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ABSTRACT

MOLECULAR CHARACTERIZATION OF MOSQUITO YOLK
PROTEINS

BY

JENG-SHONG CHEN

In oviparous animals, accumulation of yolk proteins or vitellogenesis is
critical for egg development. In mosquitoes, this process is initiated by blood
feeding and as a consequence is linked to transmission of nhumerous mosquito-
borne diseases of humans and domestic animals. Therefore, elucidation of
biochemical and molecular aspects of mosquito vitellogenesis is important in the
search of novel mosquito control strategies. The cDNA of mosquito vitellogenin
(Vg), the major yolk protein precursor, was cloned and characterized. Several
features of this important molecule have been identified including the location of
the Vg subunits in the prepro-Vg, the sequence of the subunit cleavage site, the
putative receptor recognition domains and the presence of large polyserine
domains previously known only in the Vgs of vertebrates. The cleavage of pro-
Vg into two subunits is an essential, rate-limiting step in its biosynthesis in the fat
body, an insect analog of the vertebrate liver. There is a conserved sequence,
RXRR, for convertases identified in the cleavage site of mosquito Vg. Based on
this feature and the sequences of other known convertases, the cDNA encoding
a fat body-specific vitellogenic convertase (VC) was cloned. Co-expression of the

VC and Vg cDNAs using coupled in vitro transcription and translation resulted in



correct processing of the Vg precursor. Thus, a novel Vg-processing convertase
has been identified in insects. The cDNA of another yolk protein which is
denoted as vitellogenic thiol protease (VTP) has been cloned and analyzed.
Similar to Vg, this protein is synthesized and secreted by the mosquito fat body
and deposited in developing oocytes. VTP has high sequence similarity to
cathepsins B. Biochemical studies revealed that this protein is a proenzyme
activated only at the onset of embryonic development in mosquito eggs.
Furthermore, evidence suggests that VTP directly participates in embryonic

degradation of vitellin, the crystalline form of Vg.
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CHAPTER 1
INTRODUCTION

l. Overview

Mosquitoes are the most important vector insects that transmit numerous
diseases of humans, livestock and poultry. Many diseases carried by mosquitoes
are fatal. Mosquitoes of the genus Aedes transmit several viral diseases
including Dengue fever, yellow fever and Japanese encephalitis. Mosquitoes in
this genus are also capable of carrying parasites that cause filariasis. Anopheles
mosquitoes are most known for their transmission of malaria and filariasis
parasites (Sturchler, 1989). These mosquito-borne diseases have a tremendous
impact and cause great losses to society.

Repressing the mosquito population has proven to be the most effective
strategy to prevent and control the outbreak of mosquito-borne diseases,
especially those caused by viral pathogens. Due to their high efficiency, low cost
and ease of application, insecticides remain the method of choice among
available control methods. In the mid-1950's, the World Health Organization
organized world-wide malaria mosquito control projects in an attempt to slow
down malaria transmission. At that time, large scale application of DDT was the
main strategy used. Very promising results were achieved in the beginning of
these projects, however, mosquitoes responded by developing high resistance to
DDT in a relatively short period of time. Mass use of other insecticides also
resulted in development of high resistance in mosquitoes. Many populations and

species of mosquitoes have been reported to have developed multiple
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insecticide resistance against carbamates, organophosphates and pyrethroids or
even cross resistance to different classes of insecticides. In addition, the
traditional chemical methods of mosquito control also face concerns about side
effects on non-target organisms and the environment.

As a remedy for malaria, chloroquine gave excellent results in killing the
protozoan parasites. Yet, high selection pressures on malaria parasites also
caused development of resistance to chloroquine and other drugs. Recently,
mainly due to the development of insecticide resistance of mosquitoes and drug
resistance of pathogens, several mosquito-borne diseases have become serious
again in various parts of the world (McClelland, 1992). Although a great deal of
effort has been expended toward the development of vaccines against malaria
and other mosquito-borne diseases, thus far no significant breakthrough has
been achieved. In addition, the full benefits of vaccination of high risk
populations may be difficult to achieve due to problems of distribution and high
costs (Anderson and May, 1991).

