 12 14 
Ser 18 16 18 22 18 16 
Thr 20 16 17 14 18 21 
Trp 3 3 3  3  3 3 
Tyr 5 6 9  5  5  9 
Val 30 31 30 24 30 33 



Table 1.6 Codon usage of different Aedes late trypsins. 
1 Amdma Amdma Amdma Amdma Amdma Amdma | 

1 amgypti altoapictua apactius mpactiua 02 polynmaimnala trlamriatua | 

1 GCA 3 (16%) GCA 2 (22%) GCA 4 (18%) GCA 7 (30%) GCA 2 (10%) GCA 5 (24%) 

1 GCC 6 (32%) GCC 9 (25%) GCC 9 (41%) GCC 8 (35%) GCC 10 (50%) GCC 7 (33%) 
GCG 1 (5%) GCG 3 (34%) GCG 3 (14%) GCG 5 (22%) GCG 4 (20%) GCG 1 (5%) 
GCT 9 (47%) GCT 5 (19%) GCT 6 (27%) GCT 3 (13%) GCT 4 (20%) GCT 8 (38%) 

Arg AGA 0 (0%) AGA 0 (0%) AGA 1 (20%) AGA 0 (0%) AGA 0 (0%) AGA 1 (14%) Arg 
AGG 0 (0%) AGG 0 (0%) AGG 0 (0%) AGG 1 (13%) AGG 0 (0%) AGG 0 (0%) 
CGA 1 (14%) CGA 1 (14%) CGA 1 (20%) CGA 1 (13%) CGA 1 (14%) CGA 1 (14%) 
CGC 2 (29%) CGC 2 (29%) CGC 1 (20%) CGC 3 (28%) CGC 1 (14%) CGC 2 (29%) 
CGG 2 (29%) CGG 1 (14%) CGG 2 (40%) CGG 2 (25%) CGG 3 (43%) CGG 3 (43%) 
CGT 2 (29%) CGT 3 (43%) CGT 1 (20%) CGT 1 (13%) CGT 2 (29%) CGT 1 (14%) 

Aan AAC 9 (82%) AAC 10 (91%) AAC e (67%) AAC 6 (55%) AAC 8 (73%) AAC 5 (71%) 
AAT 2 (18%) AAT 1 (9%) AAT 4 (33%) AAT 5 (45%) AAT 3 (27%) AAT 2 (29%) 

Aap GAC 6 (46%) GAC 7 (54%) GAC 7 (58%) GAC 3 (33%) GAC 5 (42%) GAC 6 (33%) j Aap 
GAT 7 (54%) GAT 6 (46%) GAT 5 (42%) GAT 6 (67%) GAT 7 (58%) GAT 12 (67%) 

Cys TGC 5 (83%) TGC 4 (67%) TGC 4 (67%) TGC 3 (50%) TGC 6 (100%) TGC 2 (33%) 1 Cys 
TGT 1 (17%) TGT 2 (33%) TGT 2 (33%) TGT 3 (50%) TGT 0 (0%) TGT 4 (67%) 

Glu GAA 8 (62%) GAA 9 (75%) GAA 3 (25%) GAA 4 (50%) GAA 10 (71%) GAA 2 (22%) 
GAG 5 (38%) GAG 3 (25%) GAG 9 (75%) GAG 4 (50%) GAG 4 (29%) GAG 7 (78%) 

61n CAA 5 (42%) CAA 7 (54%) CAA 5 (42%) CAA 9 (50%) CAR. 4 (36%) CAA 5 (38%) 
GAG 7 (58%) CAG 6 (46%) CAG 7 (58%) CAG 9 (50%) CAG 7 (64%) CAG 8 (62%) 

Gly GGA 16 (62%) GGA 10 (37%) GGA 13 (48%) GGA 13 (50%) GGA 13 (50%) GGA 9 (38%) Gly 
GGC 5 (19%) GGC 5 (19%) GGC 7 (26%) GGC 6 (23%) GGC 5 (19%) GGC 4 (17%) 
GGG 1 (4%) GGG 1 (4%) GGG 1 (4%) GGG 2 (8%) GGG 0 (0%) GGG 1 (4%) 
GGT 4 (15%) GGT 11 (41%) GGT 6 (22%) GGT S (19%) GGT 8 (31%) GGT 10 (42%) 

His CAC 4 (80%) CAC 3 (75%) CAC 2 (50%) CAC 1 (33%) CAC 4 (67%) CAC 2 (50%) 
CAT 1 (20%) CAT 1 (25%) CAT 2 (50%) CAT 2 (67%) CAT 2 (33%) CAT 2 (50%) 

Iltt ATA 0 (0%) ATA 1 (33%) ATA 1 (17%) ATA 5 (33%) ATA 0 (0%) ATA 0 (0%) 
ATC 3 (100%) ATC 2 (67%) ATC 2 (33%) ATC 7 (47%) ATC 3 (100%) ATC 0 (0%) 
ATT 0 (0%) ATT 0 (0%) ATT 3 (50%) ATT 3 (20%) ATT 0 (0%) ATT 2 (100%) 



Tabic 1.6 (Continued) 
Amdma Amdma Amdma Amdma Amdma Amdma 1 

mmgypt± albopictua flpacfcius apactxus #2 polynmaimnaia trisariatus | 

Lau CTA 1 (4%) CTA 4 (18%) CTA 1 (5%) CTA 1 (5%) CTA 1 (4%) CTA 2 (10%) 
CTC 5 (21%) CTC 2 (9%) CTC 1 (5%) CTC 2 (8%) CTC 2 (8%) CTC 1 (5%) 
CTG 10 (42%) CTG 13 (59%) CTG 4 (19%) CTG 11 (46%) CTG 14 (58%) CTG 4 (19%) 
CTT 0 (0%) CTT 0 (0%) CTT 5 (24%) CTT 3 (13%) CTT 0 (0%) CTT 5 (24%) 
TTA 0 (0%) TTA 0 (0%) TTA 2 (10%) TTA 1 (4%) TTA 1 (4%) TTA 2 (10%) 
TTG 9 (38%) TTG 7 (32%) TTG 9 (43%) TTG 2 (8%) TTG 7 (29%) TTG 9 (43%) 

Lys AAA 4 (29%) AMK 2 (12%) A7̂  3 (21%) AAA 5 (38%) A7VA 2 (13%) AAA 4 (27%) Lys 
AAG 10 (71%) AAG 14 (88%) AAG 11 (79%) AAG 8 (62%) AAG 13 (87%) AAG 11 (73%) 

Mat ATG 2 (100%) ATG 1 (100%) ATG 1 (100%) ATG 4 (100%) ATG 3 (100%) ATG 1 (100%) 

Pha TTC 12 (92%) TTC 9 (69%) TTC 7 (54%) TTC 6 (60%) TTC 9 (75%) TTC 6 (60%) 
TTT 1 (8%) TTT 4 (31%) TTT 4 (31%) TTT 4 (40%) TTT 3 (25%) TTT 4 (40%) 

Pro CCA 5 (42%) CCA 4 (29%) CCA 7 (54%) CCA 4 (29%) CCA 4 (33%) CCA 6 (43%) 
CCC 2 (17%) CCC 2 (14%) CCC 3 (23%) CCC 1 (7%) CCC 3 (25%) CCC 1 (7%) 
CCG 5 (42%) CCG 7 (50%) CCG 3 (23%) CCG 7 (50%) CCG 5 (42%) CCG 4 (29%) 
CCT 0 (0%) CCT 1 (7%) CCT 0 (0%) CCT 2 (14%) CCT 0 (0%) CCT 3 (21%) 

Sar AGC 3 (20%) AGC 6 (38%) AGC 6 (33%) AGC 5 (29%) AGC 7 (39%) AGC 6 (38%) 1 
AGT 4 (27%) AGT 1 (6%) AGT 3 (17%) AGT 6 (35%) AGT 2 (11%) AGT 3 (19%) 1 
TCA 2 (13%) TCA 1 (6%) TCA 3 (17%) TCA 2 (12%) TCA 1 (6%) TCA 0 (0%) [ 
TCC 3 (20%) TCC 2 (13%) TCC 1 (6%) TCC 4 (24%) TCC 3 (17%) TCC 1 (6%) 1 
TOG 4 (27%) TCG 5 (31%) TCG 5 (28%) TCG 4 (24%) TCG 4 (22%) TCG 4 (25%) 1 
TCT 2 (13%) TCT 1 (6%) TCT 0 (0%) TCT 1 (6%) TCT 1 (6%) TCT 2 (13%) 1 

Thr ACA 2 (10%) ACA 2 (13%) ACA 5 (29%) ACA 1 (7%) ACA 3 (17%) ACA 3 (14%) 
ACC 5 (25%) ACC 5 (31%) ACC 2 (12%) ACC 7 (50%) ACC 4 (22%) ACC 5 (24%) 
ACG 7 (35%) ACG 4 (25%) ACG 5 (29%) ACG 6 (43%) ACG 4 (22%) ACG 8 (38%) 
ACT 6 (30%) ACT 5 (31%) ACT 5 (29%) ACT 0 (0%) ACT 7 (39%) ACT 5 (24%) 

Trp TGG 3 (100%) TGG 3 (100%) TGG 3 (100%) TGG 3 (100%) TGG 3 (100%) TGG 3 (100%) 

Tyr TAC 5 (100%) TAC 5 (83%) TAC 5 (56%) TAC 3 (60%) TAC 3 (60%) TAC 7 (78%) Tyr 
TAT 0 (0%) TAT 1 (17%) TAT 4 (44%) TAT 2 (40%) TAT 2 (40%) TAT 2 (22%) 

Val GTA 7 (23%) GTA 3 (10%) GTA 3 (10%) GTA 6 (25%) GTA 3 (10%) GTA 5 (15%) 
GTC 9 (30%) GTC 8 (26%) GTC 8 (27%) GTC 3 (13%) GTC 8 (27%) GTC 8 (24%) 
GTG 6 (20%) GTG 9 (29%) GTG 12 (40%) GTG 5 (21%) GTG 9 (30%) GTG 12 (36%) 
GTT 8 (27%) GTT 11 (35%) GTT 7 (23%) GTT 10 (42%) GTT 10 (33%) GTT 8 (24%) H 
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CHAPTER 2 
Phylogenetic Footprinting Analysis otAedes Early and 

Late Trypsin Promoters. 

