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ABSTRACT
Dengue fever has re-emerged as a global health risk over the past 10 years. The

Dengue virus is transmitted by the Aedes aegypti mosquito, which becomes infected with the
virus upon blood feeding on an infected human host. Blood feeding, and hence blood meal
digestion, is required to obtain the proper nutrients for completion of the gonotrophic cycle.
Serine proteolytic enzymes digest the blood meal proteins, and although there are functional
studies that have demonstrated the important roles these serine proteases play in blood meal
metabolism, no one has biochemically characterized these proteases in vitro. I have engineered
recombinant protease constructs that enable us to express, purify, and activate mosquito
proteases in vitro using a bacterial expression system and a denaturation/refolding strategy. The
four major midgut proteases studied (AaET, AaLT, AaSPVI, and AaSPVII), were purified to near
homogeneity and were shown to be active in in vitro enzyme assays. Kinetic parameters, using
the artificial trypsin substrate BApNA, were determined for three of the four mosquito proteases.
AaLT, which was originally believed to be the major trypsin involved in blood meal digestion in the
later phase portion of digestion, was shown not to be a classic trypsin based on in vitro BApNA
assays. However, this same AaLT enzyme preparation was shown to cleave natural blood meal
protein substrates (serum albumin and hemoglobin), confirming its proteolytic activity.
Determination of mosquito protease activities and partial proteolysis of bovine serum albumin
(BSA) provide evidence that the four proteases have selective cleavage sites. We also present
initial evidence that mosquito proteases may be autocatalytic, based on in vitro auto-cleavage
assays with AaET and AaLT.
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CHAPTER I
INTRODUCTION

Explanation of the Problem and its Context
The female Aedes aegypti mosquito must acquire a blood meal from a human host in
order to obtain the proper nutrients for completion of the gonotrophic cycle. Without the blood
meal, the female mosquito would not have the necessary amino acids required for yolk protein
production and enough metabolic energy to complete the reproductive cycle (1). The site of
blood meal digestion and nutrient absorption is localized in the midgut. Unfortunately, this is also
the entry site of parasites or viruses, which can then be transmitted to human hosts. The blood
feeding behavior of mosquitoes has facilitated the transmission of several pathogens: the West
Nile virus (Culex), Dengue and yellow fever viruses (Aedes), and the malarial plasmodium
(Anopheles) (2). Because of the recent detection of the West Nile Virus in North America (3), the
resurgence in Dengue fever in tropical and subtropical regions of the world (3), and the everevolving malarial plasmodium, the study of vector-borne diseases is a crucial step in developing
methods for vector and disease control.
The mosquito blood meal is composed of mostly protein (~ 500 µg in 2 µl dry weight of
blood), of which 80% consists of hemoglobin (~ 300 µg), serum albumin (~ 50 µg), and
immunoglobulin (~ 15 µg) (4). Blood feeding induces the release of proteolytic enzymes in the
midgut, which leads to the degradation of blood meal proteins into peptides and amino acids.
These blood protein derived peptides and amino acids are required for the synthesis of lipid and
carbohydrate stores (needed for egg production), and more importantly, as a source of energy to
fuel the egg production process (1, 2). The major digestive enzymes released in the midgut of
blood fed female Ae. aegypti mosquitoes are trypsin- (5-7) and chymotrypsin-like (8, 9)
endopeptidases and the amino- (10) and carboxy- exopeptidases (11, 12). The main proteolytic
enzyme responsible for most of the blood meal digestion in the midgut of female Ae. aegypti
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mosquitoes is the endoprotease trypsin (5). These proteases are released in a biphasic manner,
with an initial “early” phase beginning immediately after a blood meal and continuing for 6 h postblood meal (PBM), followed by the “late” phase beginning 12-18 h PBM and reaching maximal
activity at 24 h PBM (4, 5).
In the 1990s, an abundant midgut endoprotease called early trypsin was cloned and
characterized by two groups and proposed to be responsible for the early phase digestion of
blood meal proteins (7, 13). Around the same time, two late phase serine endoproteases, called
late trypsin and 5g1, and based on their peak expression at 24 h PBM, were proposed to be
responsible for late phase blood meal protein digestion (7, 14). The late trypsin enzyme was
thought to be responsible for most of the late phase blood meal digestion (15, 16). Expression
studies of early and late trypsin genes in blood fed Ae. aegypti mosquitoes suggested that early
trypsin activity might be required for late trypsin gene transcription (15-17). These conclusions
were drawn from experiments using a commercial soybean trypsin inhibitor that inhibited early
trypsin enzyme activity (15). However, more recently, the use of more specific enzyme inhibitors
and RNAi technology (18) showed that early trypsin synthesis was not required for late trypsin
transcription (19). Furthermore, RNAi knockdown studies by Brackney et al. (20) and Isoe et al.
(4) revealed that the late trypsin enzyme is not responsible for the observed BApNA activity in
midgut extracts of blood fed mosquitoes. Moreover, the same studies showed that another late
phase protease (AaSPVI, formerly known as 5g1) is in fact the major trypsin in mosquito midguts.
The discovery that early trypsin activity is not required for late phase protease gene
expression or activity, and that late trypsin is not a classic trypsin serine protease indicates that
previous models describing blood meal metabolism in the Ae. aegypti mosquito are incomplete
(4). Functional studies of early trypsin (AaET), late trypsin (AaLT), and two other serine
proteases (AaSPVI and AaSPVII) shed some light on the expression and regulation of these
blood meal digesting enzymes (4). However, to understand the biochemical roles of these
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proteases in blood meal digestion, protein over-expression, purification, and enzyme kinetic
analysis is needed.
This dissertation describes my contribution to Isoe et al. (4) and the isolation and
biochemical characterization of the four most abundant midgut endoproteases (AaET, AaSPVI,
AaSPVII, and AaLT) in the Ae. aegypti mosquito.
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A Review of the Literature
The Aedes aegypti Mosquito: Origins and Transport
The Ae. aegypti mosquito is classified in the family Culicidae of the order Diptera (twowinged or true-flies). With over 3,500 species and subspecies of mosquitoes in the world, the Ae.
aegypti mosquito stands out as one of the most medically important species in the world (2).
Because these mosquitoes are vectors of the yellow and Dengue fever viruses, the common
name given to this species is the yellow fever or Dengue fever mosquito. The Ae. aegypti
mosquito originated in Africa, but spread to other continents, including the New World, via the
African slave trade (3, 21, 22), and through the resupplying of trade and transport ships at African
ports during the fifteenth and seventeenth centuries (23). These ships carried fresh water
reservoirs that maintained breeding colonies of the mosquito (23). This is not surprising, since
there has been evidence that the Ae. aegypti mosquito breeds and lay their eggs in man-made
sites (21).
Mosquitoes, like all Diptera, undergo complete metamorphosis from an egg stage to a
larval and pupation stage before emerging as adult mosquitoes (2). Ae. aegypti mosquitoes
prefer to lay their eggs near moist areas close to the water line, and although it has been shown
that Ae. aegypti species prefer clean water, they are able to survive in waters with high pollution
(24). However, the most important characteristic of the Ae. aegypti life cycle is that the eggs are
able to undergo diapause and thereby withstand desiccation for up to one year (23, 25). This is
yet another reason why the mosquito was able to travel from its country of origin in Africa to the
rest of the world. Furthermore, with many human hosts on these cargo transport ships, the
Aedes mosquito had a source of nutrition to fuel the egg laying process.
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Blood Feeding: Cause of Vector-Borne Diseases
Male and female mosquitoes require carbohydrates as an energy source and feed on
nectar from flowers, fruit, or honeydew. However, the female Ae. aegypti mosquito must
eventually acquire a blood meal in order to support ovarian development (2, 26). Without the
blood meal, the Ae. aegypti mosquito would not be able to produce the yolk protein precursors
needed for the development of oocytes (1, 2, 26). The primary blood source for the Ae. aegypti
mosquito is humans. The female Ae. aegypti mosquito utilizes human blood as the sole source of
nutrients to fuel the gonotrophic cycle and for the synthesis of energy reserves (27). Unlike other
mosquitoes, Ae. aegypti mosquitoes feed more than once during each gonotrophic cycle (27 and
references within), which has contributed to their role as biological vectors of human pathogens.
The two major pathogens transmitted by the Ae. aegypti mosquito are the yellow and
Dengue fever viruses. Like the Ae. aegypti mosquito, both viruses originated in Africa, with major
transport occurring in the fifteenth and sixteenth century through the African slave trade (28, 29).
Both the yellow and Dengue fever viruses are believed to share a common ancestor having
sylvatic origins, and believed to be maintained enzootically in nature by cycling between lower
primates and humans, especially in the tropical forested areas of West Africa and Asia (3, 28).
However, the Dengue fever viruses that cause disease in humans are not zoonoses, they only
utilize humans hosts for the amplification of the viruses (29).
The yellow fever virus is distantly related to the Dengue fever virus. Both viruses are
members of the Flavivirus genus and are both arthropod-borne (arboviruses), which describes
the need for a blood-sucking arthropod to complete its life cycle (3, 29-31). These viruses are
positive sense, obligate intracellular pathogens with an RNA genome, which are replicated in the
cytoplasm of infected cells (30, 31). Unlike the yellow fever virus, the Dengue fever virus is
actually compromised of four closely related serotypes (DEN-1, DEN-2, DEN-3, and DEN-4) with
common transmission cycles (3, 29, 31). Even though, in serological tests, extensive cross
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reactivity is observed between all four serotypes, no cross protective immunity in people has
been observed, making it difficult to treat (3). The disease caused by Dengue ranges from a fairly
minor fever to a life-threatening hemorrhagic fever, and are associated with headaches, bone or
joint pain, muscular pain, rashes, pain behind the eyes, fatigue, depression, and at its worst,
hemorrhagic bleeding of the gums, drastic nosebleeds, and excessive bruising (3, 31, 32). There
are no available vaccines or specific treatments for Dengue infection, which leads to very high
mortality rates in people that become symptomatic with Dengue hemorrhagic fever (31, 32).
Symptoms of dengue infection develop between 4 to 7 day incubation after being bitten by an
infected mosquito (32).
The yellow fever virus, on the other hand, is composed of only one serotype, and
symptoms begin immediately after a 3 to 6 day incubation once bitten by an infected mosquito
(30). People infected with the yellow fever virus, experience similar symptoms to that of a
Dengue infection. In most cases, people only suffer mild fevers with headaches, chills, back pain,
nausea, vomiting, and loss of appetite; however, in severe cases, re-occurring fever,
accompanied with jaundice (as a result of liver damage), abdominal pain, bleeding in the mouth,
eyes, and gastrointestinal tract results (30). 20 to 50% of cases that reach the severe stage lead
to fatalities (33). Luckily, a vaccine is available to combat the yellow fever virus, YF 17D, and has
been available for more than 60 years (30, 33). Despite the available treatment against the
yellow fever virus, African strains of the virus that affect lower primates have been shown to retain
their ability to enter urban human cycles leading to possible epidemics involving the Ae. aegypti
mosquito and humans (29). Furthermore, with an increase in population growth, urbanization,
commercial travel, and migration, the concentration and spreading of the Ae. aegypti mosquito
has a chance of increasing, leading to an increase in the risk of re-introducing of not only the
yellow fever virus, but of the Dengue virus as well (3, 29, 30, 32, 34).
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Ae. aegypti Mosquito Blood Meal Digestion and Protease Regulation
The site of blood meal digestion and nutrient absorption for the Ae. aegypti mosquito is in
the midgut (2, 35, 36). For mosquitoes, batch blood meal digestion occurs over the entire surface
of the food bolus (2). The blood meal and its contents are separated by a chitin glycoprotein
layer, known as the peritrophic matrix, that functions to protect the midgut epithelium from
digestive enzymes, abrasive particles found in the meal, ingested toxins, and acts as a barrier to
ingested pathogens (37). The mosquito consumes more than her own body weight (~2 mg) in
blood, and so the midgut musculature and abdominal wall have evolved to be elastic in order to
support the stress of the large volume of blood ingested (2). It has been shown that blood meal
digestion by Ae. aegypti takes between 30 to 40 hours (38, 39). The release of proteolytic
enzymes is induced within a few hours after ingestion of the blood meal. It is believed that these
enzymes could have evolved as a specialized system to efficiently digest the protein-rich blood
meal (2). The mosquito blood meal is mainly composed of only three proteins: hemoglobin,
serum albumin, and immunoglobulin, with insignificant amounts of lipids and carbohydrates.
In 1950, a correlation between the blood meal ingested by the Ae. aegypti mosquito and
proteolytic activity in the midgut was observed (40). Since then, the role of proteolytic enzymes in
blood meal digestion has been studied extensively in vivo, with the initial identification of trypsinlike endoproteases being induced after feeding (38, 41-43). Trypsin activity was shown to
contribute to at least 75% of the overall proteolytic activity (38). By 1989, it was known that an
early group of trypsins appeared in the midgut within 2 h PBM, while a late group, which
appeared 12 h PBM, was believed to be responsible for nearly all of the endoproteolytic blood
meal digestion (43). More importantly, no proteolytic enzymes were detected in unfed female Ae.
aegypti mosquitoes, being synthesized only after a blood meal is taken (7, 43). In 1991, using
blood-fed (and artificial protein fed) whole-body mosquito homogenates and dissected mosquito
midguts, Felix et al. (5) showed that blood meal digestion did indeed result in the induction of
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trypsin activity in two phases: the first phase beginning within a few hours after a blood meal (with
pre-existing mRNA in the midgut cells) and the second phase beginning approximately 7-9 hours
PBM (with newly synthesized mRNA not present before a blood meal). Barillas-Mury et al. (14)
eventually cloned and characterized the gene of a late phase trypsin, late trypsin (AaLT), which
was believed to be the main endoproteolytic enzyme involved in late phase blood meal digestion
(12 h PBM) first described by Graf and Briegel (44) and Graf et al. (45). Within two years of the
cloning of the late trypsin gene, two more Ae. aegypti mosquito trypsin genes were cloned and
characterized, 3a1 and 5g1 (7). Both of these newly cloned genes were shown to be different
than the late trypsin gene. The 3a1 trypsin gene transcript (now known as early trypsin, AaET),
for example, was shown to be present in unfed mosquitoes, but ET protein synthesis is not
initiated until after the onset of blood feeding (7). On the other hand, the 5g1 gene transcript
(AaSPVI) was shown to be expressed only in the late phase with peak protein levels occurring
between 18-24 h PBM (7, 43).
The mRNA of early trypsin has been shown to be present in unfed 3-day post-emerged
female Ae. aegypti mosquitoes (7, 16). After a blood meal, the early trypsin mRNA level
decreases correlating with an increase in early trypsin protein levels, indicating that early trypsin
is regulated at the translational (or protein synthesis) level (16). Since the late trypsin gene was
shown to be expressed only after a blood meal, regulation of the gene is proposed to be
regulated on the transcriptional level (6). In 1995, a feedback mechanism involving early trypsin
activity and late trypsin gene transcription was proposed. For these studies, the authors fed
female Ae. aegypti mosquitoes protein meals that contained a soybean trypsin inhibitor, which
inhibited early trypsin activity, and at different time-points after feeding, late trypsin mRNA
transcripts were measured (15). They noticed that when early trypsin activity was inhibited, late
trypsin mRNA levels were not observed. As a control experiment to show that this effect was due
to early trypsin inhibition and not some of other STI effect, a pre-digested protein meal (using
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bovine trypsin) in the presence of the soybean trypsin inhibitor was fed to Ae. aegypti
mosquitoes. This pre-digested blood meal restored late trypsin mRNA and protein levels,
suggesting that initial digestion products from early trypsin activity are required for late trypsin
gene transcription (15). From these studies, the authors proposed that blood meal ingestion
activates the translation of early trypsin mRNA resulting in initial limited digestion of the blood
meal and that limited digestion products, perhaps amino acids or peptides, activate late trypsin
gene transcription and translation, leading to full blood meal digestion (15).
This model of mosquito midgut protease regulation was accepted for many years, but
reproducibility of the experimental results (inhibition of ET activity and hence LT gene
transcription) could not be achieved. In 2006, Lu et al. (19) re-visited the work done by BarillasMury et al. (15) and determined that the soybean trypsin inhibitor used for their experiments was
contaminated with plant flavones that interfered with mosquito metabolism, which could explain
the observed inhibition of late phase protease gene expression. Lu et al. (19) repeated the
experiments using different inhibitors, including a better-purified soybean trypsin inhibitor, and
RNAi to knockdown the early trypsin gene. With the knockdown and the use of the inhibitors, late
trypsin gene expression was still observed, indicating that early trypsin activity was not required
for the transcriptional activation of the late trypsin gene.
Based on the results of Lu et al. (19), it is clear that the function and regulation of both
early and late trypsin are not fully understood. With the advent of RNAi technology and in vivo
studies performed by our lab (and others) (described in Chapter 2 of this dissertation) my
research aimed to expand our knowledge of Ae. aegypti mosquito midgut proteases and their role
in blood meal digestion.
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CHAPTER II
FUNCTIONAL ROLES OF EARLY TRYPSIN, LATE TRYPSIN, AaSPVI, and AaSPVII
INTRODUCTION
For years, the proposed feedback regulation mechanism, in which early trypsin enzyme