Control of modern mosquito-borne diseases requires the development of
new methods against vector insects and pathogens. Rational and efficient
control methods that depend upon data from basic research in mosquito biology
provide hope to overcome insecticide resistance in mosquito populations. Since
blood meals are required for a successful reproductive cycle of mosquitoes,
studies of mosquito reproduction can provide useful data for the development of
new control strategies. In particular, the rapidly developing molecular tools offer

a promising future for the control of mosquito-borne diseases.

Il. Reproduction Biology of Female Mosquitoes
A reproductive cycle of anautogenous mosquitoes, including those of the

medically important species Aedes aegypti and Anopheles gambiae, can be
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divided by a blood meal into pre-vitellogenesis and vitellogenesis. The period of
physiological change from initiation to termination of massive production and
accumulation of yolk proteins is denoted as vitellogenesis.

A female mosquito does not take blood and can not produce eggs during
pre-vitellogenesis, the first three days after eclosion. A transition period that
remodels the synthetic tissues is required for a female to become competent for
extremely intensive production of yolk proteins during vitellogenesis. This period
is called the preparation stage of pre-vitellogenesis. Subsequently, the female
enters a state-of-arrest and is ready to take blood. Once a blood meal is taken,
vitellogenesis is initiated (Raikhel, 1992).

The fat body is the tissue responsible for yolk protein synthesis in a
vitellogenic female mosquito. The fat body is a tissue made up of metabolic cells
and is analogous to the vertebrate liver. During the preparation stage of pre-
vitellogenesis, the ribosomal RNA and ploidy levels of fat bodies increase
dramatically. These cellular events are under the control of juvenile hormone
(Dittman et al., 1989; Raikhel and Lea, 1990). The titer of this hormone reaches
a peak two days after eclosion and then slowly declines (Shapiro et al., 1986). At
the end of the preparation stage, the cellular machinery is ready for intensive
yolk protein synthesis.

The steroid hormone 20-hydroxyecdysone (20E) is important for
regulation of the mosquito yolk protein genes. Its titer rises after a blood meal,
reaching a peak at 18-24 h post blood meal (PBM) and then falling dramatically
(Hagedorn, 1985). Although the kinetics of the titer of 20E match the kinetic
patterns of yolk protein gene expression, it has been demonstrated that 20E may
regulate the mosquito yolk protein genes in an indirect way. Cyclohexamide

studies revealed that protein synthesis is required for 20E to regulate the yolk



4

protein genes (Deitsch et al., 1995). The complicated cascade of hormonal
regulation of mosquito yolk protein gene expression is not totally understood.
Termination of vitellogenesis begins when the titer of 20E has declined to
background levels. At this time, the vitellogenic genes are turned off and
biosynthetic machinery is degraded (Raikhel, 1986a,b). This stage lasts from 30
to 48 h PBM. A batch of 150 eggs is developed uniformly and laid at the same
time. Following egg laying, the female mosquito returns to the physiological
stage of pre-vitellogenesis and is ready to take a blood meal for the next

reproductive cycle.

lll. Expression of mosquito yolk protein genes

Vitellogenin (Vg) is the major yolk protein synthesized in the mosquito fat
body during vitellogenesis. There are four genes that code for this protein
(Hamblin et al., 1987). Expression of the mosquito Vg genes is tightly regulated
by a blood meal. It is initiated after the female mosquito takes blood, and then
peaks around 24-27 h PBM. The expression of the Vg genes drops dramatically
to background levels around 36 h PBM. The mosquito Vg genes are expressed
in a sex-, tissue-, and stage-specific manner. The size of the mosquito Vg mRNA
is 6.5 kb and the cDNA of mosquito Vg has been cloned and sequenced (Chen
et al. 1994). Mosquito pro-Vg, 250 kDa in size, is post-transiationally modified in
the rough endoplasmic reticulum and the Golgi complex. After modification,
mosquito pro-Vg becomes a sulfated phosphoglycolipoprotein (Dhadialla and
Raikhel, 1990; Raikhel, 1992). It is further cleaved into small and large subunits
of 66 and 200 kDa before secretion (Raikhel and Bose, 1988).