ABSTRACT; 

In order to ascertain the pathways that lead to regulation of expression of Aedes 

trypsin genes, we have scrutinized the proxunal promoter regions of both genes. 

Examination of the early trypsin 5' untranscribed sequence revealed the presence of 

several repeats within a I kb stretch of upstream sequence, as well as the presence of a 

putative hormone response element (HRE). In order to sort out the signal transduction 

pathway that ultimately leads to the transcriptional regulation of the late trypsin gene, we 

have cloned and sequenced 2 kb of the late trypsin 5' untranscribed region &om five 

deferent Aedes species. Mosquitoes &om three dififerent subgenera were used including 

Ochlerotatus, Protomacleaya and Stegomyia (Table l.l - Chapter 1). A putative TATA-

box was found located circa position -30 fi'om the start site of transcription for all 

enzymes examined. Phylogenetic footprinting analysis revealed the presence of 3 highly 

conserved sequence elements in the promoter regions of all late trypsms. Identified 

elements were used to query the transcription &ctor database and results are reported. 
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INTRODUCTION; 

Regulatory DNA sequences (cis) and transcription factors {trans) control 

eukaryote transcription. Typically, regulatory sequences are near, or within, a gene (cis). 

Much of this m-regulatory DNA is found in the 5'-end noncoding DNA associated with 

transcriptional^ fiinctional genes. These sequences interact with Actors expressed in 

response to a diverse set of intracellular and extracellular stkiuli. The ability to uniquely 

control the expression of each gene in an organism arises from the nature and relative 

position of associated regtilatory sequences. Specific aspects of control mechanisms are 

thought to be conserved from yeast to humans (Guarente, 1992), and yet transcriptional 

control of a gene is typically complex and has been characterized as consisting of "layers 

of regulation" (Yanofeky, 1992). 

Understanding the mechanisms by which the transcription rate of a particular 

gene is controlled is a common goal The bindmg of many Actors in a particular 

combination is necessary to achieve a high degree of tissue specific transcription. Many 

different mechanisms exist for control of transcription each manifesting itself at different 

molecular levels. For example, DNA bendmg is one mechanism to control the writhe of 

DNA and the spatial orkntation of bound &ctors. Another mechanism can be through use 

of chromatin reorganization, nucleosome positionmg can lead to both repression and 

activation of transcr^tion. Therefore, controlled nucleosome positioning could be a 

mechanism to determine both access and activity of transcr^tion &ctors. The presence of 

overlapping transcr^tion &ctor bnxling sites can be used by, either repressor or activator 
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proteins, the choice depending on events occurring at a higher level within the regulatory 

pathway. Promoter specific protein-protein cooperative interactions can act to 

synergistically infhience the transcriptional response. So, to summarize, the complexity 

of the regulatory puzzle has made identification of the regulatory determinants very 

difScult. In order to overcome this difBculty, many different approaches have been 

developed to study regulatory mechanisms that act both m cis and trans with genomic 

DNA. 

Regulatory sequences controlling important genes can be viewed as being 

functionally and evolutionary constrained by temporal and cell specific demands on 

expression (Ludwig, et. al., 1998). Nucleotide sequences conserved in non-coding 

segments of homologous genes are frequently informative guides to identification of 

these regulatory regions. Substantial resolvmg power is added by mcluding more than 

two sequences in a multiple sequence alignment, since the likelihood of random column 

identities in such a multiple alignment is lower than in a pairwise ah'gnment. In a multiple 

alignment of independently diverged lineages, the phylogenetic distances will be 

additive. Con^arisons of homologous genes among these groups of animals can show the 

effects of a much longer period of divergence than the time they separated fiom the last 

common ancestor. Therefore, multiple alignments are less likely to show residual 

similarities in non-selected regions. Of course the true test of fimctionality must be 

expermental, so in order to gain the most benefit fiom any evolutionary results obtained, 

these must be combined with fimctional assays. With the rapid expansion of DNA 

sequence mformation, identification of evolutionary footprmts can be a reliable guide to 
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functional elements in regulatory regions of genes (Gumucio, et. al., 1996). Phylogenetic 

footprinting analysis is an evolutionary approach designed to aid in the identification of 

conserved cis elements that are important for the regulation of genes that are shared 

between species (Duret et al., 1997). 

The biochemical mechanisms that regulate the expression and secretion of 

different serine proteases in the midgut of Aedes aegypti in a temporally coordinated 

manner have not yet been fully elucidated. Given the importance of these genes in 

digestion, it might be predicted that many features of the coding and promoter sequences 

of these genes will be evolutionarily conserved. Both early and late trypsin genes in 

Aedes are tightly regulated. Expression of the trypsin genes occurs in a stage-, sex-, and 

tissue-specific manner. Early trypsin transcription is observed only in adult female 

mosquitoes prior to a blood-meal. Transcriptional regulation of this gene is tightly linked 

to post adult emergence and pre-feeding levels of a sesquiterpenoid hormone termed 

Juvenile Hormone (JH) (Noriega, et. al., 1996). Regulation of the late trypsin gene on the 

other hand, has remained very much elusive. There is suggestive evidence showing that 

transcriptional regulation of the late gene is related to the catalytic activity of different 

proteases, which occurs shortty after a blood meaL Moreover, levels of late trypsin are 

directly proportional to the amount of protein if a artificial meal is offered. These results 

support a role for amino acids in regulation of expression of the late trypsuL A role for 

amino acids has been demonstrated when an artificial blood meal, composed solety of 

ammo acids, offered to a female mosquito was able to overcome the translatbnal 

in:q)aninent observed for earty trypsin. Furthermore, results show that the levels of tRNA 
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charging are very low prior to the mosquito feeding on a protein meal. Taken together, 

these results reveal complex regulatory mechanisms involved in expression of the trypsin 

genes \a.Aedes. 

Results obtained and discussed in Chapter 1 indicate that each of the Aedes 

species used in this study have conserved earty and late trypsin genes. Moreover, 

transcriptional and translational regulation of each trypsin gene in these species follows 

the same temporal pattern already described for Ae. aegypti. In order to identify putative 

regulatory elements necessary for the transcriptional regulation of early and late trypsin, 

several genomic Ubraries of Aedes mosquitoes were screened. Early and late trypsin 

homologs were cloned and their S' untranscribed regions sequenced. By use of different 

computational approaches, selected elements were identified which could possibly play a 

role in control of trypsin gene expression before and after blood feeding. 
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RESULTS: 

We have cloned the early and late trypsin genes from several Aedes species by 

screening different genomic DNA libraries constructed in X-Zap Express using a 

heterologous DNA probe labeled with digoxigenin (DIG). Late trypsin clones were 

mapped and sequenced, and their promoter regions analyzed for the presence of 

phylogenetic footprints. As already mentioned, early trypsin clones have not been 

sequenced yet, however, we plan to do so ui the near future. Table 2.1 describes the 

classification and size in bp of the promoter regions sequenced for the different trypsin 

genes discussed in this chapter. Despite longer segments of 5' untranscribed region 

(5'UTR) having been obtained for some trypsins, we have limited our analysis to 2 kb 

upstream from the start site of transcription. 

Figure 2.1 shows the 1300 bp sequence of the Ae. aegypti early trypsin clone 

described by Noriega and colleagues in 1996. We have further analyzed this genomic 

sequence in search for potential targets for transcription &ctor binding. Transcriptional 

regulation of the earty trypsin gene has been found to be directly proportional to 

circulating levels of a sesquiterpenoid termed juvenile hormone (JH) (Noriega et. ai, 

1997). These hormones are responsible, in adults, for the stimulation of processes 

essential for reproduction, includmg synthesis of specific proteins. Putative JH receptors 

have been reported however, fiinction has not been proven. Application of a JH analog to 

mosquito abdomens deprived of JH induces earty trypsin transcript. Use of inhibitors of 

JH synthesis, as well as, esterases that destroy JH, have been reported to prevent 
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transcription of early trypsin. Based on these results we searched for a JH responsive 

element (HRE) (Fig. 2.1.) using a consensus sequence reported for Locusta migratoria 

(Zhang, et. al., 1996). Despite results showing a direct relationship between JH and early 

trypsin transcription we remain cautious with our findings since we do not know if 

transcriptional activation is mediated by downstream events in the JH signal transduction 

pathway. 

Further analysis of the early trypsin promoter by dot-plot using itself and reverse 

complement sequences as partners uncovered the presence of four direct repeat sequences 

and a 9Sbp inverted repeat (Fig. 2.1). Database searches of both Genbank and Transfac 

have yielded no information on the identity of these repeats. The inverted repeat region 

encompasses a total of approximately 3S0bp and features which suggest it to be a new 

member of the &mily of miniature mverted-repeat transposable elements (Tu, 1997). 

Multiple sequence alignment of the late trypsin promoter was not possible due to 

the presence not only of several transposable elements, but also by a second serine 

protease found on the minus strand of the Aedes epactius promoter (Fig. 2.2). Discovery 

of these transposable elements were unexpected and made alignment of the promoters 

impossible. We have identified within the 2 kb late trypsin promoter &om Aedes aegypti 

alone 3 different transposable element fragments from three different &milies (Tabte 2.3) 

which covered up to 6S0bp of DNA sequence (Fig. 2.2). It is interesting to note that these 

elements were only found in the promoters of members of the Stegomyia subgenera (Fig. 