activity in the early phase of blood meal digestion was necessary for the activation of late trypsin
gene transcription, was thought to be correct (15). However, in addition to the recent results of Lu
et al. (19) showing that knockdown of early trypsin in vivo using RNAi does not affect the
activation of the late trypsin gene, Brackney et al. (20) found that the late trypsin gene (AaLT)
does not encode a classic trypsin enzyme. For this experiment, BApNA (Nα-benzoyl-D,L-arginine
p-nitroanilide) was used as a synthetic chromogenic trypsin substrate to measure proteolytic
activity in their mosquito midgut extracts. Surprisingly, knockdown of 5g1 (AaSPVI) reduced
BApNA activity in the midgut extracts of blood fed mosquitoes, while decreased expression of
AaLT had no effect on BApNA activity. However, no follow-up studies on the functional roles of
AaET and AaLT, and AaSPVI were done.
All the classic work and analyses of Ae. aegypti midgut proteases were done before the
mosquito genome was completed in 2007 (46). In collaboration with investigators at Colorado
State University, our lab completed an extensive bioinformatic analysis of Ae. aegypti midgut
protease genes and discovered another late phase trypsin protease homologous to AaSPVI,
AaSPVII (47). With this discovery and the results observed from the knockdown studies of AaET,
AaLT, and AaSPVI (20), we set out to determine the functional roles of each protease in blood
meal digestion.
Our approach, which is described in Isoe et al. (4), involved the optimization of RNAi
knockdown methods against the four-midgut proteases: AaET, AaLT, AaSPVI, and AaSPVII,
followed by fecundity effects and midgut extract activity assays. Gene-specific dsRNA against
the four proteases was designed, synthesized, and injected into female Ae. aegypti mosquitoes

	
  

21	
  

prior to blood feeding. We found a greater than 96% knockdown efficiency in all protease genes
(measured post-blood feeding using QRT-PCR) (Table I). Once the knockdown for each
protease gene was verified, fecundity studies revealed that only the knockdowns of AaLT,
AaSPVI, and AaSPVII led to a significant reduction in the amount of eggs laid by the female Ae.
aegypti mosquito, with AaLT knockdown having the greatest effect in the second gonotrophic
cycle (Table II). With regard to trypsin activity assays using BApNA, we found that knockdown of
AaET and AaSPVI led to a significant reduction in BApNA activity in midgut extracts of blood fed
mosquitoes. However, knockdown of AaLT and AaSPVII did not exhibit any significant reduction
in BApNA activity, even though BSA digestion in the midgut at 24 h PBM was reduced compared
to controls, indicating these enzymes do play a role in blood meal protein digestion (Table I).
From these studies we were able to conclude that AaET is the major trypsin in the early phase of
blood meal digestion, AaSPVI is the major trypsin in the late phase of blood meal digestion, and
that AaLT is not a classic trypsin enzyme based on BApNA activity assays.
In this chapter I will describe my contribution to Isoe et al. (4), which dealt with the
development of an in vitro BApNA assay to detect trypsin-like activity in wild-type and dsRNA
injected Ae. aegypti mosquito midguts. Using the approach described in this chapter (see the
Methods section), we were able to quantitatively measure total trypsin activity in individual
mosquito midgut extracts and report total activity in micromolar (μM) p-nitroaniline produced per
minute per midgut (4).
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Table I. RNAi knockdown efficiencies and in vitro (BApNA cleavage) and in vivo (BSA
degradation) serine protease activity in dsRNA-injected mosquitoes.

Reproduced with permission from Isoe, J., Rascón, A.A., Kunz, S., Miesfeld, R.L. 2009. Molecular
genetic analysis of midgut serine proteases in Aedes aegypti mosquitoes. Insect Biochemistry
and Molecular Biology. 39(12), 903-912.
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Table II. Summary of fecundity data from individual dsRNA-injected mosquitoes. Mosquitoes were
maintained on water only during the period of time separating the two blood feedings.

Reproduced with permission from Isoe, J., Rascón, A.A., Kunz, S., Miesfeld, R.L. 2009. Molecular
genetic analysis of midgut serine proteases in Aedes aegypti mosquitoes. Insect Biochemistry
and Molecular Biology. 39(12), 903-912.
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METHODS

Wild-type Ae. aegypti Mosquito Midgut Extract Assay
Most of the studies on mosquito midgut proteases have used BApNA (48) to test for
trypsin activity. However, rather than report total trypsin activity (in units relevant to enzyme
activity, which has been defined as 1.0 μmol of product produced per minute under the given
specified conditions (49, 50)), most of the literature in this field reports mosquito midgut trypsin
activity as an absorbance change over time (reaction allowed to go to completion) (for the best
example, see ref (5)). Therefore, for our studies I developed the following BApNA assay using
wild-type Ae. aegypti mosquitoes (Rockefeller strain) (reared at 25°C with 80% humidity, and a16
h light: 8 h dark cycle). Unfed and post-blood fed (using bovine blood supplemented with 5 mM
ATP) female mosquitoes were sacrificed, dissected in phosphate buffer (10 mM Sodium
Phosphate Buffer pH 7.2), and individual midguts placed in 25 μl of ice-cold 50 mM TRIS-HCl +
10 mM CaCl2 pH 8.0 buffer. (Important note: The blood feeding and dissection of mosquitoes
were all done in a collaborative effort with Jun Isoe (senior research scientist in the Miesfeld lab)).
Each midgut was homogenized using a pellet pestle, set on ice for 5 minutes, followed by 5 min
centrifugation at 14,000 rpm (4°C). This centrifugation step ensured removal of insoluble protein
particles that could interfere with activity assay measurements. The supernatant was flash frozen
in liquid N2 and stored at -80°C until needed. Flash freezing of our extracts was necessary since
10 mosquitoes per time-point (t = 0 (unfed), 3, 6, 9, 12, 15, 18, 24, 30, 36, 42, 48, 54, 60, and 72
h post-blood meal) were collected. To measure trypsin activity, BApNA dissolved in dimethyl
sulfoxide (DMSO) was used. The concentration of DMSO in each reaction was less than 0.8%.
This is important, as I noticed that higher concentrations of DMSO led to protein precipitation, an
observed characteristic of DMSO (51). Total activity of each midgut extract was then monitored
using the CARY WinUV Enzyme Kinetics Program on the CARY 50 UV-visible spectrophotometer
(Varian Medical Systems, Palo Alto, CA). The absorbance at 405 nm (Abs of p-nitroaniline,
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cleavage product of BApNA) was followed, and using the extinction coefficient ε405nm = 8800 M

-1

-1

cm (48) total trypsin activity was determined. All reaction mixtures (1.0 ml) contained 50 mM
TRIS-HCl + 10 mM CaCl2 pH 8.0, one midgut equivalent (25 μl) of soluble midgut extract, and 1
mM BApNA (set at 25°C). Reaction mixtures were set in 1.5 ml quartz cuvettes with a 1.0 cm
path length. Due to the blood content of the mosquito midgut extracts, the spectrophotometer
was blanked to each reaction sample without BApNA, followed by the addition of BApNA to
initiate the reaction. An important note, midgut extracts were not thawed until the reaction mixture
was ready. Also, one unit of enzyme activity was defined as 1 μM p-nitroaniline produced per
minute (4).