Insect Vgs have a motif containing paired basic residues located at the C-
termini of the small subunits that is known to be a convertase recognition site

(Trewitt et al, 1992; Chen et al., 1994; Yano et al., 1994; Kageyama et al, 1994).
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Based on the conserved amino acid sequence at the cleavage sites of several
insect Vgs, the enzymes responsible for subunit cleavage of these proteins were
suggested to be convertases (Chen and Raikhel, unpublished). Both subunits
bind each other non-covalently and circulate in the hemolymph. Vg is taken up
by an oocyte Vg receptor that belongs to the LDL receptor family (Sappington et
al., 1995) and deposited in the yolk body of a growing oocyte.

A yolk protein other than Vg named vitellogenic carboxypeptidase (VCP)
has been characterized both biochemically and molecularly (Hays and Raikhel,
1990; Cho et al., 1991; Deitsch and Raikhel, 1993). The mRNA transcribed from
the VCP gene is 1.5 kb long and the translated product is 53 kDa. Sequence
analysis revealed that it resembles carboxypeptidases (Cho et al. 1991). The
expression of thé VCP gene is similar to that of Vg. It is produced exclusively in
the fat body of the vitellogenic female. Following secretion, it is deposited in the
growing oocyte. VCP is activated during embryogenesis, however, its role during
embryogenesis is not yet clear.

Recently, another mosquito yolk protein precursor has been identified
and molecularly characterized. This protein was denoted as vitellogenic thiol
protease (VTP) because it belongs to the eukaryotic thiol protease superfamily.
Its sequence shows high sequence similarity to cathepsins B (Chen et al., 1995).
The size of the VTP mRNA is 1.1 kb and the secreted VTP protein is 44 kDa.
The expression of this gene is also similar to Vg as well as VCP. Its synthesis is
tightly regulated by a blood meal, and it is exclusively produced and secreted by
the vitellogenic female fat body. This pro-enzyme is circulated in the hemolymph
and then taken up by oocytes. VTP is activated during embryogenesis where it
plays an important role in degrading vitellin (Vn) which provides the building

blocks for embryo development.
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IV. Significance in studying mosquito reproduction

The study of mosquito reproductive systems is very important because
the dispersal, transmission and propagation of pathogens causing mosquito-
borne diseases depend upon blood meals and subsequent successful
reproduction of the female. This is a major reason why a great deal of effort has
been applied to elucidating the molecular basis of mosquito vitellogenesis. In the
future, these studies may provide the means to decrease the impact of mosquito-
borne diseases on human populations and loss in production of livestock and
poultry by interrupting or manipulating mosquito genes that are involved in

reproduction.



CHAPTER 2*
ANALYSIS OF MOSQUITO VITELLOGENIN CDNA: SIMILARITY WITH
VERTEBRATE PHOSVITINS AND ARTHROPOD SERUM PROTEINS

* Originally published in Journal of Molecular Biology. Reference: Chen, J. S.,
Cho, W. L. and Raikhel, A. S. 1994. J. Mol. Biol. 237, 641-647.
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ABSTRACT

The cDNA coding for vitellogenin of the mosquito, Aedes aegypti, was
cloned and sequenced. An immunological analysis of expressed deletions from
the 5'-end of the vitellogenin cDNA clones using vitellogenin subunit-specific
antibodies showed that the small vitellogenin subunit is located at the N-terminus
and the large one at the carboxyl-portion of the pre-pro-vitellogenin. The
position of the cleavage between the vitellogenin subunits in the pre-pro-
vitellogenin was identified by locating the N-terminus of the large subunit. The
cleavage site has a consensus RXRR for the subtilisin processing endoprotease.
Mosquito vitellogenin is highly hydrophilic with 17 putative N-linked glycosylation
sites and 13 potential tyrosine sulfation sites. In contrast to known invertebrate
vitellogenins, mosquito vitellogenin contains three polyserine domains that are
similar to those of phosvitins in vertebrate vitellogenins. These polyserine
domains, originally presumed to be vertebrate-specific, have several
phosphorylation consensus sites in their sequences. Unlike other known
vitellogenins, mosquito vitellogenin is rich in aromatic amino acids, tyrosine and
phenylalanine, and in this respect is similar to insect serum proteins, arylphorins.
This similarity suggests that mosquito vitellogenin may supply aromatic amino

acids to the cuticle of rapidly developing embryos.