2.2), which suggests that insertion occurred most likely after separation from the other 

subgenera used m this study. 
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A conserved element that is similar to the consensus binding site of the D. 

melanogaster homeobox factor Tinman was identified in promoters fi'om both earfy and 

late trypsin (Fig. 2.1 and 2.2). Interesting^, mutations in the Drosophiia tinman resuh in 

loss of heart and visceral mesoderm formation during embryo development. Despite it's 

role in development of midgut musculature, a role in the adult stage has not been 

determined. This same region which has the tinman consensus 5'-TNNAGTG-3' and 

Aedes consensus 5'-TYWAGTG-3' (Fig.2.3 and Table 2.2) was identified in the 

promoter of the Anopheles gambiae late trypsin (Shen and Jacobs-Lorena, 1998). 

Figure 2.4 schematically summarizes ail results found for both early and late 

trypsin pronK)ters. All elements identified need to be further analyzed usmg fimctional 

methods. These results are a first approach to unraveling the mechanisms that control 

transcription of both trypsin genes in Aedes. 
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DISCUSSION; 

Analysis of the late trypsin promoters has proven much more complex and 

difficult than initially expected. Despite a high degree of sequence identity encountered 

within the boundaries delimited by the TATA-box and poly-A signal from the genes 

isolated, sequence identity upstream from the TATA-box or downstream from the poly-A 

signal Ms dramatically to levels below 40%. Pairwise alignments of the late trypsin 

promoters from the species we used do not generate a diagonal line that would represent 

an evolutionary relationship between these sequences. Even closely related species that 

are within the same subgenus namely: Ae aegypti, Ae. albopictus and Ae. polynesiensis 

have little sequence identity to be found. We have nonetheless identified some regions 

that are closely related between Ae aegypti, Ae. albopictus and Ae. polynesiensis. When 

we take into consideration the other species sequenced, the search for footprints becomes 

more frustrating. It is interesting to note though, that this same approach was used to 

analyze the mosquito vitellogenm promoter making use of genes isolated from the same 

genomic libraries used here with much more success. We have also identified within the 

regions sequenced the presence of several transposable elements. The effect and presence 

of these elements is unknown, if they play a role in regulation of the trypsin genes it 

remains to be found. As already mentioned, the elements identified, within the region 

analyzed, were restricted to members of the subgenera Stegon^da. 

There is no doubt that cis-actmg DNA sequences engaged in gene regulation can 

in many cases reconcile fimctionality with considerable variability. The most obvious 
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Qlustration is furnished by the localization of nucleosomes, which is sequence dependent, 

yet accepts great sequence variation. Regularities of fimctional importance can be hidden 

in the midst of sequences and can onfy be found by use of sophisticated statistical 

analysis which is beyond the scope of this work. AfBnities for factors that bind multiple 

sites (and can interact cooperatively) do not need to remain constant among binding sites 

and will yield to certain variation. 

There are several examples indicating preferential insertion of transposable 

elements in the AT-rich sequences found in promoters. However, the question of whether 

transposable elements are just "junk" DNA to the host, or whether they can play 

important roles, is currently actively debated (Britten, 1996; Kidwell and Lisch, 1997). 

Britten (1997) argues that changes in the regulation of gene expression are important for 

the evolution of morphological and behavioral characters, and that transposable elements 

might be providing such changes. An increasing number of cases have been reported in 

which transcriptional control of genes has been modified by preserved insertions of 

transposable elements (for a review see Britten, 1997; Kidwell and Lisch, 2001). There is 

no evidence for a regulatory role for transposable elements in Ae. aegypti since no 

definitive cis elements have been determmed within the elements found. It will be 

interesting to see whether or not, and to what extent, these elements contribute to the 

evolution of gene regulation ui mosquitoes or whether they are simply "junk" DNA. The 

rapid progress in large-scale genome sequencmg, as well as fimctional analysis of 

mosquito promoters will ^cOitate our understanding of the potential nnportance and role 

transposable elements in the evolution of gene regulation. 
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Table 2.1 Size in base pairs (bp) of the promoter regions sequenced for both early and 
late trypsin genes from different mosquito species. 

Spccies Trypsin Reference 

Family Culicidae 
SubFamily Culicinae 

Tribe Aedini 
Genus Aedes 

Subgenera Ochlerotatus 
Aedes epactius 

Subgenera Protomacleaya 
Aedes triseriatus 

Subgenera Stegomyia 
Aedes aegypli 

Aedes albopictus 
Aedes polynesiensis 

Late T rypsin (5679 bp) 

Late Trypsin-like 2 (1963 bp) 

Late Trypsin (1978 bp) 

Early Trypsin (1304 bp) 

Late T rypsin (1976 bp) 

Late Trypsin (1978 bp) 
Late Trypsin (3173 bp) 

This report 

This report 

This report 

Noriega et. al., 1996 
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1303 TTTCGTTTTGAAAATTGAAGCAA 
1280 TGGGCAAGGAAAGATTCCACTGATATCTAAGAGAATATAGTVACAACGATATTTTTTTATGAAGGCTGCATTGATTCAGGA 
1200 GTTGGAAATTCAATTTTGTCTTCCAAAATGAGAAGAAACTTTACAGAGAAAAATAGTTATTGTAATCTATGAATTTGCAT 
1120 G7VAAAGTTGAAATAATCAGTCTTGATAGGTTGCAATTTTTGCTTGGTAGAACAGTCAATGGGTCAGATATGAGAAGAATC 
1040 TTCAAAAGGGAAATCGATCACTGCTAAAATATATCATTATGATACTAAACGCTAGAATTCACGTGATGCCTATCCGATGG 
-960 ACTCTGCATCTGTCTTCAGAAGCCATATTTTCAATGCCCAACTACCACAAGTTCGTGGACGAAGCATTTCTCGACTGTTG 

Inverted Re^at 
-8 8 0 GAAATTACGTATTTCGAAGACCCATCTAAAAAATTTGACATGQAMiTATGGTCCAGGTGTTTCCGGAGTTATTCTGGATT 
-600 aTCTTOGGOTATA]UU<LATTaGCCACATCATCCCTTCAACGaA.TATCTTAGOATCCTTGGCGGTTGGTGTTTCCGACAAAG 

Direct Repeat 
-7 2 0 TTCTAGCTCATCAGOATCTTOAGTTATGAAAAATTTAAGAAAAAATGTTAGCGCCACGAATTCTCATCAGATTTTCCATT 

• 
Direct Repeat 

-6 4 0 GCTAGATAGCCTTTGCCGAAAACACAAACATTCTAGCTCATCAQGATCCTGAGATATCCOTTQAATGQATOATGTGGCCA 

< Inverted Repeat HRE 
- 5 60 ATTTTOGTACCTCAAQACAATCCOGUlATAACTACaAAACCACCTAGACCATATCTCCGA/^AOTTTCAaACCTTAAACTAG 

Repeat ̂  Tinman 
-480 AAGAGTTTCTCGGGAATTTCTGAAAATTTCAGCAAAATTCATCAaGAAACAAAAATGCTATGCAGGTTTTAGTGTGTTTC 
-4 0 0 TCAGCATGCAAAAGTATGTTGGCTAAATGAAGGTTAAGATGGTAGTGTTGCAAAATACAGAGCACATAGTGTAATGTTTA 

******* 

-3 2 0 AAATTATACATATAAAAGAATTAAAAACAAGTGAAAAGCATTTTATCCATATAATATTTGAAAGATTACTGGGTACTCCA 
-240 AACATCAGATAATTGGTTTCCCTTCAATTGTTTTGAAATTACCCATCCCACACGCGAAGACGATAAAACCACTTGGG7VAA 
-160 ATCCATCTGCACGTGTGTACCGTAATCTCCACCACTTCAAATTAAGAATCCGCATCATAGGAATGGACTTCTTGGCGTCC 

*******  

-8 0 TCTCGAAGCTTATCAGCCCAGAGCCGCCAAAGTGGGTTCGATTCAGCCACTATAAAAGTCCATTGCAACGTACACTCATC 

1 CTTCCCAAAGCCAACCAACCTTCTAACAGTTTACCGGCTACCGCATAACCCTGAACCACAGCCATG 

Figure 2.1; Sequence of the Ae. aegypli proximal promoter region from the early trypsin gene (Noriega et. al, 1996). 
Sequences highlighted in bold represent putative elements found as described in the text. Two TATA-box regions are 
indicated by * and an alternate +1 start site of transcription is shown as well. 



Figure 2.2: Sequences of the late trypsin proximal promoter regions from different Aedes species. Sequences highlighted 
in bold represent putative elements found as described in the text. Transposable elements are highlighted as well, and 
their family members indicated. 