Protease Gene Knockdowns in Ae. Aegypti Mosquitoes and Midgut Extract Assays
Once a functional assay of wild-type mosquito midgut extracts was developed, proceeded
to determine the total trypsin activity of mosquito midgut extracts that were injected with dsRNA
against AaET, AaLT, AaSPVI, AaSPVII genes, and as an injected control used mosquito midgut
extracts from mosquitoes injected with dsRNA against the firefly luciferase (FLUC) gene (18).
The injections of dsRNA into Ae. aegypti mosquitoes, blood feeding, and dissections were all
done by Jun Isoe. However, once dissected, we both homogenized all midguts (individually) in
37.5 μl of ice-cold 50 mM TRIS-HCl + 10 mM CaCl2 pH 8.0 buffer and collected as above. I,
however, set all the trypsin activity assays, and measurements were repeated as above for wildtype midgut extracts. Rather than use 37.5 μl of midgut extract, used only 25 μl for each reaction.
In addition, the following time-points were collected and measured for trypsin activity: for AaET
knockdown, midguts collected at time-points t = 0 (unfed), 3, 6, 9, 12, 18, 24, 30, 36, and 48 h
PBM; for AaSPVI knockdown, midguts collected at time-points t = 12, 18, 24, 30, 36, and 48 h
PBM (start of late phase blood meal digestion (43)); and, for AaLT and AaSPVII, midguts
collected at time-points at t = 18, 24, 36, and 48 h PBM. Very few time-points were collected for
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AaLT and AaSPVII knockdowns due to insignificant reduction in BApNA activity compared to the
FLUC control in initial activity assays. Note that for all knockdown experiments, collected midguts
of FLUC injected mosquitoes (at the time points indicated for each experiment) were used as a
control. Also, a 1.5 correction factor was used when total enzyme activity was calculated for
these experiments due to the volume used for midgut homogenization (37.5 μl versus 25 μl used
for wild-type mosquito midguts (see previous section)).

Data Analysis
The data collected from wild-type, dsRNA injected, and FLUC injected mosquito midgut
extracts were statistically analyzed using unpaired Studentʼs t-test with mean ± SEM using
GraphPad Prism statistical software package (version 5.0b for MAC OS X, GraphPad Software
Inc, San Diego, CA). Significant differences are denoted by *P < 0.05, **P < 0.01, and ***P <
0.001.
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RESULTS
To help us understand the functional roles of AaET, AaLT, AaSPVI, and AaSPVII in blood

meal digestion, the amount of total trypsin-like activity in wild-type non-injected Ae. aegypti
mosquito midguts were measured. As shown in Figure 1A, blood fed non-injected wild-type
mosquitoes exhibit a two-phase increase in trypsin-like activity: an early phase within the first 8 h
PBM and a second phase between 15-30 h PBM. These results are not surprising, as it has
been shown that blood meal digestion does occur in two phases (5, 43). However, this is the first
time total enzyme activity from mosquito midgut extracts is given in enzyme units (μM min

-1

-1

midgut ) and the first time single individual midguts were used. Additionally, total enzyme activity
increased nearly 3-fold between 15 to 30 h PBM, with maximal activity at 30 h PBM.
For dsRNA-injected mosquitoes, the FLUC injected control midgut extracts showed no
significant difference in total enzyme activity between 12 to 48 h PBM, which is not surprising as it
has been shown that FLUC dsRNA has no effect on mosquitoes (18). However, mosquitoes
injected with dsRNA against AaSPVI, resulted in a dramatic decrease in BApNA activity between
18 to 42 h PBM (Figure 1B). We were able to determine the areas under each curve in Figure
1B and found an overall 74.6% reduction in BApNA activity, as opposed to 60% reduction
reported by Brackney et al. (20). As for AaET knockdown, we observed a significant decrease in
BApNA activity at 6 h PBM (72% reduction), with an overall reduction of 49.7% from 0 to 9 h PBM
(again based on area under the curve analysis) (Figure 1C). More importantly, inhibition of AaET
enzyme activity had no effect on late phase trypsin activity confirming results observed by Lu et
al. (19) and Brackney et al. (20).
BApNA activity measurements of AaLT and AaSPVII knockdowns (in comparison to
FLUC, AaET, and AaSPVI) were determined at 18, 24, 36, and 48 h PBM. From these
experiments, the only significant difference in total BApNA activity was between FLUC injected
mosquitoes and AaSPVI dsRNA injected mosquito extracts (Table 1). These data not only

	
  
confirm that AaET enzyme activity is not required for late phase trypsin activity, it confirms the
fact that AaLT does not exhibit trypsin-like activity. AaSPVII, although homologous to AaSPVI,
did not make a significant contribution to total enzyme activity.
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Figure 1. Total BApNA activity in individual mosquito midguts as determined by quantitative
enzyme kinetic analysis using steady state assumptions. Results are from a minimum of three
experiments using 3 mosquitoes for each time point. The mean ± SEM are shown for A)
uninjected mosquitoes, B) Fluc (solid line) and AaSPVI (dotted line) dsRNA-injected mosquitoes,
and C) Fluc (solid line) and AaET (dotted line) dsRNA-injected mosquitoes. Asterisks indicate
significant differences between the serine protease dsRNA and Fluc dsRNA-injected mosquitoes
at the same time points (**P < 0.01; ***P < 0.001).

Reproduced with permission from Isoe, J., Rascón, A.A., Kunz, S., Miesfeld, R.L. 2009. Molecular
genetic analysis of midgut serine proteases in Aedes aegypti mosquitoes. Insect Biochemistry
and Molecular Biology. 39(12), 903-912.
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DISCUSSION
With the enzyme assay I developed to study individual Ae. aegypti mosquito midgut

extracts before and after blood feeding, we were able to confirm that blood meal digestion is
indeed biphasic, with an early increase in total BApNA activity observed within the first 8 h PBM,
followed by a 3-fold increase in activity between 15 to 30 h PBM. With the application of RNAi to
these studies, we were able to show that injecting mosquitoes with FLUC dsRNA has no
significant effect on total enzyme activity compared to wild-type non-injected mosquitoes
indicating that the results observed from the knockdown studies were due to gene specific dsRNA
and not the injection alone. In addition, dsRNA knockdown enabled us to determine which
enzymes play a significant role in total trypsin enzyme activity, and hence blood meal digestion.
AaET knockdown had no effect on fecundity or on late phase trypsin activity, but a significant
decrease in total trypsin activity was observed within the first few hours PBM. Not surprising, the
knockdown of the AaLT gene resulted in no significant reduction in total enzyme activity, since
from bioinformatic studies, AaLT was shown to be a serine collagenase and not a classic trypsin
(47). Although AaLT was confirmed to not contribute to BApNA activity, our fecundity studies
demonstrate that AaLT does play an important role in blood meal digestion, since knockdown of
this gene was shown to have the greatest effect on the amount of eggs laid in the second
gonotrophic cycle (4). Similar results were observed with the knockdown of AaSPVII, another late
phase protease. Knockdown of the AaSPVII gene did not result in a significant decrease in total
BApNA activity, but it did have an effect on the amount of eggs laid by the female mosquito. The
effect was not as large as the AaLT knockdown, but was significant compared to the FLUC
control (Table 2) (4). The possibility remains that this enzyme might not be a trypsin, but, as will
be discussed in Chapter III, AaSPVII is a true classic trypsin.
The other late phase protease, AaSPVI, which was first cloned and characterized in 1993
(7), was shown to have the greatest effect on total BApNA activity. Knockdown of the AaSPVI
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gene resulted in 74.6% reduction in total BApNA activity compared to FLUC injected mosquitoes.
This reduction in activity can be attributed to the possibility that AaSPVI may be the major trypsin
involved in late phase blood meal digestion, or it can be attributed to the fact that 5 additional
AaSPVI gene homologs, with ~92% amino acid sequence identity were identified (47), and the
dsRNA injected knocked down all genes. This is one of the reasons why studying these
proteases in vitro would aid in determining the specific roles each protease has on blood meal
digestion.
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CHAPTER III
INITIAL BIOCHEMICAL CHARACTERIZATION OF AaET, AaLT, AaSPVI, and AaSPVII
INTRODUCTION
Digestive enzymes secreted from the pancreas into the small intestine catalyze the

hydrolysis of food proteins in animals, especially humans. This process is very important since
proteins make up approximately 10% of the caloric intake found in typical Western-style diets
(52). When ingested, proteins are broken down into amino acids, which are eventually used for
bodily functions such as growth, development, repair, and energy storage (52). With the variety
and complexity of human diets (vegetarian versus carnivorous) digestive enzymes have been
shown to be diverse in their specificities, being able to accommodate the feeding habits of the
host (52, 53). In invertebrates, especially in blood feeding insects like the mosquito, digestive
enzymes have also been shown to play a crucial role in the digestion of blood meal proteins (4).
Like in humans, digestion of proteins by mosquitoes leads to peptides and amino acids, but the
amino acids are specifically used to synthesize lipids and carbohydrates (needed for egg
production) and as a source of energy to fuel the egg production process (1, 2). The major
digestive enzyme involved in the hydrolysis of food and blood meal proteins is the serine
endoprotease trypsin. Trypsin and other serine endoproteases are found in all kingdoms of life,
including viral genomes (54, 55). This enzyme has been shown to have species-specific
characteristics given the diversity in feeding habits and the composition of the food ingested (53).
As mentioned, trypsin is the most important digestive enzyme not only because of it its role in
food protein hydrolysis, but also because of its ability to activate the zymogen form of itself
(trypsinogen) and other digestive proteases (52, 53).
Trypsin belongs to the serine protease family, which includes chymotrypsin, elastase,
and serine collagenase (47, 56). The family name is derived from the nucleophilic serine residue
found in the active site (57). In its catalytic reaction, this active site serine becomes deprotonated
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by histidine, which then acts as a nucleophile attacking the carbonyl of the peptide substrate
forming a tetrahedral intermediate (52-58). The tetrahedral intermediate then collapses liberating
the substrate-leaving group (Figure 2). Serine deprotonation by histidine, with inclusion of an
+