1966 TCAAGAATTAATCCGGGGATTTCCTCAATAAGCCCCTTCGAGGATTTCCTCCCAA 

^ Sine-like element Feilai ^ 
1920 AACTCCTCCTGGCTTAAGTGTTCQTATTAGCACTTTTATAGClATTAACTGAGAGCTTTCATTaCTAGTTGAGCATTCAT 
1840 ACATGTATTTTATTTTATTTATTTATTTATTTAACTTTGAATTTAGAAAGAGGGAAAAGCCCCTTTGAGTGATTATCTTT 
1760 TCAAATCGTTCTC.WVAAGGCATAAAACCTCTTTATCTTTTCAAATAACATTATAAAATAAAACTATGTTAAAGGCTCAA 
1680 ACGGTATTAATCCATGGCAGAGCCAAAATCTTCAATAAGGACCAGGCGGATGGTTTACTCCAGATCATCAAAACGTAAAT 
1600 CGGTCAAGGAAATAATTTCTTCAATTCTGAAATGAAAAATVAAACAACAACAGTATCATACAAAATAAGAAGCATCATTTA 
1520 AAAACCTGTAAAGTATTTTCATAGATGGAAGATATTTACTTCCCAAAATATCTCGTACAGATGAAGGGAGATGATTATGA 

• Start of Lian-TE 
1440 ATTCTATTTAAATCATTAATAAATTTAATTCTAaaAATOGTGTATTOAGTACATTaJUUUUiCAATATGATCAATATCCTC 
1360 ATAOGATTCACCACAATCOCATAAATTAGAGTCACATATGTATATTAATACGArEATAAATQACTATTACAAATATAATaA 
1280 TTaGAAATTAATCTOGATAATaTOCAAATAAAATTTCTACCAACAQACAAATTTTTAAACCATOTAaATTGATTAACAAT 
1200 AOGTAAAATAGAATGACACCACaGCCTTTATCACTAGAATTCCAAGAAAACTGCCAaTTGCTTGCAaAATTTATTTTTAA 
1120 TTCAGAATAATATTCTGATOAAGCAATTTGACGUiTCATATAAAATACCACAACGAACACCTAATTTAOCTAAAQAATCAa 
1040 CCTGCTCATTACCATAAATATTTGAATGCQCAGGAACCCAAACAAATTTaATAATGTAACCCTGGCTATATAAATGAAAT 
-9 60 AACTCTTCTTTCAATTTCAAAATAATATGATaAATTTTTGAATTAAAATTaATTGATTTAATTGCATTCAAACAQCTTAA 
-880 ACTATCTOTACATATGATAAAAACATTTTGAGATGATTTTTTAATCAATOTACATGTGAAATACAATGCAOTTAACTCAO 
-800 CAACAAAAATTGAACAAOGTaATTGTAATTTAAAAAAATATGCCGAATAATGATTATATACACCAAAACCAQCAATATTT 

End of Lian-TE ^ 
-720 TOlUlTTAATCaUiCCATCGaAAAAATAAATTTGUMrTAGTATCAAQACCAACAAATTTACGTTTGAAAAATAATGGAGCAAA 

• Mite-like element Wukong 
-640 ACGTGAATATTCATTACCGGAAATTTGTTTTAATTCTTGCGTTATGAGTTGTAGAAAATTTCAGCCTCAAATAAGCACTT 
-560 TTaAGTTCTTaGGAATTTTTAGAAOTTTTAOTTTCCTCCCATACTGCCATAAAATGCACACTTGGTATTCCATTTACTCA 

M 
-480 ACOACTACTTTTOTGGAATOTTACAAATATGCAOTTATOGGCAGTGCTTGCGTTATAAAATTGTCACAGGTAGCATTTGA 
-400 AATGCTTTAATGAAAAATACATAAATATAGAAATATTTGTTTGCTCAAAAAATACTATGATACTCGATATCAACAAAGTC 
-320 GTACCACAGTATGGGACACTTCATATTCAAATACTTCACTGATTTGAACACCATTTAAAAATAGAAAATTTTGAAAATTA 
-240 TTACTCTAGAAGCTAATCGATATTAGATGTCAACTCACTTGAGATTTGTCCCCATAGAACAGAGGATTACTGACTGGTAG 



Timnan 
-160 AGACTGTGTTTCCTATGGTAGGTTGTCGATCATTATCTATGTACGTTATCATATGACTTAATTCAAOTSATTCGTCTTTC 

* * -i, * * -k * 
-0 0 CGGGAAGAGCTTGGGATTAACGGATTTACATTTACTCGAAACCATCTACTATAAAAGCAACCAGTAGTTCATTCAGTTGA 

Met 
1 TACAGTACCAGTATTCGGCAAAATG 

Figure 2.2 (Cont:xnuad) Amdma amgyptl la'te trypsin promot^er. 
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^ Sine-like element Feilai 
AlkTCaHTaCTCCATTGCCTCTCAATQACAATOaiUSTAaTACQACATaCACTAlUiTAC 

< 
TJUUJAATACOIUSTATTaCCACJUUUUSJiTCTAAATACTaGTCGCASTGGCTCATCCaAiUrAGAAAAAAAAACGAGATTTTT 
AGCCCTAGGCTAAAGTTCATCTCGGGACCCACGCTTTACTTCCCTTCCGATGGAAGAACTCACATTTTGTGAGTTTGTCG 

Tinman 
GGAGTGGGATTCGATCCCAGGTCCTCGGCGTGATAGTCAAGTGTTCTAACCATCACACCAGGTCCGCTCCACTGCTGAAA 
AGTTCAATGAGTAGTGGCATGCACTTTCTGAAGTTTTGACCCACAGTGCAGTGTCCTTGGTCCTTGGCTTGATGCTGCTG 
CTGCTACCTCTTTTTAGC7VACAGAATTCCAACCAAGACAGAGGACTGCTGAACTTAGGAATGGAAGGGAGGCGCTGTTCG 
TACATACCCACGAAAAGGCGCAGTTTTCTGGTTGGTTGCAGTCCTGACTTGCCTTACAACACCTGCGAGGGTGCAATGTT 
CAACCCTTCACAGAGAAAAAGACAAATGAAAATAAACAGTGCACATTCGTGTTCGCATTCCATGTGGACGGGCGCTAGTC 
TATACAGTGGGAAATGAACTAACCAACTATCCAGCCAGTAGCCTATGTTCAAAGTGCATAAAAGTGACTAGCTCGATATA 
CGGCGGTGGGTGCTGCTGCTGGTACCCTCTGGAACCAGTCCAAGTGGCAAAAAGTACGCACTCCAAACTACAGATTGTTT 
GCCTW^CCTGTGAAATAATAGGTGGGCGGACTGTGACTGTAGTTGGCTGCTTCCATGCATTTTTCACACGTTTGATGAGAT 
TGTTCTTTAGAAGCGTTAAAAGATTACGTTGTCTCTATATATTCTTAGATAGGTTACTTCAGTGAAGCACAATTGCTGTG 
ACTTTCGTCGTATTTA7VAATGCAACGAATATTTATGTTAAACATTTTCTAAAGAGAGAAAATTAGAGTTCAATCTTATAT 
TTATAACTAAAACAAATGAAAGTAATTTTGGGTGCATTGCTGGGGCAACTTTTATAACAGAATTATTGGGGCTACAAGTC 
TCAATAGGCGATATAGATATAATAGTACAGTCATTGCACAATTATGGGTCACTCTGTCACAATTATTATTGTGCTATGAC 
TGTATGGCTTGAACACATGACGAATAATATGTAGATCTTATCTTAGTATAAAATGTTGATGTTTACAACACAGAAGAGAT 
GTTGATGTTACCAGACGAACAAAATCCCATTACTCTTCGCTAAGGAAACTCTAGTGTTTGGGTTATTACCTAATGATGAT 
GCGCTCGCGACAAGTCAAGTAGGCACTTCATTCCGGACAACAAGTTTGGCTTATCTAATTTATGAATTATAGGCTACACT 

Tinman 
GTGCCAAGAATTAATAACAAATGTTTAGTCTAGTCAAGTOAATATTTATGATGTAAAATTTCATCTGAAGTTATAAAAAA 
ACCTAAAGCTTCTTATAATAAGTCTATGTAAGTCATCATTTGAAACTGAAATTCTCTTTAATAAAGACAAGTCAATCAAC 
CAATCATTTGAAACACAATATTTTTAGATTTTATTACATATGTGATGATTTTGAATACCTTTTTCAAACTCATGAAAACA 
AATTTTCTTAAGTTTTCTCATGAGCTTCGAAAAAACACACATCTAAATAAAAGAGAATGGCCTGTGTACTTAACCCATAA 
ATGCGCAAGTGGTACAGGTCTAGTACACAGCTCGACACTTCAGAATGATTTTCTCTGTGCAACATTGGGTTATCAATGAA 
TAGAGATTATCGATTACTGTACTATCAATAAGATAAGATGGAAATTCACACACCACGAAGCATGACCCTCCTTTGGTGGT 

* * * * * * *  

TACTTTAGTCGAGAAAATAACGAATTTAAAGCTCATTAATTGTTTCGACTATAAAAGCTACCTTCAGTTCATTCAATCGA 
Met 

CACAGTATCAATCCAACAAAATG 

2.2 (Continued) Amdms alboplatus late trypsin promoter. 
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-1978 CAAATGAAGAACTGGTGGAATCACATCGCCAAAACGGTGGACGAAAAGGGTGTGCGCCGCCTAATG 
-19 2 0 TACCGTATTACGGGAAAAGTACGAGAATTTCTTCGAAACAGCAATGAATAATTTTTTAATTTTTTTTATGAAAGAGTAAA 
-18 4 0 GAAAATGCTACATTTGTATGAAAAACAAATTATGAATTCGTTAATAAATGACTGAACTACACGCAATTGTTTGTGTTCCA 
-17 6 0 ATATTAAATGAAGCAGACTTTATAATTAATGTGTGTGTATATCTTTAACAAACATCTATAGACTTACAAATTTAAAAAGG 
-16 8 0 AAACATATAAGCTACAAAAAACTAACCATGAACATATATACTACAGCTGTTTTTACAATTTACATTATTTTTCATATTAT 
-16 0 0 TTTGGCAACCAATTACGGGATATCATGCCCAGCGGTAACAAACTCAAGAAGATATTTTAAAAGGCTGACCGTAAAGATTT 
-1520 TTTTTTTAAATAAACGCCACGATAAACACCACTGTTTTTAATCCATCTATTTTATAAGTAGAAAAAAGTAGTAGTAGTAA 
-14 4 0 TTTTAAAAGTATTTTTAAAGTTCATATATAGGACATTAAATGATTTTCATAACCACAAATAAATTGAAATTGTTCGTGTA 
-13 6 0 TTTTTCAACAAATTATGTTCTTGTTCATTTCTTAGTGGGAACATGTTCTTTTTTCAATTTGGCATCCATTTTGATAAGAA 
-12 8 0 ATAATTAACATCTTCATTTGAATTACTTTTGCTTTATTTCTAGGCACTCATCGACATGAAACAGCAGCCGTTTATTCCCA 
-1200 AGTCATCATTTCAGACCA . . : 
-1120 i-i. .i., . - • .V .,1., 
- 1 0 4 0  .  " l  t  t  .  I :  . ' : ' l  .  .  I  .  1  1  I  .  I  ' i  .  •  I  l  ,  •  .  i  i  i  ;  i !  i  i  •  1 1  i  1  