aspartate group (to stabilize the newly protonated histidine (His-H ) in the peptide hydrolysis
reaction, makes up the charge relay system known as the classic catalytic triad Ser-His-Asp (5258). X-ray crystal structures of most serine proteases are quite homologous (consisting of two
six-stranded β-barrels). However, differences in their specificity pockets lead to preferential
cleavage sites (Figure 3) (52, 53). For example, trypsin prefers to cleave protein and peptide
substrates on the carboxyl side of lysine or arginine and of ester substrates that contain the same
amino acids, while chymotrypsin cleaves peptides after phenylalanine, tyrosine, and tryptophan
(52, 53, 56, 58, 59).
The study of various serine proteases isolated from mammals has been done utilizing the
classic biochemical approach: obtaining the enzyme from the source. For example, the isolation
of bovine chymotrypsinogen was first isolated using cattle pancreatic extracts (60). For
invertebrates, especially mosquitoes, the same approach of going to the source was taken:
mosquito midgut extracts were used to isolate the proteases of interest (44). The major problem
with mosquitoes is their size. The average size of an Ae. aegypti mosquito is estimated from the
wing length and can be approximately between 2 to 3 mm, depending on the nutrition obtained by
the egg-laying mosquito host (61). Nonetheless, compared to cattle, the mosquito is thousands
of times smaller and would require thousands of mosquitoes to obtain enough protein for enzyme
analysis. Luckily, with recombinant DNA cloning and protein expression techniques, the issue of
obtaining milligram quantities of protein can be overcome (50).
The use of bacterial expression vectors and strains allows for high-level production of
recombinant proteins needed for in vitro enzymatic analysis or other biochemical studies (62-65).
However, the use of prokaryotic expression systems can lead to lack of protein expression or
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expression of insoluble proteins, especially when attempting to express eukaryotic proteins.
Many eukaryotic proteins, especially proteases, require the formation of disulfide linkages for
stability and activity. For example, vertebrate trypsins require six disulfide linkages for activity,
while some invertebrate trypsins have been shown to require three (53). The reducing conditions
of the Escherichia coli cytoplasm, the site of protein transcription and translation (63), prevents
disulfide linkage formation, which leads to the expression of unfolded proteins (inclusion bodies).
As a result, many proteases expressed in bacteria have been expressed as inclusion bodies,
including initial expression of AaET, AaLT, and AaSPVI (unpublished work, Wells lab Department
of Biochemistry and Molecular Biophysics), but bacterial expressed proteases have been purified
using denaturation/refolding strategies (66, 67). Therefore, in this chapter I will discuss the
approaches taken to express the four most abundant Ae. aegypti mosquito midgut proteases
(AaET, AaLT, AaSPVI, and AaSPVII) in bacteria, and the approach taken for obtaining purified,
active, soluble protein.

	
  
Figure 2. General catalytic mechanism of all serine proteases.
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Figure 3. A) Three-dimensional structure of bovine trypsin (with a bound peptide substrate
inhibitor) showing the conserved two six-stranded β-barrels found in most serine proteases. B)
Homology models of AaSPVI and AaLT using the Protein Model Portal showing the similar
predicted structures of each mosquito protease, and overlap of the models predicts a structural
difference that may affect substrate binding.
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METHODS

Preparation of Ae. aegypti Female Mosquito Protease Plasmid Constructs
Engineering of mosquito zymogen protease plasmid constructs started with the isolation
of total RNA from Ae. aegypti mosquitoes. Total RNA from a pool of five unfed mosquitoes (for
AaET) and a pool of five 24 h post-blood fed dissected mosquito midguts (for AaLT, AaSPVI, and
AaSPVII) was isolated using TRIzol (Invitrogen), according to the manufacturerʼs protocol. The
isolated total RNA was then used for production of a complimentary DNA (cDNA) pool using an
oligo-D(T) primer and M-MLV reverse transcriptase (Promega). The newly synthesized cDNA
was used as a template to PCR-amplify the mosquito midgut genes using gene-specific primers
(Table III). The NdeI and HindIII restriction sites (for AaET, AaSPVI, and AaSPVII) and NdeI and
XhoI restriction sites (for AaLT) were incorporated into the genes of interest to facilitate cloning
into the pET28a and pET29a vectors (Novagen). Using these zymogen plasmid constructs as
templates, mature forms of the proteases of interest were also engineered utilizing gene-specific
primers that contain the ATG start codon followed by the predicted mature sequences (matureM)
(Table III).
Fusion protein constructs were also engineered and cloned into the pMAL-c4E vector
(New England Biolabs) to yield a maltose binding protein (MBP) N-terminally fused to the
proteases of interest. Both the zymogen and matureM forms of AaET, AaLT, AaSPVI, and
AaSPVII were cloned into the pMAL-c4E vector by using the zymogen pET vector plasmid
constructs as templates and PCR-amplifying the genes of interest with gene-specific primers that
contained the EcoRI and HindIII restriction sites (for AaET, AaSPVI, and AaSPVII) and BamHI
and SalI (for AaLT) (Table III). In addition, the gene primers used to amplify the MBP-mature
fusion constructs contain bases that encode for an enterokinase cleavage site. I also engineered
mature mosquito protease plasmid constructs with an artificial leader sequence containing an
enterokinase (EK) cleavage site (matureek) for cloning into the pET vector system. The zymogen
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pET vector plasmid constructs were used as templates, and PCR-amplified the genes of interest
with gene-specific primers that contained a start codon and bases that encode for DDDDK and an
asparagine “propeptide” region (Table III). The primers contained the NdeI and HindIII restriction
sites (for AaET, AaSPVI, and AaSPVII) and NdeI and XhoI (for AaLT) for cloning into the pET29a
vector. All plasmid constructs were confirmed by DNA sequencing (Arizona Research
Laboratories Sequencing Facility, University of Arizona).

Bacterial Over-expression, Purification, Protein Denaturation, and Refolding
The matureM (no EK site), pMAL, and matureek (artificial linker + EK site) plasmid
constructs were transformed into the BL21(DE3) bacterial expression system (Novagen). For the
over-expression of the proteins of interest, a single colony was picked from an overnight plate
grown on Luria Broth (LB) agar (37°C) supplemented with 100 µg/ml ampicillin (pMAL vector
plasmids) or 34 µg/ml kanamycin (pET vector plasmids) and placed in 0.2 L of LB with the proper
antibiotics (plus 0.2% glucose for pMAL plasmids). The overnight culture was then set in a 37ºC
shaker (250 rpm) and grown overnight. From the overnight culture, 6 x 1 L LB cultures with the
proper antibiotics (plus 0.2% glucose for pMAL) (in 2.8 L Fernbach flasks) were set in a 37ºC
shaker (200 rpm). At an OD600 ~ 0.7-1.0, cultures were induced with 1 mM isopropyl-β-Dthiogalactopyranoside (IPTG) (pET plasmids) or 0.3 mM IPTG (pMAL plasmids) and grown for 4
h. Bacterial cells were harvested by centrifugation at 6000 rpm for 20 min (4ºC). Pellets were
then flash frozen in liquid N2 and stored at -80ºC until needed.
MBP fusion proteins were highly expressed in soluble form using the bacterial growth
conditions described. As a result, only 5 to 6 g of cell paste was used for purification. Cell paste
was lysed by sonication in buffer containing 20 mM TRIS-HCl + 1 mM EDTA + 200 mM NaCl pH
8.0 and 1mM DTT (lysis buffer). The cells were then centrifuged for 45 min at 16,000 rpm and
4ºC to obtain a clear crude lysate. The lysate was then diluted 2.5-fold using lysis buffer and
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loaded on to an amylose resin (New England Biolabs) column (pre-poured into a 2.5 x 10 cm
glass column), which had been equilibrated with lysis buffer. The column was washed with 100
ml of lysis buffer (10 times the column volume), followed by elution with 10 mM maltose in lysis
buffer (10 times the column volume). 3 ml fractions were collected, and those fractions that
contained the protein of interest (based on SDS-PAGE analysis) were pooled and dialyzed in 20
mM TRIS-HCl + 10 mM CaCl2 pH 8.0 to remove NaCl, maltose, and reducing agent. After
dialysis, the protein was concentrated using an N2 gas pressured Amicon concentrator (with a
PM-30 membrane, Millipore), followed by aliquoting, and flash freezing in liquid N2. All protein
preps were stored at -80°C in the final buffer conditions: 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0.
As for the matureM (no EK site) and matureek (artificial linker + EK site) forms of AaET,
AaLT, AaSPVI, and AaSPVII, the proteases were expressed insolubly (as inclusion bodies). We
therefore optimized a purification scheme based on protein denaturation with guanidine
hydrochloride (Gu-HCl) and refolding of the insoluble form of the proteins. Briefly, 8 g of cell
paste was lysed by sonication in buffer containing 20 mM TRIS-HCl + 10 mM CaCl2 + 200 mM
NaCl pH 8.0 and 1mM DTT (lysis buffer). The cells were then centrifuged for 45 min at 16,000
rpm and 4ºC. After centrifugation, the inclusion body pellet was washed by sonication (in 15 s
bursts, 20% power for a total of 3 min, on ice) using lysis buffer containing 0.5 M Gu-HCl and 2%
Triton X-100. The washed cells were then centrifuged at 16,000 rpm (4ºC) for 15 min. The wash
step was repeated twice and the pellet containing the insoluble protease of interest was
resolubilized using lysis buffer with 6 M Gu-HCl. The protein was then refolded using dialysis (4 L
20 mM TRIS-HCl + 10 mM CaCl2 + 200 mM NaCl pH 8.0) to slowly remove the Gu-HCl and DTT
and concentrated using an N2 gas pressured Amicon concentrator (with a YM-10 membrane,
Millipore). The concentrated protein was then aliquoted, flash frozen in liquid N2, and stored at
-80°C. The final storage conditions for all protein preps described in this section is 20 mM TRISHCl + 10 mM CaCl2 + 200 mM NaCl pH 8.0.
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Activation and Purification of MBP-Matureek Fusion and Matureek (Artificial linker + EK) Proteases
The MBP-AaSPVI-Mek fusion was digested with recombinant enterokinase (rEK) (EMD
Biosciences) overnight (~19 h) at 4°C with slow agitation on an orbital rocker (60 rpm). Samples
were collected for SDS-PAGE analysis (at t = 0, 2, 4, 19 h post-rEK). The following morning, the
rEK digested MBP fusion mixture was diluted nearly 7-fold with 20 mM TRIS-HCl + 10 mM CaCl2
+ 1 mM DTT pH 8.0 (column buffer), and loaded on to an amylose resin column that had been
equilibrated with column buffer. The column was washed with column buffer (20 times the
column volume), followed by elution with 10 mM maltose (in column buffer) (15 times the column
volume), while collecting 6 ml fractions. Those fractions that contained the protein of interest
(based on SDS-PAGE analysis) were pooled, concentrated, aliquoted, and flash frozen in liquid
N 2.
Ammonium sulfate precipitation of MBP-AaSPVI-Mek digested fusion was attempted. The
mixture (in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0) was treated with increasing amounts of
ammonium sulfate starting with 10% saturation and ending with 70% saturation. At each step of
saturation, ensured that precipitation formed, followed by centrifugation at 14,000 rpm (4°C) for
10 min. Pellets were collected at different steps during saturation and were solubilized in 20 mM
TRIS-HCl + 10 mM CaCl2 pH 8.0 for analysis on a 12% SDS-PAGE gel.
To cleave the artificial leader sequence of the matureek proteins, each inactive protease
was treated with recombinant enterokinase (rEK). All purification steps were carried out at 4°C.
For AaSPVI-Mek, ~11 mg of protein was treated with ~80 units of rEK and incubated at 4°C for 24
h. The reaction mixture was then purified using a HiTrap Benzamidine FF 1 ml column (GE
Healthcare) that had been equilibrated with 20 mM TRIS-HCl + 10 mM CaCl2 + 200 mM NaCl pH
8.0. The column was then washed with 10 column volumes of equilibration buffer that contained
1 M NaCl and eluted with 15 column volumes of 50 mM Glycine pH 3.0. Addition of 1 M TRISHCl pH 8.0 to the elution fractions during purification prevented denaturation of the protein.
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Fractions were pooled and collected based on SDS-PAGE analysis. The protein buffer was
exchanged during concentration to 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0.
For AaSPVII-Mek and AaLT-Mek, ~35 mg of protein was treated with 60 units of rEK and
incubated at 4°C for 48 h (reaction set in an Erlenmeyer flask with low agitation using a stir bar
and plate). After 48 h, the protein mixtures were diluted to obtain a final concentration of ~16 mM
NaCl. In addition, 1 mM DTT was added to the diluted protein mixture and to all buffers during
purification in order to minimize auto-digestion. The proteins were then loaded and purified using
a Q-sepharose HiTrap 5 ml column (GE Healthcare) that had been equilibrated with 20 mM TRISHCl + 10 mM CaCl2 + 16 mM NaCl pH 8.0 and 1 mM DTT. The column was washed with 4
column volumes of equilibration buffer and eluted with a linear gradient of increasing NaCl (from
0.016 M to 1 M). Protein fractions were pooled and collected based on SDS-PAGE gel analysis.
As a last step in the purification, the proteins were desalted by dialysis in 20 mM TRIS-HCl + 10
mM CaCl2 pH 8.0. This helped with further removal of uncleaved matureek protein.
The activation and purification of AaET-Mek was two-fold. In the first step, ~36 mg of
2+

AaET-Mek protein was incubated with 60 units of rEK at 4°C for 24 h, and purified using a Ni charged HiTrap Chelating HP 1 ml column (GE Healthcare). Unlike all of the other matureek
proteins, AaET-Mek did not express well using the pET29a vector, but when cloned into the
pET28a vector and transformed with BL21(DE3), over-expression was greatly increased.
Therefore, using the optimal His-tagged affinity purification conditions: 20 mM KPO4 + 0.5 M NaCl
pH 7.4, the protein was purified according to the manufacturerʼs protocol. Protein fractions were
pooled and collected based on SDS-PAGE gel analysis, and the protein was buffer exchanged by
dialysis in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0 buffer. Unfortunately, this dialysis step did not
help in removing uncleaved matureek protein. Therefore, in the second step, activated AaET-M
enzyme (90 µg) (collected from the His-tagged purification attempt) was incubated with 20.5 mg
of uncleaved/inactive AaET-Mek protein at 24°C for 27 h. The protein mixture was diluted to
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obtain a final concentration of 18 mM NaCl, and 1 mM DTT was added to the mixture and all
purification buffers. The protein was then loaded on to a Q-seph column and purified as above.
Protein fractions were pooled and collected, and dialyzed in 20 mM TRIS-HCl + 10 M CaCl2 pH
8.0 with 0.5 mM DTT. All active mature protein preps were concentrated using an N2 gas
pressured Amicon concentrator (with a YM-10 membrane), aliquoted, flash frozen in liquid N2,
and stored at -80ºC.

Protein Concentration Determination
The concentrations of all purified and refolded recombinant proteins were determined
using the BCA Assay kit (Pierce) with bovine serum albumin (BSA) (Pierce) as a standard.

In vitro BApNA Spectrophotometric Assays of Recombinant Proteases
The synthetic chromogenic substrate Nα-benzoyl-D,L-arginine-p-nitroanilide
hydrochloride (BApNA) (MP Biomedicals) was used to test for trypsin-like activity. In a typical
activity assay, reaction mixtures (1.0 ml) contained 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0 and
1 mM BApNA (dissolved in DMSO). Reactions were initiated with enzyme and the absorbance at
405 nm was monitored using the CARY WinUV Enzyme Kinetics Application on the CARY 50
UV-visible spectrophotometer (Varian Medical Systems) as a function of time. Reaction rates
were determined at 24°C from linear portions of the A405nm versus time plots using the extinction
-1

-1

coefficient ε405nm = 8800 M cm (48). To ensure the assay was suitable to measure trypsin
activity, commercial active bovine trypsin (Sigma Aldrich) was used. To determine the kinetic
parameters of active mature proteases and bovine trypsin, steady-state conditions were set and
BApNA was used as the substrate. The results were fit to the Michaelis-Menten equation and
data were statistically analyzed using unpaired Studentʼs t-test with mean values ± SEM using
GraphPad Prism statistical software package (Version 5.0b for MAC OS X, GraphPad Software
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Inc). Significant differences are shown as **P < 0.01 and ***P < 0.001. One unit of enzyme
activity was defined as 1.0 μmol of p-nitroaniline cleaved per min per mg of protein.

Partial Proteolysis of BSA
BSA (40 μg) was incubated with active mature mosquito proteases (AaET, AaSPVI, and
AaLT) and bovine trypsin at a 10:1 ratio of BSA to protease, and for AaSPVII, at a ratio of 298:1
of BSA to protease. Reactions (0.1 ml) were carried out in 20 mM TRIS-HCl + 10 mM CaCl2 pH
8.0 and 24ºC. 8 μg samples (20 μl) were withdrawn at 15 and 60 min after the addition of
protease, treated with SDS-PAGE sample buffer, and stored at -20ºC until all samples collected.
Once collected, samples were thawed, set in a 95ºC water bath for 3 min, and analyzed by 12%
SDS-PAGE. Gel was stained with GelCode Blue Stain Reagent (Thermo Scientific) and
destained with high purity water.

Enzyme Activity Assays Using BSA and Hb as Substrates
Protease activities of all active mosquito proteases and bovine trypsin were determined
using BSA and hemoglobin (Hb) (porcine hemoglobin, Sigma Aldrich). Reactions with BSA and
Hb were set by incubating ~830 ng BSA with ~0.9 ng of protease and incubating ~965 ng Hb with
~4.5 ng protease in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0. Reactions (0.15 ml) were carried
out at 24ºC and samples (15 μl) were withdrawn at t = 0, 1, 2, 3, and 4 h after the addition of
protease for all BSA reactions. For AaET, AaSPVII, and AaLT Hb reactions, samples (18 μl)
were withdrawn at t = 0, 0.5, 1, 2, 3, and 4 h. For AaSPVI and BT, samples (18 μl) were
withdrawn at t = 0, 15, 30, 45, and 60 min. All protein samples were treated with SDS-PAGE
sample buffer, which contained a final concentration of 4 mM DTT, and stored at -20ºC until all
samples collected. Once collected, samples were thawed, set in a 95ºC water bath for 3 min, and
analyzed by 12% SDS-PAGE (BSA reactions) and 15% SDS-PAGE (Hb reactions). All gels were
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stained using the ProteoSilver Plus Silver Stain kit (Sigma Aldrich), according to the
manufacturerʼs protocol. To calculate the area of the protein bands, NIH ImageJ was used. The
area of the bands was then used to determine the amount of protein substrate (nM), which was
-1

then plotted as a function of time (min) to calculate the digestion rate (nM min ). All experiments
were done in triplicate and data were statistically analyzed using unpaired Studentʼs t-test with
mean values ± SEM using GraphPad Prism. Significant differences are shown as *P < 0.05 and
**P < 0.01. Digestion rates were then used to calculate BSA and Hb protease activity, which is
defined as 1.0 nmol of substrate digested per min per mg of protein.
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Table III. Primers used for PCR amplification and cloning of the zymogen matureM, MBP-fusion
(both zymogen and mature), and matureek forms of AaET, AaSPVI, AaSPVII, and AaLT.
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RESULTS
Ae. aegypti mosquito total RNA was isolated using unfed (for AaET) and blood fed (for

AaLT, AaSPVI, and AaSPVII) mosquitoes because it has been shown that AaET mRNA transcript
is present in unfed adult female mosquitoes (5, 7), while the late phase protease transcripts have
been shown to not be present until about 8 h PBM, peaking at 24 h PBM (5). This ensured that
the proper transcribed mRNA would be present for in vitro cDNA synthesis. For cDNA synthesis
of the mosquito mRNA, the oligo-D(T) primer was shown to be required due to the poly(A) tail
found in most eukaryotic mRNA. This poly(A) tail serves to protect the mRNA from exonucleases
and serves as a binding site for specific proteins that aid in mRNA protection (50). In addition,
the reverse transcriptase enzyme is also required to reverse transcribe the mRNA into the
necessary cDNA needed for cloning (68). Initially, plasmid constructs of the zymogen form of the
mosquito proteases were engineered, but since no mosquito protease has ever been isolated and
studied in vitro no one knows how these proteases are activated. Therefore, different plasmid
constructs involving the formation of mature proteins were made (Figure 4).
The expression of the matureM form (start Met before the predicted mature sequence,
Figure 4B) of AaET, AaLT, AaSPVI, and AaSPVII in BL21(DE3) using both the pET28a and
pET29a vectors resulted in insoluble protein. Attempts at obtaining soluble protein by growing
bacteria at lower temperatures (15° and 25°C) were unsuccessful. This was expected, as it is
difficult to express eukaryotic proteins that require disulfide linkages in bacterial systems. As
mentioned, the four mosquito proteases of interest contain six cysteine residues that give rise to
three disulfide bridges, and the reducing conditions of the bacterial cytoplasm prohibit these
linkages from forming (63). Therefore, I decided to focus on using the pMAL vector plasmids. As
observed, the pMAL vector increased the solubility of the mosquito midgut proteases by Nterminally tagging the proteins of interest with the maltose binding protein (a highly soluble protein
found and expressed in E. coli) (69, 70). In addition, the pMAL-c4E vector produces a fusion
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protein with an enterokinase cleavage site between the MBP and the protein of interest (and with
the engineering of an additional enterokinase site (Figure 4C)), separation and activation
attempts were facilitated. The MBP-matureek plasmids were transformed into the BL21(DE3)
bacterial expression system, and using the standard growth conditions, the proteins of interest
were over-expressed and highly soluble (Figure 5). An important note, 0.2% glucose was
supplemented in the bacterial cultures in order to repress the maltose genes that are naturally
found in bacterial expression hosts because one of the enzymes produced (amylase) will degrade
the amylose resin during purification (71).
The purification of MBP-fusion proteins can be done in a single step using an affinity
resin composed of amylose (69-71). Successful purification of the MBP-matureek fusion
proteases was observed for all mosquito proteases (AaET, AaLT, AaSPVI, and AaSPVII), with
yields in the range between 20 to 30 mg of purified fusion protein per 5 to 6 g of bacterial cell
paste. The purity of the fusion proteins, which were based on SDS-PAGE gel analysis, is
approximately greater than 85% pure (Figure 6). In order to activate and separate the MBP from
the proteases, the fusion proteins were digested with recombinant enterokinase at 4°C
(overnight), which yielded a mixture of MBP and our proteases of interest (for an example, see
Figure 7). Steps at separating the MBP mixture did not work. The first attempt was to separate
MBP by re-binding the protein on to the amylose resin column and collecting the flow through,
which would contain our protease of interest. However, since dialysis was used to remove
maltose, MBP still contained maltose at the binding site. In the pMAL protocol, researchers avoid
dialysis to remove maltose and proceed to a two-step purification scheme using dialysis (for
buffer exchange only) and either Q-sepharose or Hydroxyapetite chromatography (71). Dialysis
is avoided to remove maltose from the binding site because it has been shown that when a
protein and its ligand are dialyzed in a large volume, the newly released ligand encounters
another protein-binding site much faster than it would the dialysis membrane, making it difficult to
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remove the ligand from the binding site (72). Since we are dealing with proteases, we wanted to
avoid any extra steps once the proteases became activated, so for the second separation
attempt, ammonium sulfate precipitation was used to salt out our proteases of interest.
Unfortunately, this step did not increase the purity of our protease, as the contaminants of the
undigested MBP-fusion, MBP, and other cleavage products were present in each saturation step
(Figure 8). However, in solubilizing the pellet in buffer without ammonium sulfate (20 mM TRISHCl + 10 mM CaCl2 pH 8.0) we were able to detect trypsin activity using BApNA as a substrate
(an important note, all in vitro activity assays were set using BApNA (48)). We therefore switched
our focus to the insoluble over-expressed mature proteases and optimized a protein
denaturation/refolding strategy that enabled us to obtain enough refolded protein for initial
experiments. The key for obtaining enough protein during the refolding process was the addition
of at least 200 mM NaCl in each step.
The denaturation/refolding strategy for the mature forms of the proteases (both matureM
(no EK site) and matureek (artificial linker + EK site)) resulted in ~100 mg of refolded protein per 8
g of cell paste. Unfortunately, the refolded matureM (no EK site) proteases were not active in in
vitro activity assays using BApNA. The matureek (artificial linker + EK site) proteases, on the
other hand, were shown to be active after incubation with recombinant enterokinase. Once
activated, the proteases were purified to homogeneity using a benzamidine column (for AaSPVI2+