— 960 I  . ' I ' / ' v  <  " J  J  ' r i  / i  1 // I I  :  i ' i  I .  I  I  I  r  •  ;  ,  i  I .  .  .  ;  , '  I  ,  '  i  1  I  . ' 1 .  . '1 . 
-880 V. • r. . ,,, . , ... •, •. i : . , • , , . • 
-800 T. ^ . . . . ... ..1... i. .. I.,./ : •• 
-720 TA. •!'. '1 . I , , . ; , 1 , ; • , , • ; • i f, 
-640  ..•i,., . --A, ^ . 
— 560 1  I  .  1  . 1  A  I  I  ' 1  1  • •  I  •  -  '  i  -  .  I  •  .  I  '  i  '  .  i  I  .  .  i  I  •  1  .  I  i  •  l ' .  .  •  :  1  .  

Anti-sense Trypsin-like 2 M Met 
- 4 8 0  . / >  1  1 .  1 1 ,  . ;  .  .  ,  .  -  . 1  T A T G T A G G A T T  

Reverse ******* TATA-box Ti-nman 
-4 00 AATACTGATTCCGCACTGTGATCTGATTTGCTTTTTXTACTCCGATTAATGCGGAAATTCTACATGCGTTCAAGTGTTCC 
- 3 2 0  TTCCTCGTCATACAGAATTCTCGGTAGGCACGGGTGAACGGAACCTGTGTTAACTATCCACTCGAAAATCGCTTCACATC 
-2 4 0 AAGTGTTTACGTTAGAAAGTTGAGCCAAGATTTCACTTATCAGTGGTTTGTAGCCACCGGTAAGTACAACGAATTATTTC 
-16 0 ACCGACTATG/W^GGCAGCTCGAAAGGCTTTAATTCTTCTCAACGATAGACTAGGATTATTAGGCGAACTTCTTCGTCAAA 

-8 0 TTTCATATGAACGCTCTCTTGTCGAGAATTCCGATAACGAAAAATGAGCTATAAAXGCATCTTGCTCGCAGTTCAATCGG 
Met 

1 CACAGTTAACAATG 

Figure 2.2 (Continued) Amdma mpactiua late trypsin promoter. 
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• Sine-like element Feilai 
TATTCAGCAAGGCCATGCTGAGOGTGACGGGTTCaATGCCCGaTCGGTCCAGGATC 

TTTTCOCCAACaaiUUlTTTTCTTaACTTCCTTaGaCATAOCOTACTTCOTACCTOCCACACGATOTACaiUiTGCAAJUiTG 
A 

ATCASaCAAAOGAAOCTCTCASTTAATAACTGTOaJiTGTOCTCATAGJUUJkCTAAQCTGAaAAOCAaOCTCAGTCCCJUST 
QGAACGTAACGCCAAGAAGAAGAGAGAGGAGAGGGACTTTAAAGAACTGATGGAAACTTTGAAGTAAACTCTGTGCAAGA 
ACTGTTTTTAACTTTCATGAACATTTCCTTCCCTATTTTCATTTATAGGATTTTTATAGGATGATCTCAGACAACTCTAT 

Tininn 
GGTAATTGAATTCATAGAAAATTTTAAATGGCACTCTTCAATTTCAACACTCAAGTGTTTGGATGATTGTTGGTGTGCTC 
GAGACAAGTCGAGTGCCTCATTCCAGACAATAAGTTTGGCTTATCTAATTGGCGGGTACTTGAGTAAAGTGTTCCACAGT 
GTTTGTATTTTTTTTATGTTAAACAACTGCAGCAGACAGTAGTTATATCATTCATTTCTTCGGCCAAACAC/VATTCAGTC 
AAAGGGCATGGTACTAAATTGGAGAAACAAAGCCTGATTTGTTTCGAATCGAGAATACATCATAATTAAGTACACTGGAA 
CCTACATTTAGGCAGAAGCCATTTAGGTTACTTTAAATAAATATAATTCGATTGTGTTAATAGCAATTGAAGTACTTTAG 
AATAGGAATAAATTAGGACGTAAGGGTGATGGATGAGGTGAGCTTCGGACTATTGAAGGGTCCCCAAAAGCATTCATGAA 
CATGAGCTTACATGCTTTATTATGAATAAGGTTCACACTCACATATGCTAATACATCAATGTTTTATGTCCGAGACCTCC 
CTGATCTTTAAGAGCAATATGAATGAAGTTTATGGTTACACAGCCTCAAGCAACTATATGCTGTCTAATGGTGAATCCAA 
TATCTGATTGAGGATCTTCAAGAGCTCCTTTATATGTTGGTCATCGAATCATACATCCTCAGGTATTTACGAAATATAAA 
GTGATTGGCTCAATGACTCCTCAAGAGTATCGAATAACGGCACTTTAATAATAATAAAGGTCATTGAACCTGAAAGCGTT 
TAATCAGTCGCAAAGCCACTTGGAAAAACCCCGTCTTGATAGCCTTTGAAGCCTCTTTGATACGCCCTGTAACATCT/VAA 
AACAAATTACTCCTCTGAAATCCATTTGAAAAACCTGTGATACCTCCTGTATCAACCGGAGTTCCTCTGAAATGCCATGA 
TTTCCTGAATTCCCTGATATGCCTTGACACGCCCCTGGAAACCCCCATGAAACACCCCGATATGCTTTGAAATGCCATGA 
AACCACTCTGAAAACTCCTGAAGCCGCTTTGAAACGTCTTGAAATACATCCTAAACCCTTCGAAAACTCCTTCAAAAGCC 
TAATGAAATGATTGTGTCCACAATTCAACCTTGAAATCTAATTGATTTCATTTAGGTAAAATTTATATTTGTGCATTCCC 

Tinman 
GACCCATTACCTAAATGGAGGTTCCAOTGTATAAGTAAAGTAATAAAGTCCCAGACATGATCAGACCTACAAACCGTTTT 
TGAAGATTAATCATTATTAGGGTTCTTGCTCAAGAGACCAAAATTTGGTAGAAAGTTGTTTGCTACGTGATAAAAATATG 
TTGTCCCAATATTTGCAGGGATAATTCAGGGAATGTTTAAAACTAATCAGACCCATTGTCATCCCCAACGACATATCTTG 
AGTTATCAATGGATAGAGATTAGCGTTTTCTGTAGTACCTCACAGAAGGTAGTAAATCCCAGCGATGTATGGCACTGTTT 

•A: ^ -A -A * -A A 

ATTGCCTTAGTTGAAGGATTAACGGATTCAATACTAGACATACTGTCACTATATAAGC/IACCAGCAGCGCATCCAATCGG 
Met 

CACAGTATCAATTCAGTCAAAATG 

2.2 (Continued) Kmdma polynmaxmnaia lata t:ryp83.n promot:er. 
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AATCGCAAAAGTGTCTCAAATGCCATTATTTATAAATCAGCACAAAACAATTATATT 
TTGGACCAAATCGGTCACGGTAATCGGAATTTATATTTTCATAACATATATGTGTTATTAGTGATCACTTAAGTGACTTA 
AACGCCACCATAATTGAACATCCTTAACCCACCAGCGCCGAGTGTCACCTATAGGTGACACTTGCTTTATTTTCGTGGTA 
AAAATCCAATTCTTATCCGATTTCGATGATTTTGATTGCAAATGAAAGCTTTTTTTATCTACTTTTTTTTTTGTTTTGAA 
ATGCACTGGATTGCATCTGAATTGCCTCAAGGAGACAGTTTTAAACAAAAAGTGAATTTTTTTTTGTATGGAAATGTTTT 
ATTTTTTTTAACACGTTATACTGCTCCTAACAACCTCCCAAATAGCAAGGCATAGATAGAATTTTGTTAACTATAATGGT 
TCCCTTACAGGCGCTGGAGGGTTAAAAAAGAGTATTTATATGAATTTTCTCATGTAAATTTCATTACAAATATAAAATAA 
TTCCTACCATCGCTCCTAAAATATGACATGAGATCAACTGAGTGGAATAATCTGTTGTTGTGAATAAACTTTATCGAATA 
TTATAGACCAATTTTTGAA7VATAGGTTCATTTATAAGCGTTGAGCATTAAGTCACGGAAGCTTAATAAACTCCCAGAGTT 
GCAGGAAATTGCAGCAAAGTAGTGTACGGTCCTTTAAAGGACACTTCTAGCAACACTTTGGCGAATGATTTAAGGTTGAA 
CTCCGTGGAACTTTTTTTGTACCGATCATCAAAATTTGTCATCTTTTCTTCAAGATTTAGTTCTATACAATATCTAAAAC 
TCAAT7UVCCAACGTATTTAATCGATTTTTTTTTACTACTCTATGAAAATTTGCTCCCCTGACCTTCATTGTAAATCCCTA 
TTTTACTTTAATTGATTACATATAGTATACAATTTTTGGTAACATGTTGAAAAACAGTAGAAAATCAAGAAATAAATATC 
GCTTTAGATTCTGACAGTTTATAAGTATGTAGCTGTAGTTGTGATGCATCCAAAAGCATACCAATACTTGTTTATGCTAT 
AAGAGGCATCTACCAACATTCAGTAGTCAGAACATCTG7U\TAAGAGTACTTAAAAATCGATTTATGTCTATGAGTCACCA 
CACTGTGCGTCGCCAGGATCTTTCTGGAGTCTTCCGGATCCGGAGATATGAACGGCAATGTTTTGGAAAACTCGAATTTC 
GTGTATCTTGGTAACTACTAGAACTTTGTGGAGACAGTACAGTACAGGGTGATTAATTCGGGGTTTTCAGTTAACTCAGA 
TTVATCATAACAGATCATGATCCATGACGCAATACCCAGACAACCAGAAGTCGCATAGGATAGAGTATATAT^TACAAAGT 
GGAGGTGATATGCGTACATGTAAATGCAAACTATACGTATATCGCCTCCACTTTGTACTTATATACGCTATCCTATGCGA 

Tininan 
CTTGTGGTTGTCTGGGTAGGTCTCTTTGGTTTTATAGTTCAATTAATCCGGTAAGTCTACGTCGGTTCAAGTGTTGCTTC 
CGCAACCAGTTAGGAATAGCTGTCTAGTGGGCACGGGTGAAAGAATTTACTCGCTGAGCTCTCGAGAATCGGTAAGCATC 
AAGTGGTTACGTTAGATAGTGCAGACATGGGTCGAGTACTACTAGCCAAGATTTTACTTATCTGCTGTTTATGGGCAGCG 
GTCGGACACAGTTATTTCATCGATAATAGTAGCTATGAATAACTATAATTGAAAGAGGATACCTTAAGATTATTCTGCTA 
AAGCCTAGTAAACCTATTCC/UVCTGATAGTACAGGCTTCCCTGAGAAATTTGTCCTGTCTGGGAGCTTAAACCCTTTCTT 

*  * * * * * *  

AGACAGAATTATGATAAGAAGGGAGTTCAAAACACTCCAAAACATGAACTATAKAAGAATCCTGCTGTCGGTTTGTTCAA 
Met 

CACAGTTTCAATTCAGCATAATO 

2.2 (Continued) Amdmm tTxamr±*tum late t:rypai.n promot:«r. 
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- 1 6 8  
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AAAATCGCTTCAC; 
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TTACCTAAATGG AGGl 
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-TGGCACTCTTCAATTTCAACAC 

G V TCAAGTi 
TCAAGTG 
TCAAGTG 
TCAAGTG 
TCCAGTG 
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TCaAGTG 

TTCGTCTTTCCGGGAAGAG 
pTCCTTCCTCGT 
rTTACGTTAGAAAGTT 
TTACGTTAGATAGTGCAGACATGGGTCGA 

TATAAGTAAAGTAATAA 
G\ATATTTATGATGTAAAA 

FTTGGATGATTGTTGGTGTGC 
tt t 

TTGAACTACACGATA7\ACAGACTTCAAGTGCCTTTC 
GGCGTCTTATACGATA GTCAATGTTAAGTGGAGAGATTGTTA 

CGTGTTCATCTTAAGTACA 

40 
31 
37 
50 
40 
48 
50 

Figure 2.3; Sequence alignment of the Tinman-lilce cis-acting elements. Anopheles gambiae resuhs shown below were 
assayed using D, melanogasier midgut nuclear extracts. Homology to the Tinman region is observed as well as midgut 
specificity using nuclear extracts. Element I (ACGATA) was considered to bind a ubiquitous factor and II (TCAAGTG) to 
bind a gut-specific factor (Shen and Jacobs-Lorena, 1998). 
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Table 2.2 Homology of known transcription &ctor binding sites with putative elements 
&om Aedes early and late trypsin promoters. 

Element Element Consensus Early Trypsin Late Trypsin 

DSX GTTCTACAAAGTTTG 

TT 
AGGTYMRWGACCT 

tttctacAaAGTtNtN 

HRE 

GTTCTACAAAGTTTG 

TT 
AGGTYMRWGACCT AaGTTtcAGACCT N/A 

Tinman/Nkx 
2.5 
Inr 
TATA-box 

TNNAGTG TTTAGTG TCaAGTG Tinman/Nkx 
2.5 
Inr 
TATA-box 

PyPyA+lNWPyPy 
TATAWAAG 

TTtATCC 
TATAAAAG 

cgacACA 
TATAaAAG 

DSX = Mosquito double-sex element (Raihkei personal communication). 
HRE = Locusta migratoria HRE and IR-I element (Zhang, et. al., 1996). 
Inr = Drosophila initiator element (Lo and Smale, 1996). 
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Table 2.3: Transposable elements identified in the 5' regulatory regions of Aedes trypsin 
genes. Elements belong to a diverse number of families with different characteristics. 
Some of the elements are present in very high copy numbers in the mosquito genome and 
can encompass up to 5% of the total number of base pairs. Similarities between these 
elements and the highly repetitive human alu elements have been reported. 

Transposable Position Mosquito Species Gene 
Element 

Inverted -620 to -920 Aedes aegypti Early Trypsin 
Repeat 

Lian Ae. aegypti Late Trypsin 
Wukong 

o
 

o
 

>/-
) 

1 I Ae. aegypti Late Trypsin 
Feilai --1900 Ae. aegypti. Late Trypsin 

--1500 Ae. albopictus. Late Trypsin 
--600 Ae. polynesiemis Late Trypsin 

Mariner Ae. epactius Late Trypsin 
RT-1 --8000 Ae. triseriatus Late Trypsin 
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Figure 2.4: Diagram of the potential regulatory elements found in the promoters of the 
mosquito trypsin genes. 
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CHAPTERS 

Molecular Characterization oiAeda Late Trypsin. 

ABSTRACT; 

Serine proteases of the chymotrypsin &mily have maintained a common fold over 

an evolutionary span of more than a billion years. Notwithstanding modest change in 

sequence, this class of enzymes has developed a wide variety of substrate specificities 

and important biological functions. The diversity found within the prmiary structure of 

these enzymes has challenged our understanding of specificity. In this chapter we have 

analyzed the relationship of sequence function by making use of phylogenetics. As 

observed in chapter 1, the late trypsin sequence possesses unique features defining it's 

specificity pocket. Here we present the results of a functional evolutionary analysis of 

digestive serine proteases fi-om several different arthropod species. The results found 

during this analysis suggest that Aedes late trypsin is part of the subfamily of serine 

coUagenases. A protocol for purification of the mosquito trypsin was also devised making 

use of both afiSnity and ion-exchange chromatography. 
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INTRODUCTION: 

Culicine mosquitoes represent a group of dipteran insects specialized in using 

vertebrate blood as a nutritional source for their reproduction. The blood is stored in the 

midgut, the site of both digestion and absorption of nutrients. Digestive en^^mes 

belonging to the chymotrypsin family of serine proteases aie secreted into the midgut 

lumen within a few hours after feeding. Of particular interest to this study are the serine 

proteases termed late trypsins which have been described at both the physiological and 

molecular level in mosquitoes belonging to both Anopheles and Aedes. In this chapter we 

will focus our attention on the late trypsins 6om Aedes mosquitoes. 

The late trypsin from Aedes aegypti was first purified and the amino-terminal end 

determined m 1991 (Graf, et. al., 1991). Following this report, also in 1991 the fiill length 

cDNA and amino acid sequence were determmed (Barillas-Mury, et. al., 1991). Both 

reports were the first to notice some odd and peculiar features within the sequences of 

this enzyme. The first report noted, that as expected, homology of the N-terminal region 

of the Ae. aegypti late trypsin with other trypsins as well as with late trypsin fi-om An. 

quadrimaculutus did not exceed 40%. However, this report &fled to comment on the 

higher than average homologies found with two other serine proteases, the crab 

coUagenase (50%) and hypodermin fi'om the common cattle parasite Hypoderma 

lineatum (Diptera) (43%). In the second report, the authors noticed some unusual features 

present within the specificity pocket of this enzyme. Although trypsm specificity is 

largely determined by preference for argmine (Arg) and lysme (Lys) residues resulting 
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from the presence of aspartate (Asp'®' - serine in chymotrypsin) at the bottom of the 

specificity pocket (SI site), the authors noticed that late trypsin had a distinct molecular 

signature. The SI site of the mosquito late trypsin contained a giutamate (Glu) instead of 

the typical Asp residue which was displaced fiuther to the bottom of pocket by one 

residue. Using the chymotrypsin numbering system, at position 188 was a giutamate, 

while at position 189 a serine (Ser), typical of chymotrypsin-like enzymes, was present. 

To further complicate the problem, a proline (Pro) residue was present at position 190, 

proline amino acids have a unique cyclic structure were the terminal R-chain carbon is 

covalently linked to the nitrogen at the amino terminal end of the amino acid, this wQI 

lead to decreased angle of rotation about the phi bond. 

The structural basis of trypsin substrate specificity is more complex than the 

above simple mechanistic postulate nnplies. Mutation of the Asp'®' to Ser'®' in rat trypsin 

did not switch trypsin substrate specificity to that of chymotrypsin, rather it generates a 

poor non-specific protease (Gra£ et. aL, 1987, 1988b). Hedstrom and colleagues 

demonstrated in a 1992 report that two additional loops 1 and 2 with residues 185-188 

and 221-225 respectively were required as well for a change m rat trypsin substrate 

specificity towards large hydrophobic amino acids. 