M), an ion exchange column (for AaSPVII-M, and AaLT-M), and both a Ni -chelating column and
ion exchange column (for AaET-M), which yielded 90% pure active mature proteases (Figure 9).
The key in minimizing auto-digestion of the proteases during activation was to set the cleavage
reaction of the recombinant uncleaved matureek protein and enterokinase at 4°C, and to minimize
auto-digestion during purification, 1 mM DTT was added to all buffers and purified at 4°C.
As mentioned, BApNA was used to measure trypsin activity, and three of the four active
purified proteases (AaET, AaSPVI, and AaSPVII) were shown to cleave BApNA (based on the
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change of Abs at 405 nm over time, see Figure 10), while no detectable amount of activity was
observed for AaLT-M. Since no mosquito protease has ever been studied in vitro, BApNA was
also used to determine the kinetic parameters of each purified protease under steady-state
conditions. Surprisingly, AaSPVI has the lowest kinetic parameters of all the mosquito proteases
(Table IV), even though we have shown that this enzyme was responsible for most of the late
phase trypsin-like activity in mosquito midgut extracts (Chapter II and (4)). AaET has the highest
turnover number and was the most efficient enzyme. In addition, AaET also has the highest
specific activity compared to the other mosquito proteases. Not surprising, all the mosquito
proteases studied have different kinetic parameters using the same substrate.
In order to determine if the cleaved and purified AaLT-M protease was active, and to
demonstrate that each of the mosquito proteases do indeed play different roles in blood meal
digestion, the active purified mature enzymes were incubated with BSA. Figure 11 shows a
representative gel of the partial proteolysis of BSA with bovine trypsin and the mosquito
proteases of interest. Interestingly, all of the proteases used for this experiment gave rise to
many different cleavage products indicating that each protease has potentially preferred cleavage
sites. Furthermore, all proteases (including bovine trypsin) cleave BSA at a common site due to
the appearance of a protein species with MW close to 40 kDa (Figure 11). Since AaLT-M did
partially digest BSA, protease activity using BSA and Hb was determined. BSA and Hb
digestions rates were also determined for all of the mosquito proteases. The active proteases
were incubated with BSA and Hb in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0 (24°C) and samples
over time were analyzed by SDS PAGE gel (Figure 12). Under these conditions, we were able to
determine a BSA and Hb digestion rate for AaLT-M and each of the other mosquito proteases
and bovine trypsin (Table V). Surprisingly, AaSPVI with the lowest BApNA kinetic parameters
(Table IV) had the best protease activity using both BSA and Hb as substrates (Table V). The
other mosquito proteases had nearly identical protease activity values.
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Figure 4. The N-terminal amino acid sequences of the mosquito proteases of interest. A) The
zymogen form with the native propeptide region of each protease (boxed) and the first 21 amino
acids of the active mature form. Arrow indicates the predicted cleavage/activation site. B) The
recombinant mature form with a start Met before the predicted mature protein sequence. C) The
maltose binding protein fusion proteases (MBP-matureek) with an enterokinase cleavage site
before the predicted mature protein sequence. D) The recombinant matureek form (untagged)
with an artificial leader sequence containing an enterokinase cleavage site.

	
  
Figure 5. IPTG induction of recombinant MBP-matureek mosquito proteases at 37°C using
BL21(DE3), samples collected at the time-points indicated.
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Figure 6. Representative gels of two MBP-matureek fusion proteins using single-step affinity
purification with amylose resin. Each lane contains the indicated amount of protein loaded.
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Figure 7. Recombinant enterokinase digestion experiment of MBP-AaSPVI-Mek (4°C). Each lane
contains 10 μg of protein withdrawn at the indicated time points. The predicted molecular weight
of AaSPVI-mature active protease is 24.1 kDa (indicated by arrow), while that of MBP is 43.8
kDa.
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Figure 8. AmSO4 precipitation of MBP/AaSPVI-M mixture after rEK digestion. A) represents the
precipitated protein mixture at the saturation indicated and B) represents the solubilized protein
mixture in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0. The predicted molecular weight of the MBPAaSPVI-Mek is 67.9 kDa (**); for MBP only is 43.8 kDa (*); and for AaSPVI-M is 24.1 kDa
(indicated by the arrow).
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Figure 9. Representative gel of purified active mature mosquito proteases and bovine trypsin
used in all enzyme assays. Each lane contains 10 µg of protein. Predicted molecular weight of
each protease: 24.0 kDa (AaET-M), 24.1 kDa (AaSPVI-M), 24.2 kDa (AaSPVII-M), 24.8 kDa
(AaLT-M), and 23.8 kDa (bovine trypsin) (indicated by asterisks). Arrow represents bands of
residual uncleaved matureek protease.

	
  
Figure 10. Typical BApNA activity assay using purified active mosquito proteases (example of
active AaSPVI-Mature protease). BApNA is cleaved after the arginine group releasing pnitroaniline (Abs405 nm) and followed over time (min).
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Table IV. Steady-state kinetic parameters of mosquito proteases and bovine trypsin using
BApNA as a substrate.
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Figure 11. Partial Proteolysis of BSA. BSA was incubated with active bovine trypsin, AaET-M,
AaSPVI-M, AaSPVII-M, and AaLT-M. Each lane contains 8 μg BSA (MW 69.3 kDa). Samples
were collected after the addition of protease at 15 min (A) and 60 min (B) and analyzed by 12%
SDS-PAGE.
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Figure 12. Representative gels of active AaLT-M enzyme assays using the natural substrates
serum albumin and hemoglobin. A) ~830 ng BSA (MW: 69.3 kDa) incubated with AaLT-M,
samples collected at the times indicated, and analyzed by 12% SDS-PAGE. B) ~965 ng Hb (MW:
16.0 kDa) incubated with AaLT-M, samples collected at the times indicated, and analyzed by 15%
SDS-PAGE.
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Table V. Protease activity analysis using the natural substrates serum albumin and hemoglobin.
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DISCUSSION
Attempts at biochemically characterizing mosquito proteases have failed in the past.

With difficulties in isolating pure, active proteases from the mosquito as a source (low abundance)
and expression of eukaryotic genes in bacteria (auto-activation and insolubility issues), the
process almost seems futile. However, through engineering of recombinant plasmid constructs
that enable the expression of soluble fused proteins, some of the insolubility issues can be
solved. The use of the pMAL vector not only helped with solubilizing the four mosquito proteases
of interest (AaET, AaLT, AaSPVI, and AaSPVII), it also afforded us with an opportunity to develop
constructs that could be activated in vitro using commercially available recombinant
enteropeptidases. All pMAL vectors contain either a factorXa or an enterokinase cleavage site to
facilitate separation of MBP from the protein of interest (69-71). Our attempt at separating the
active proteases from MBP by re-binding the protein to the amylose resin failed since MBP binds
very tightly to maltose making it difficult to remove using dialysis (72). Many researchers who
have used the pMAL vectors have encountered this problem; even researchers involved in
developing the MBP-fusion technology use either a Q-sepharose or Hydroxyapetite column as a
second purification step. People have also engineered MBP fusions with extra tags after the
cleavage sites to facilitate and improve purification. For example, in the expression and
purification of a murine leukemia virus protease, researchers engineered a poly6-histidine tag on
the N-terminus of their protease of interest, which was then cloned into the pMAL vector yielding
the MBP on the N-termini of the poly6-his tag in order to improve not only solubility, but
purification as well (73). In our case, we wanted to avoid a secondary purification step to avoid
loss of activity since no one has been successful in expressing and purifying recombinant Ae.
aegypti mosquito midgut proteases.
We were able to successfully activate the mosquito proteases in vitro by treating matureek
recombinant proteins with enterokinase. By removing the natural propeptide region of the
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zymogen forms of the proteases of interest and engineering the enterokinase cleavage site on the
N-terminus of the predicted mature sequence we developed a method that not only helped control
auto-activation during bacterial expression it also provided us with a method to activate the
proteases. With the difficulty of expressing proteases and proteins in general from eukaryotic
systems in bacteria (62-65), the addition of the artificial leader sequence greatly improved the
expression of the proteases. Albeit, the expressed proteins were insoluble, we managed to
successfully develop a denaturation/refolding strategy that enabled us to obtain milligram
quantities of inactive matureek proteins. Once activated, single step purifications at 4°C using prepacked columns, and more importantly removal of salt, resulted in fairly homogenous protein
preps (Figure 9). All protein preps were dialyzed in order to remove NaCl, and unexpectedly,
any excess of uncleaved matureek proteins precipitated in buffers with NaCl lower than 0.2 M,
further aiding in the purification.
For our biochemical studies, the four active mature proteases (AaET, AaSPVI, AaSPVII,
and AaLT) were tested for activity using BApNA. Using this substrate we were able to show that
AaET is indeed a trypsin-like enzyme cleaving BApNA more efficiently (in terms of kcat and
kcat/KM) than all of the other mosquito proteases, including bovine trypsin (which was included in
our studies as a comparison). In addition, we are able to state with certainty that AaSPVII is also
a trypsin-like enzyme, cleaving BApNA more efficiently than AaSPVI. This is an important finding
because from our functional studies, we showed that knockdown of AaSPVII in blood fed
mosquito midgut extracts resulted in no change in BApNA activity, but was shown to have an
effect on fecundity. We hypothesized that that this protease may not be a trypsin or it does not
play a major role in blood meal digestion (Chapter II and (4)). However, our in vitro assays using
BApNA we show that AaSPVII is a trypsin-like serine protease, and from our in vitro assays using
the natural protein substrates, we show that this enzyme may also play an important role in blood
meal protein digestion.
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Surprisingly, AaSPVI, which was shown to contribute to most of the BApNA activity in