Serine proteases of the chymotrypsin &mily feature a gamut of important 

physiological fimctions. How this variety of functions emerged during evolution from a 

highfy conserved three-dimensional fold is mcon^letely understood. Linkmg the protease 

domam to specialized functional modules can create a large repertoire of fimctions, and 

most likely this strategy enabled the evolution of highly selective and specialized 
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enzymes from primitive digestive proteases. The mosaic organization of the primary 

structure of many serine proteases has complicated the evolutionary analysis and 

alignment of these enzymes. Previous sequence analysis and flmctional characterization 

have relied heavily on the architecture of non-protease domains. In this chapter we 

fiirther analyzed the late trypsin by multiple sequence alignment with other arthropod 

digestive serine proteases. The resulting phylogenetic tree is a hypothetical representation 

of the diverse functional specificities displayed by these enzymes. Substrate specificity 

studies have not been performed for all enzymes found in our database searches. We also 

report the purification protocol developed for future functional and specificity 

characterization of the late trypsin. 
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RESULTS; 

A multiple sequence alignment of all Aedes late trypsins is shown in Figure 3.1 

As already mentioned in chapter 1, this alignment was generated using the program 

Clustal X vl.81 (Thompson, J. D. et. aL, 1997) and manually edited to improve the 

alignment with the program BioEdit v5.0.9 (Hall, T.A., 1999). The residues participating 

in the catalytic triad (His 69, Asp 116 and Ser 209, using the total length of the alignment 

for numbering) are conserved in all species. The six cysteines and aspartic acid 208 are 

conserved as well. Certain unusual features though in the sequence, most specificaUy 

surrounding the specificity pocket of the enzyme required fiirther analysis. Furthermore, 

when the resultmg sequences were used to search the available databases, the highest 

identity was found with either chymotrypsin-lDce or serine collagenase-like enzymes. In 

order to explore these unexpected results protein sequence alignments were performed 

using different approaches. 

Analysis of nearly 60 non-redundant Arthropod serine protease sequences, 

corresponding to residues 16-245 in the chymotiypsm numbering system, was carried out 

using Clustal X 1.81 (Thompson, J. D. et. aL, 1997). Resulting alignments were 

compared and a neighbor-joming (NJ) tree generated (Fig. 3.2). It is interestmg to note 

that all known members of the serine collagenase sub&mify, as well as the Aedes late 

tiypsms chister together m one branch of the tree. The separation of enzymatic 

specificities and characteristics k immediately recognLzabfe m the tree, with separation of 

the alkalme trypsins (Lepidoptera) fix)m chymotrypsins, typical trypsins and serine 
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collagenases. There are also some other serine proteases that do not fit well in the tree 

and do not fall within any specific grouping. The results generated were observed for 

most alignments generated, with separation of the serine collagenases and their tight 

clustering with the Aedes late trypsms recurring in all trees. 

Serine collagenases are proteases capable of cleaving native triple helical 

collagen. These en2ymes comprise a large &mily of homologous, yet non-identical 

enzymes of mostly invertebrate origin (Van Wormhoudt et. al., 1992). The enzymology 

of the crab coUagenase is unusual, as it possesses activities similar not only to the matrix 

metallocollagenases, but also to trypsins, chymotrypsins and elastase. Some of the unique 

features of this enzyme as well as those from other serine proteases and Aedes late trypsin 

are found within the SI site specificity pocket. AUgnment of the SI site pocket of 

selected enzymes shows the presence of highly conserved residues, most notably the 

presence of phenylalanine (Phe-215), acidic amino acid (Glu or Asp - 222), alanine (Ala-

227) and Phe-228 (Fig. 3.3). It has been shown that the SI binding pocket determines 

specificity of ester hydrolysis, while specific amide hydrofysis requires both the proper 

SI binding site as weU as more distal interactions with sur&ce loops (Hedstrom et. al., 

1992). 

The diversity of substrate specificity among the chymotrypsin-like proteases rests 

upon subtle differences in stucture m the subtrate bindmg cleft (Fig. 3.4). The common 

architecture of the SI site of six members of the chymotrypsm-like class of serine 

proteases, with the catalytic triad residues can be seen in figure 3.4. An early paradigm 

for substrate specificity was derived from a comparison of the Sl-site structures of 
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trypsin, chymotrypsin and elastase. Comparison with the fiddler crab collagenase, which 

possesses a negatively charged aspartate in an altered position relative to trypsin would 

suggest that this enzyme would possess a trypsin like specificity. Instead, the collagenase 

is capable of efBciently cleaving substrates with specificities similar to all three proteases 

mentioned above. Our results (Fig. 3.2) combined with the unique features identified in 

the late trypsin specificity pocket suggests that late trypsin is also a member of the 

subfamily of serine collagenases. 

In order to test the hypothesis that late trypsin is a serine collagenase, we need to 

be able to assay late trypsin &ee of possible contaminating enzymes. To this end, we have 

developed a protocol for purification of late trypsin (Fig. 3.S). The first step makes use of 

affinity chromatography with a soybean-trypsin-inhibitor-Agarose for separation of 

trypsin fi'om all other proteins. Trypsin activity was measured as described in materials 

and methods, and active fictions pooled. Pooled firactions were then submitted to anion-

exhange chromatography using Q-sepharose (Pharmacia, Upsala - Sweden) and sodium 

chloride for elution. Active fractions were again pooled and concentrated by filtration 

through a microcon with a 10000 M.W. cutoff After concentration enzymatic activity 

was again measured and to our surprise, most activity had been lost. Possible 

explanations UKlude loss due to degradation, enzyme sticking to filter or pH stability, as 

we concentrated the enzyme while at pH 6.5. Nonetheless, we believe this protocol, with 

some optimization, to be able to generate highfy purified en^me for kmetic studies. 
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DISCUSSION; 

The results presented here support the hypothesis that convergent evolution in 

mosquitoes has played a key role in the process of blood meal digestion. Unrelated 

proteins, like the mosquito trypsins, which play essential roles for the survival and fitness 

of the organism, have been shown to converge to serve identical functions - a 

phenomenon called nonorthologous gene displacement - demonstrating that functional 

similarity can be analogous rather than homologous (Koonin et. al., 1996). Furthermore, 

we have found that members of the Tribe Aedini express a unique form of Late Trypsin 

with a molecular signature located withm the specificity pocket of the enzyme. 

Alignment of this uypsin to other members of the same protease ^mily strongly suggests 

that it is related to a unique group of proteases called serine collagenases. The most 

unportant enzymatic characteristic of the enzymes of this group is their lack of substrate 

specificity. Outside of the typical metaOoproteases, these are the only proteases known to 

cleave native triple-helical collagen. 

The vast majority of early studies on the serine proteases focused on the 

elucidation of the chemical and kinetic mechanisms of catalysis. Enzyme substrate 

complex formation is followed by attack on the carbonyl carbon atom of the scissile bond 

by the eponymous serine of the catalytic triad, which is enhanced in nucleophilicity by 

the presence of an adjacent histidme fimctionmg as a general base catalyst. Proton 

donation by the histidme results in dissociation of the first product and concomitant 

formation of a covalent acyl-enzyme complex. The deacylation reaction occurs via the 

same mechanistic steps, with a water molecule occupying the newly vacated leaving 
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group and performing the nucleophilic attack. Each step proceeds through a tetrahedral 

intermediate, which resembles the high energy transition state for both reactions. 

It has been shown that the best studied members of the chymotrypsin &mily of 

serine proteases manifests primary specificity at the PI site directly adjacent to the 

cleaved bond. However, sequence alignments with other members of the femily reveal 

that a number of sur&ce loops flanking the catalytic residues are very likely to play 

crucial roles in determining extended recognition selectivity. Our results combined with 

other sequence alignment analysis and mutational studies suggest that it is possible to 

predict substrate specificity. It is important at this pomt to determine the kinetic behavior 

of late trypsin and determine if native collagen can be cleaved. Our initial attempts, to do 

so have &iled due to loss of en^moatic activity dur^ purification, as well as, low quality 

and degraded native collagen. 

One fundamental question which has not yet been addressed is, why collagen? 

Mosquitoes do not undergo the changes that fiddler crabs do, neither do they survive and 

feed on tissue as larva like Hypodema. Late trypsin is the major protease responsible for 

digestion of the blood meal. Rapid generation of fi^ amino acids for protein synthesis 

and oorgenesis is essential for the reproductive success of the insect. We hypothesize that 

if late trypsin displays broad substrate specificity as seen for the fiddler crab collagenase, 

this would allow generation of smaller peptide fiagments firom large proteins. These 

smaller fragments could be rapidty hydroiyzed to fiee amino acids by both amino and 

carboxi^ptidases. However, until the kinetic properties of late trypsm are verified our 

hypothesis remams speculative. 



Figura 3.1 Aedes late 

Am. Bpaatiua LT 
A*, triamrimtua LT 
Am. amgypti LT 
A*, polynmalmnaxa LT 
A*, albopictua LT 
Ar. aubalbatua LT-PCR 
Am. mpactlua LT-2 

trypsin multiple sequence alignment 
K 
*•****. 