blood fed midgut extracts (Chapter II and (4)), had the lowest specific activity in our in vitro
BApNA assays (Table IV). AaSPVI turned over less BApNA substrate than all of the other
mosquito proteases. These results can be attributed to substrate specificity or to the fact that we
only isolated the most abundant AaSPVI protease (NCBI accession number ACV07665).
Recently, it was discovered that there are five other AaSPVI homologs with ~92% sequence
identity expressed in the female Ae. aegypti mosquito (47).
Not surprising, AaLT did not have BApNA activity in vitro. When the AaLT gene was
knocked down in our mosquito protease functional studies, no reduction in BApNA activity was
observed (Chapter II and (4)). However, the knockdown of AaLT resulted in the highest effect of
fecundity compared to AaSPVI and AaSPVII (4). Initially, there was concern that the protein did
not refold or activate well, but with the partial proteolysis of BSA (Figure 11) we knew the enzyme
was active. Therefore, we used the natural protein substrates serum albumin and hemoglobin to
determine protease activities of AaLT and the other mosquito proteases. To our surprise,
AaSPVI, which had the lowest specific activity using BApNA, was determined to have the best
protease activity of all the mosquito proteases when BSA and Hb were used as substrates. The
digestion rate for AaSPVI using BSA was higher than all the mosquito proteases, including bovine
trypsin. When Hb was used, the digestion rate was not as high as bovine trypsin, but still better
than the rest of the mosquito proteases. AaET, AaLT, and AaSPVII had comparable digestion
rates and protease activities.
These initial biochemical studies on AaET, AaLT, AaSPVI, and AaSPVII have revealed
some important features not known before. For example, AaLT was thought to be the major
trypsin-like protease involved in blood meal digestion (16), but our in vitro studies have shown
that AaLT is not a trypsin. Furthermore, recent bioinformatics studies revealed that AaLT might
be a serine collagenase (47), even though Kalhok et al. (7) as early as 1993, made an
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observation that AaLT lacks a critical aspartate residue found in the S1 binding pocket of all
trypsins, which is shown to be critical in determining the preference for arginine and lysine (74).
This reveals why AaLT knockdown led to no reduction in BApNA activity and why there was no
detectable amount of BApNA activity from recombinant AaLT in in vitro assays. The answer to
why a mosquito would require a collagenase-like enzyme, since there is no collagen found in
human blood, is unknown. However, sequence alignments of AaLT revealed homology (37%
sequence identity) to a serine collagenase from the fiddler crab (Uca pugilator). This enzyme
was shown to be a true collagenase cleaving collagen in in vitro assays. However, it was also
shown to have trypsin-, chymotrypsin-, and elastase-like substrate specificities and activity (75,
76). This enzyme was considered a “garbage disposal,” being able to accommodate different
basic, polar, and hydrophobic amino acids in the S1 binding pocket (75, 76). For a mosquito to
have such an enzyme would be advantageous, since the mosquito must digest the blood meal
fairly quickly in order to obtain the proper nutrients to fuel the gonotrophic cycle. As we have
shown, there are many proteases that play important roles in blood meal protein digestion, but
AaLT could be the “garbage disposal” that aids in speeding blood meal digestion.
The differences in activity using a chromogenic substrate and two natural proteins allude
to the differences in substrate specificity found in all trypsin enzymes. AaLT is not a trypsin, but it
belongs in the serine protease family and may have the same characteristics as trypsins (in terms
of catalytic activity and protein structure). The other mosquito proteases (AaET, AaSPVI, and
AaSPVII) are indeed trypsin-like enzymes, and although we were not able to determine the
substrate cleavage specificity of each enzyme, we were able to get a visual idea of some of these
differences. In the partial proteolysis of BSA with all of the mosquito proteases, we observed
many differential cleavage products (Figure 11). We also observed many similar cleavage bands
in all reactions, but this could be due to the preferential cleavage (after an arginine or lysine) of all
trypsin enzymes. BSA contains 26 arginine and 60 lysine amino acids, potentially 86 cleavage
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sites for trypsin-like enzymes (BSA NCBI accession number NP_851335). With this many
potential cleavage sites, we observed many different (and similar) cleavage products using all
mosquito proteases and bovine trypsin. Taken together, the differential cleavage of BApNA and
the natural protein substrates speak to the specific and selective substrate cleavage of the
mosquito proteases.
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CHAPTER IV
AEDES AEGYPTI MOSQUITO ZYMOGEN ACTIVATION
INTRODUCTION
Trypsins play an important role in both food protein digestion and zymogen activation, not

only of itself (trypsinogen) but also of other digestive enzymes (52, 53). In mammals and other
vertebrates trypsin is synthesized in the pancreas as an inactive protease and transported to the
duodenum where it gets activated by enterokinase (52, 53, 60). This process occurs by secretion
of the protease as a zymogen precursor in granules (or secretory vesicles) that are fairly acidic
(pH ~ 4 to 5) (77). This is important because trypsins have been shown to auto-activate at
alkaline conditions (showing optimal activity between pH 7 to 9 (52, 78)), and if they were to autoactivate it would cause major cell/tissue damage or digest enzymes that are involved in key
biochemical processes (52, 53). Once the vesicle reaches the duodenum, the zymogen is
released in a pH dependent manner (77) and then activated by enterokinase.
In the Ae. aegypti mosquito, digestive enzymes are not compartmentalized into two
separate pathways like in vertebrates, rather the secretory cells have been shown to be localized
in the midgut of blood fed mosquitoes (79). At this moment, secretion of digestive enzymes into
the midgut of the mosquito is poorly understood. In fact, for years, the work in the Wells lab on
AaET (16, 17) was interpreted as being one of the few trypsins released as an active protease
without a trypsinogen phase (53), even though initial isolation of the AaET gene transcript
showed that the predicted protease contained a propeptide region (7). In addition, the two
mosquito midgut protease gene transcripts isolated (AaET and AaSPVI) did not contain the
enterokinase cleavage site (DDDDK) (7).
Based on the autocatalytic nature of trypsins, it is believed that the activation of mosquito
proteases is also autocatalytic. There is no evidence to support or challenge this hypothesis
since no midgut zymogen proteases from the Ae. aegypti mosquito have been isolated. In this
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chapter, I present initial evidence that mosquito proteases may be autocatalytic, based on in vitro
auto-cleavage assays with AaET and AaLT.
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METHODS

Preparation of Ae. aegypti Female Mosquito Protease Plasmid Constructs
Detailed approach in plasmid construct engineering is found in the methods section of
Chapter III, page 42. Histidine-tagged (pET28a), native (pET29a), and MBP-fused (pMAL-c4E)
zymogen constructs were created as described.

Bacterial Over-expression, Purification, Protein Denaturation, and Refolding
All protein constructs were initially transformed into the BL21(DE3) expression system
(Novagen). The native zymogen constructs (pET29a) were further transformed into the
BL21(DE3)-CodonPlus-RP (Stratagene), BL21(DE3)plys(S) (Promega), Rosetta2(DE3) and
Rosetta2(DE3)plys(S) (Novagen) competent cells. For the over-expression of the proteins of
interest, the same approach as described in the Methods section of Chapter III (pg 43) were
used, with slight modification for the new competent cells: the overnight LB agar plates of
constructs transformed with Rosetta, plys(S), and CodonPlus cells were supplemented with both
15 μg/ml kanamycin + 34 μg/ml chloramphenicol (also added to all cell cultures), followed by
induction with 1 mM IPTG. All bacterial cells were harvested by centrifugation at 6000 rpm for 20
min (4ºC), flash frozen in liquid N2, and stored at -80ºC until needed.
The MBP zymogen fusion proteins were highly expressed in soluble form using the
bacterial growth conditions described in Chapter III (pg 43), and as a result were purified and
collected in the same manner described in Chapter III (see pgs 43-44).
The his-tagged and native expressed zymogens were expressed as inclusion bodies;
therefore the same denaturation/refolding strategy used for the refolding and purification of the
matureM (no EK site) and matureek (artificial linker + EK site) recombinant proteins described in
Chapter III (see pgs 44-45) was repeated.

	
  

72	
  
A second purification step with size exclusion chromatography was used for AaLT-

Zymogen. After unfolding and refolding of AaLT, the protein was concentrated to 2 ml and loaded
on to a Sephracryl High Resolution S-200 column (GE Healthcare) that had been equilibrated with
20 mM TRIS-HCl + 10 mM CaCl2 + 200 mM NaCl pH 8.0 (column buffer). The column was then
washed with 300 ml column buffer and 1 ml fractions were collected. Those fractions that
contained the protein of interest (based on SDS-PAGE analysis) were pooled, concentrated,
aliquoted, and flash frozen in liquid N2. Purification was done at 4°C.

Protein Concentration Determination
The concentrations of all purified and refolded recombinant proteins were determined
using the BCA Assay kit (Pierce) with bovine serum albumin (BSA) (Pierce) as a standard.

AaET-Zymogen and AaLT-Zymogen Autocatalysis, Western Blot and Enzyme Activity
Refolded AaET-Zymogen protein (~30 μg) was incubated in 20 mM TRIS-HCl + 10 mM
CaCl2 pH 8.0 at 24ºC (these conditions also set for AaLT-Zymogen; however, only 400 ng protein
used). Samples (15 μl) from a 0.3 ml reaction were withdrawn at t = 0, 5, 10, 15, 20, 25, 30, 45,
and 60 min after the addition of the protease, treated with SDS-PAGE sample buffer, and stored
at -20ºC. Once all samples collected, they were thawed, set in a 95ºC water bath for 3 min, and
electrophoresed on a 12% SDS-PAGE gel. Also, a control sample (2 μg) of refolded AaETZymogen (and 16 ng for AaLT) in 20 mM TRIS-HCl + 10 mM CaCl2 + 200 M NaCl pH 8.0 (preincubation) was taken, treated with SDS-PAGE sample buffer, boiled, and ran with the activation
reaction samples. The proteins were then transferred to a nitrocellulose membrane (Odyssey
Nitrocellulose, LI-COR Biosciences), blocked with 4% nonfat dry milk in PBS saline (pH 7.5), and
incubated with the AaET primary antibody (1:1000 dilution) and the AaLT primary antibody (1:300
dilution) in 4% nonfat dry milk in PBS saline (pH 7.5) containing 0.1% Tween-20. The secondary
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antibody used was IRDye 800 CW goat anti-rabbit (LI-COR Biosciences) at a 1:10000 dilution (for
1 h). The protein bands were visualized using the Odyssey infrared imaging system (LI-COR
Biosciences).
Total enzyme activity of AaET-Zymogen was determined by incubating refolded protein
(~30 μg) in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0 and 24ºC (same conditions as the western
blot analysis experiment) and measuring activity with 2 μg of protein at t = 0, 5, 10, 15, 20, 25, 30,
45, and 60 min after incubation using the setup described in the BApNA spectrophotometric
assays section in Chapter III (pages 47-48). All experiments were done in triplicate and data
were statistically analyzed with mean values ± SEM using GraphPad Prism. One unit of enzyme
activity was defined as 1.0 μM of p-nitroaniline produced per min.
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RESULTS
BL21(DE3) expression of both his-tagged and native zymogen forms of AaET, AaLT,

AaSPVI, and AaSPVII resulted in undetectable levels of protein expression (based on SDS-PAGE
and western blot analysis). To improve expression (and solubility) the pMAL vectors were used
to express our proteins of interest. Each pMAL construct was transformed into the BL21(DE3)
expression system and using the standard growth conditions, the proteins of interest were overexpressed and highly soluble (Figure 13). 0.2% glucose was supplemented in all bacterial
cultures in order to repress the expression of the amylase enzyme (which degrades amylose
resin columns) (71). Due to the difficulties in MBP/protease separation, we decided not to
experiment with the fusion proteins (see Results and Discussion sections in Chapter III for
details).
To improve the expression of his-tagged and native zymogen mosquito proteases, we
initially employed the use of the CodonPlus and Rosetta2(DE3) strains. Although expression
improved slightly with Rosetta2(DE3), the CodonPlus still resulted in undetectable levels of
protein. We then decided to use the plys(S) strains of both BL21(DE3) and Rosetta2(DE3).
These strains are used to control any leaky T7 RNA polymerase action during bacterial growth.
The Rosetta2(DE3)plys(S) worked the best in expressing both the native (untagged) forms of
AaET- and AaLT-Zymogen proteins (for AaLT-Zymogen expression see Figure 14). We were
unsuccessful in expressing enough AaSPVI- and AaSPVII-Zymogen proteases (whether histagged or native) for our studies.
When the native zymogen form of AaET was incubated in low NaCl buffer conditions, the
protease was shown to auto-catalyze. Using Western blot analysis, we observed the
disappearance of the zymogen form of AaET (26.9 kDa) and the simultaneous appearance of a
second band close to the MW of the active mature form (24.0 kDa) (Figure 15A). Using BApNA
as a substrate, measured the activity of AaET-Zymogen incubated in 20 mM TRIS-HCl+10 mM
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CaCl2 pH 8.0 (24°C) at the same time-points collected for the Western blot analysis and
determined that the appearance of the new band also correlated with BApNA activity (Figure
15B). Furthermore, the AaET-Mek protein (protein with the artificial leader sequence with the
enterokinase cleavage site) was cleaved by active AaET-M enzyme (data not shown).
The above Western blot analysis was repeated for AaLT-Zymogen and observed a
decrease in the amount of protein present over time (Figure 16). Unfortunately, we were not able
to retrieve enough purified protein for further studies.