1 
; * * * * * * * ;  

MFASTVIIASFVALSAAYPSIDQGBYVNGQTATLGQFPYQVLLRIQFAEGKALCGGSLLS 60 

MFAPTVVITSLVALAAAFPSADQDE^VNGQTATLGQFPYQVLLRVQLPQYQALCGGSLLS 60 

MFTSTVVFASLMALASAFPSLDNGRVVNGOTATLGOFPFOVLLKVELSOGRALCGGSLLS 60 

MFTSTVVFASLMALAAAFPSLDEGRVVNGOAATLGOFPFOVLLKVETHQGRALCGGSLLS 60 

MFVOTVLFASLIALAAAFPSLDOGRVVNGOPAALGOFPFOVLLKVELPOGRALCGGSLLS 60 

MIASIVIISSLVALSATFPSADIASIVNGQTAAVGQFPYQALLKIQLPQGRALCGGSLIN 60 

Am, apactiua LT 
Am, triamrimtua LT 
Am. amgypti LT 
Am. polynmaimnaia LT 
Am. albopictua LT 
Ar. auhalhatua LT-PCR 
Am. apactiua LT-2 

il 
**********;**.***•******; ;*******.*.:*****:* ********* 

61 NQWVLTAGHCTDGAKSFEVTLGAVDFNSETDDGRVVLTATEYYRHEKYNPLFATNDVAVV 120 

61 DQWVLTAGHCTDGATSFEVTLGAVDFDSQTDDGRVVLTATEYYRHEKYDPTFATNDVAVV 120 

61 DQWVLTAGHCTDGAKSFEVTLGAVDFEDTTNDGRVVLTATEYHRHEKYNPLFATNDVAVV 120 

61 DQWVLTAGHCTEGATSFEVTLGAVDFEDLSNDGRVVLTATEHYRHEKYNPMFATNDVAVV 120 

61 DQWVLTAGHCTDGAKSFEVTLGAVDFEDLTNDGRVVLTATEYYRHEKYNPLFATNDVAVV 120 

61 AQWVLTAGHCTQGATSFEITLGAVDMEQQSEDGRVVLVASEFYRHEKYNPLFASNDVAVV 120 

2 
* * *  * * - • * ; * ; ; * ; ;  * ; * * ; • ; •  * * * * * * * * * * ^ * * , * *  *  * ; * * * , * * ; * , ; *  

Am. apactiua LT 121 KLPQPVEFNDRVHPVELPSGPDSYANQEVVVSGWGLQKNGGNVADKLQYAPLTVITNDEC 180 

A*, triamriatua LT 121 KLPKPVEFNDRVQPVELPTGSDNYADRKVVVSGWGLQKDGGKVADKLQYAPLTVITNNEC 180 

Ae, amgypti LT 121 KLPTPVEFNDRVQPVKLPTGSDTFTDREVVVSGWGLQKNGGNVADKLQYAPLTVISNNEC 180 

Am, polynmaimnaia LT 121 KLPKPVELNDRVQPVKLPSGSDNFTDRKVVVSGWGLQKNGGSVADKLQYAPLTVISNNEC 180 

Am. albopictua LT 121 KLPKPVEFNDRVQPVKLPSGSDTFTDRKVVVSGWGLQKNGGNVADKSQYAPLTVISNNEC 180 

Ar. auhalhatua LT-PCR 
A*, •pactius LT-2 121 KLPNPVQFNERIQPIQ-PTGSDSYADRTVVVSGWGLQKSGGNVAPKLQFAPLKVITNSKC 179 



2 +- 3 4' 3 
^  ^  ^  ^ * * * * * * * * * * ,  * * ;  *  * * *  

A*, mpmctiua VS 181 SQTYSPLVIKKTTLCAKGGNKESPCNGDSGGPLVLEGSKVQVGVVSFGHAAGCELGYPGA 240 

Am. triamriMtua LT 181 SKTYSPLVVKKTTLCAKGPHKESPCNGDSGGPLVLEGSRVQVGVVSFGHASGCELGYPGA 240 

Am. mmgypti VS 181 SKAYSPLVIKKSTLCAKGEHKESPCQGDSGGPLVLEGENVQVGVVSFGHAVGCEQGYPGA 240 

Am. polynma±mna±a 1/S 181 SKTYSPLVIKKTTLCAKGEHiaBSPCNGDSGGPLVLEGENVQVGVVSFGHAVGCEQGYPGA 240 
Am. albopiatua LT 181 SKTYSPLVIKKTTLCAKGEHKESPCNGDSGGPLVLEGENVQVGVVSFGHGVGCEQGYPGA 240 

Ar. aiibal2>atua LT-PCR 1 GDSGGPLVLEGSNVQVGVVSFGHAVGCEQGLPGA 34 

Am. apactius LT-2 180 MKTYNPLVIKKTTICAQGGEKQ8PCNGDSGGPLVLEGSNVQVGVVSFGHASGCDRGLPGA 239 

A*, mpactiua LT 241 

Am. trxamriatua LT 241 

Am. mmgypti LT 241 

Am. polynmaimnaia LT 241 
Am. mlhopictua LT 241 

Ar. aubalbmtua LT-PCR 35 
Am. •pactius LT-2 24 0 

FARVTSFVDWVKKKTGL 257 

FARVTSFVDWVKKKTGL 257 

FARLTSFVDWIKQKTGL 257 

FARLTSFVDWIKQKTGL 257 

FARLTSFVDWVKQKTGL 257 

FARLTSFVDWVKQKTGL 51 

FARLTSFSDWIKQKTGM 256 

o u> 
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. Glossina morsitans chynuacrypsi 

, A aegypti elastase like protea 

.Anopheles gambiae serine prote 

, Ctenocephalides felis chymotry 

, Vespa oriencalis CHYMOTRYPSIH 

, Aedes aegypti chymoctypsin 

,A gambiae CHYMO 1 PRECURSOR 

.A gambiae CHYMO 2 PRECURSOR 

,B mori serine proteinase p-IIc 

,P interpunctella trypsin 

,L achelous ACHELASE I 

,Choristcneura 

sexta TRYP C 

, Helicoverpa :ea trypsin 

, Lacanobia oleracea trypsin 

.Heliothis virescens trypsin-li 

, C felis trypsin2-like serine p 

,D. mel trypsin-lilce 

, C pipiens late 

.A aegypti tryp 5G1 

,A gambiae TRYP 4 

, A gambiae TRYP 1 

>Ano stephensil trypsin 

,A gambiae TRYP2 PRECURSOR 

, Ano stephensi3 trypsin 

,A gambiae TRYP3 PRECURSOR 

.A gambiae TRYP 7 

,A gambiae TRYP 5 

IA gambiae TRYP 6 

, S Vittatum TRYP PRECURSOR 

. A aegypti tryp 3A1 

. Helicchis virescens chyn-.ctryps 

, Ceiuca pugiiat::r sRACHTURIM 

, ? vannair.ei 311 PRECJRSOR 

? vannamei CffiMO EI PRECURSOR 

. H iineatura H"fPODERMIM C precur 

. D :iieL serine proteinase 

, Ae aegypti Late 

, Ae albopictus Late 

LAC polynesiensis Lata 
, Ae epactius Late 

kAe triseriatus Late 

Figure 3.2: Neighbor-joining tree generated from, a multiple sequence alignment of 
difi^nt Arthropod digestive serine proteases. Highlighted ni r^ are the late trypsins 
^om Aedes as well as other establist^ Arthropod serme collagenases. 
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An. gamblae 1 

Cu. Pipiens 

D. melanogaster 

St. calcitrans 

Sim. Vittatum 

Bovine Chymo 

Rat Trypsin 

Pig Elastase 

Hyp. lineatim -C 

Crab Collagenase 

Shrimp ChymoII 

Ae. albopictus 
Ae. Polynesiansis 

Ae. aegytpi 

Ae. epactius 

Ae. triseriatus 

Ae. epactius 2 

182 195 
•Ar ir iritir 
CAGYQQGGK-DACQGDS . 
CAGYQAGGK-DACQGDS . 
CVIT-EGGK-DACQGDS . 
CA-YAED-K-DACQGDS . 
CAGYLAGGR-DSCQGDS . 
CAG-ASGV~SSCMGDS . 
CVGFLEGGK-DSCQGDS . 
CAGG-DGVR-SGCQGDS . 
C-GDTCDGK-SPCFGDS . 
CIDST-GGK-GTCDGDS . 
CIDS-EGGK-GTCNGDS . 
CAKG—EHKESPCNGDS . 
CAKG—EHKESPCNGDS . 
CAKG—EHKESPCQGDS . 
CAKG—GNKESPCNGDS . 
CAKG—DHKESPCNGDS . 
CAQG—GEKQSPCNGDS . 

214 228 
* *• * 

. SWG-Y-GCAQAGYPGVY 

. SWG—IGCAEPGYPGVY 

. SWG-Y-GCARPNYPGVY 

. SWGK—GCALPAIPGVY 

. SWG—VGCAQSNFPGVY 
, SWGSST-C-STSTPGVY 
. SWG-Y-GCALPDNPGVY 
. SEVSRLGCNVTRKPTVF 
. SFVSGAGCES-GKPVGF 
. SFGAAAGCEA-GYPD;^ 
. SFGSSAGCEV-GYPDAF 
. SFGHGVGCEQ-GYPGI^ 
. SFGHAVGCEQ-GYPGJ^ 
. SFGHAVGCEQ-GYPGAF 
. SFGHAAGCEL-GYPGAF 
. SFGHASGCEL-GYPGAF 
. SFGHASGCDR-GLPO;^ 

Loop 1 Loop 2 

Figur* 3.3: Amino acid sequence alignment showing the distinction 
in primary specificity residues (bold) and secondary determinants 

(underlined). In red are highlighted highly conserved residues of 

serine collagenases and Aedes sp. Late trypsins. 



Figure 3.4; Structure and Van der Waals radius of the SI site specificity for different 
serine proteases. Above is rat trypsm. 
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Figure 3.4 Continued: Bovine chymotrypsin. 
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Figure 3.4 Continued: Porcine elastase. 
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Figure 3.4 Continued; Crab coUagenase (Brachyurm). 
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Figure 3.4 Continued: Aedes aegypti late trypsm model. 
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Figure 3.4 Continued; Hypodema lineatum coUagenase (Hypodermin C). 
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Figure 3.5: Purificatioa of Aedes aegypti late tiypsm by afiSnity chromatography (top) 
and ank)n exchange chromatography (bottom). Bars mdicate pooled fractions. 
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