	
  
Figure 13. IPTG induction of recombinant MBP-Zymogen mosquito proteases at 37°C using
BL21(DE3) and quick-batch amylose resin binding experiment. Total sample at t = 3 hr (A),
soluble sample at t = 3 hr (B), and protein bound to amylose resin (C). MW: Molecular weight
ladder (kDa).
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Figure 14. IPTG induction of recombinant AaLT-Zymogen using Rosetta2(DE3)plys(S) (standard
bacterial growth conditions). Expected MW of induced protein: 27.5 kDa (indicated by arrow).
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Figure 15. Autocatalytic action of AaET-Zymogen. A) Representative Western blot of AaET-Z
autocatalysis under low NaCl buffer conditions. AaET-Z protein incubated in 20 mM TRIS-HCl +
10 mM CaCl2 pH 8.0 (24°C), samples collected after incubation at the time-points indicated, and
analyzed by Western blot (Pre-In: pre-incubation of AaET-Zymogen, 2 μg). Each lane contains
1.5 μg of protein (MW AaET-Z: 26.9 kDa; MW AaET-M: 24.0 kDa). B) Total BApNA activity of
AaET-Z autocatalysis. Samples of AaET-Z incubated in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0
(24°C) were collected and measured for activity using BApNA. 2 μg of protein used for each
reaction. Results are from a minimum of three experiments (for each time-point) and the mean ±
SEM are shown.
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Figure 16. Representative Western blot of AaLT-Zymogen incubated in 20 mM TRIS-HCl + 10
mM CaCl2 pH 8.0 (24°C), samples collected after incubation at the time-points indicated, and
analyzed by Western blot (Pre-In: pre-incubation of AaLT-Z, 16 ng). Each lane contains ~20 ng
of protein (MW AaLT-Z: 27.5 kDa).
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DISCUSSION
The zymogen constructs (both native and his-tagged) were very difficult to express using
the most widely used expression system, BL21(DE3). Initially we attributed this low expression to
the presence of rare codons found in the mosquito protease genes (approximately seven in each
gene), which are not found in bacteria. The presence of rare codons in bacterial expression
systems has been shown to either slow or stop the translation machinery (80). Therefore, we
decided to use the Rosetta2(DE3) bacterial strain, which provides an extra seven tRNAʼs that
encode for codons that are infrequently used by bacteria. The expression of our proteases did
not greatly improve. We were only able to detect our proteases of interest using Western blot
analysis and antibodies that were developed specifically for each mosquito protease (4). In our
attempts to optimize the expression conditions of our proteins, we discovered the possibility of
zymogen auto-activation during bacterial expression. Trypsinogens have been shown to autocatalyze in slightly alkaline conditions (pH 7 to 9), so it was possible that our proteases
(especially AaET, AaSPVI, and AaSPVII, which were shown to be true trypsins) were autocatalyzing during expression, becoming deleterious to the bacterial cell. To test if this was true,
we switched to the Rosetta2(DE3)plys(S) bacterial system. This strain of bacteria contains a
gene that encodes for T7 lysozyme, a natural T7 RNA polymerase inhibitor (81, 82). With this
strain, the expression of AaET- and AaLT-Zymogen greatly improved. Unfortunately, I was not
able to express AaSPVI and AaSPVII. AaET- and AaLT-Zymogen proteins refolded well using
the guanidine hydrochloride denaturation protocol I developed for the refolding of the mature
forms of the mosquito proteases.
No Ae. aegypti mosquito zymogen protease has been isolated and studied in vitro, so it is
unknown if these proteases are autocatalytic. However, indirect evidence suggests that the
zymogen forms of the proteases might indeed be autocatalytic. When the AaET and AaSPVI
genes were first cloned and characterized in 1993, the authors suggested that since these
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mosquito proteases do not contain an enterokinase cleavage site, they might be autocatalytic (7).
In addition, early mosquito protease studies have shown that protease activity is not detectable
until a couple of hours after a blood meal has been taken (4, 5, 38-43). This is not surprising
since trypsins have been shown to be deleterious to cells if expressed when not required (52, 83,
84). Furthermore, transcript and protein levels of all the late phase proteases (AaLT, AaSPVI,
and AaSPVII) are not present in unfed mosquitoes (4), only AaET transcript levels have been
observed before blood feeding (7, 13, 15, 16).
Our in vitro studies using recombinant native AaET-Zymogen show that the trypsinogen
is autocatalytic. When the enzyme was incubated in 20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0
(reaction buffer) and analyzed by Western blot, we noticed the disappearance of the AaETZymogen protein species and the appearance of a new band over time (Figure 15A). In order to
determine if this new band corresponded with BApNA activity, we ran the exact time-points used
for the Western blot analysis and determined an increase in BApNA activity over time, with a
plateau beyond 60 min (Figure 15B). This plateau was curious because we expected the
protease to have a linear increase in activity, rather than to plateau immediately. Therefore, we
decided to test activity of a freshly thawed AaET-Zymogen sample and determined that the
sample also had BApNA activity (data not shown). We noticed that our protease (even on ice
and before incubation in the reaction buffer) was auto-catalyzing.
As for AaLT-Zymogen, we have indirect evidence that the proenzyme might also be
autocatalytic. Using the same reaction conditions (20 mM TRIS-HCl + 10 mM CaCl2 pH 8.0), we
noticed a decrease in the amount of protein over time, but unfortunately we did not observe the
appearance of a second band (Figure 16). This could be due to the small concentration of
protein used for the experiment (400 ng total enzyme versus 1500 ng for AaET-Zymogen) and the
small amount of protein loaded on the gel (20 ng). Nonetheless, no other protease or enzyme
was added to the reaction mixture indicating that AaLT-Zymogen might also be autocatalytic.	
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CHAPTER V
SUMMARY AND FUTURE DIRECTIONS
The work presented in this dissertation could be the starting point in re-evaluating the

idea of developing small molecule inhibitors that target Ae. aegypti mosquito proteases. From our
functional studies, we were able to show that the knockdown of all three late phase proteases
(AaLT, AaSPVI, and AaSPVII) led to a reduction in the amount of eggs laid by the female Ae.
aegypti mosquito (4). Albeit, the greatest reduction was only 36% compared to the FLUC injected
control, but with the already implemented mosquito control methods (i.e., insecticides) and natural
predation, these reductions in egg count can have a significant effect on the mosquito population.
With the re-emergence of Dengue over the past ten years, it is crucial to keep the Ae. aegypti
mosquito population at bay. With increasing population growth and urbanization, there is
potential for an increase in the mosquito population, which could lead to higher incidences of
Dengue (3). For example, in the U.S., three states have had recent outbreaks of Dengue (Texas,
Hawaii, and Florida), and with the Ae. aegypti mosquito already present in several other southern
and central parts of the U.S., these occurrences may increase (85).
Before developing mosquito-selective inhibitors, further biochemical studies on the four
most abundant Ae. aegypti mosquito midgut proteases need to be conducted. We were able to
show that AaET, AaSPVI, and AaSPVII are true trypsin-like enzymes and that at least one
zymogen is autocatalytic, but we have yet to isolate the zymogen forms of AaSPVI and AaSPVII
and determine if they might also be autocatalytic. Mammalian trypsinogens have been shown to
be autocatalytic at pH between 7 to 9 (52, 78), but until recently no one had successfully isolated
any mosquito zymogen proteases. I have successfully isolated the zymogen forms of both AaET
and AaLT, and have shown that AaET is indeed autocatalytic. Unfortunately, due to the lack of
concentrated protein, we were not able to definitively determine if AaLT is autocatalytic.
However, using the bacterial expression systems described in this dissertation and the
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denaturation/refolding strategy developed to isolate and purify the proteases of interest, we can
continue to study the zymogen forms of AaLT, AaSPVI, and AaSPVII and determine if they are
also autocatalytic.
Although AaLT was shown not to be a classic trypsin, we still need to determine if the
enzyme is a serine collagenase, as predicted by amino acid sequence analysis (47). For this
enzyme to be classified as a serine collagenase, it must be shown to cleave collagen in in vitro
assays. The fiddler crab enzyme (with 37% sequence identity to AaLT) was shown to not only
cleave collagen, but also trypsin-, chymotrypsin-, and elastase-like substrates, which was
described as a “garbage disposal” being able to accommodate different amino acids in the
substrate binding site (75, 76). We need to take similar approaches to fully characterize and
determine if AaLT is the “garbage disposal” of the mosquito. The mosquito must digest blood
meal proteins in a rapid and efficient manner (within ~30 hours), and to have such a protease
would be ideal for such a task.
To fully characterize AaLT and the other mosquito proteases and for the development of
inhibitors, we need to determine the structure of each. We need to solve the crystal structure of
both the zymogen and native forms in order to get a better understanding of the catalytic
mechanism of each protease and its substrate-binding site. It has been shown that the structures
of trypsins are very closely related, but the differences ultimately lie in the substrate-binding site,
which can be exploited as a potential target for mosquito-selective inhibitors. Furthermore, the
structures need to be solved in the presence and absence of calcium because the calcium
dependence of invertebrate trypsins has not been conclusive (53). Vertebrate trypsins require
the presence of calcium both for trypsinogen activation and catalytic activity (52). The
enterokinase cleavage site (DDDDK) in mammalian trypsinogens bind calcium stabilizing the
negative charges on the aspartate residues facilitating autocatalysis (52, 86). In addition, calcium
binds at a secondary site within the active mature trypsin enzyme, which prevents autolysis of
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trypsins (52, 86). We have conducted our initial experiments in the presence of calcium, but now
that we have optimized a refolding and purification strategy for the mature active forms, and have
successfully refolded the zymogen forms of AaET and AaLT (with AaSPVI and AaSPVII in the
works), we can continue the exploration of calcium dependence in mosquito proteases in vitro.
With my work (described in this dissertation), work from our lab (4), and others (19, 20),
have shown that the initial protease cascade model proposed by the Wells lab (15) is incorrect
and more complicated than previously thought (for details see Chapter I pgs 18-19 and Chapter II
pg 20). Using my dissertation work as a starting point, future researchers can continue to
investigate and determine if a proteolytic cascade exists or if the proteases released by the
midgut of the Aedes aegypti mosquito are autocatalytic, needing no upstream activator.
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