INTRODUCTION
Vitellogenin (Vg), a protein unique to oviparous animals, is the major yolk
protein precursor. It is produced by extraovarian tissues, such as the vertebrate
liver or the insect fat body, secreted into the blood or the hemolymph and then
specifically accumulated by developing oocytes. Vitellogenin plays an important

role in the development of the embryo by providing amino acids, carbohydrates,
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lipids and ions (Kunkel & Nordin, 1985, Byrne et al., 1989; Raikhel & Dhadialla,
1992).

With the exception of higher Diptera, Vgs of oviparous animals are
phospholipoglycoproteins of high molecular weight which presumably had a
common origin and a limited structural conservation throughout their evolution
(Wahli, 1988; Byrne et al., 1989). The deduced amino acid sequences have
provided invaluable information to the study of the structure-functional properties
of Vgs as well as their evolutionary relations. However, genes and cDNAs
encoding Vgs have been sequenced only from a few animals. Among them are
nematode, Caenorhabditis elegans (Spieth et al., 1985), chicken, Gallus gallus
(van het Schip et al., 1987), frog, Xenopus laevis (Gerber-Huber et al., 1987),
lamprey, Ichthyomyzon unicuspis (Sharrock et al., 1992) and an insect, boll
weevil Anthonomus grandis (Trewitt et al., 1992). Considering the diversity of
oviparous animals, the conclusions based on comparison of such a small
number of Vgs have obvious limitations. In addition, most Vg sequences are
available only for animals used as experimental models and do not reflect the
wide diversity of nutritional and other adaptations existing among oviparous
animals. This is particularly true for insects, which comprise the largest and the
most diverse group of oviparous animals. It is not clear, for example, if Vgs are
used only as a general source of nutrients or whether in addition, these
molecules are utilized as a vehicle for passing the specific nutritional values of
the parent's food to developing embryos. An analysis of Vgs from insects with
different feeding adaptations will permit us to address this question.

The evolutionary success of mosquitoes is attributed to their feeding on
vertebrate blood. The latter is also responsible for mosquitoes becoming the
most important vectors of numerous pathogens of human and other vertebrates.

In mosquitoes, Aedes aegypti, vitellogenesis is tightly coupled with blood feeding
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and is initiated only after the mosquito female ingests blood (Raikhel, 1992).
Previously, we characterized the biosynthesis and the subunit composition of
mosquito Vg (Dhadialla & Raikhel, 1990). Mosquito Vg consists of two subunits
with M, = 200,000 and 66,000. Both the Vg subunits are first synthesized as a
single precursor. The pre-pro-Vg is extensively co- and post-translationally
modified and cleaved before Vg is secreted from the fat body (Dhadialla &
Raikhel, 1990). In the mosquito ovary, Vg binds with high affinity (Kq = 2.8 x
10'8M) to a single class of Vg receptors with M, = 205,000 (Dhadialla et al.,
1992).

MATERIALS AND METHODS
Reagents - Analytical grade of chemicals and reagents for immunoassay were
purchased from Sigma Chemical Co. (St. Louis, MO) unless stated otherwise.
Restriction enzymes, DNA and RNA markers were supplied by Gibco BRL.
Sequenase Ver. 2.0 was purchased from United State Biochemical. Both 32P-
dATP (3,000 Ci/mmiole) and **S-dATP (1,000-1,500 Ci/mmole) were obtained

from New England Nuclear, DuPont.

Animals - Mosquitoes were reared at 27°C and 85% relative humidity. Larvae
were fed on a standard diet (Lea, 1964). Three to five days after eclosion adult
females were fed on white rats to initiate vitellogenesis. Mosquitoes were
dissected in Aedes physiological saline (Hagedorn et al, 1977) at room

temperature.

Cloning and Characterization of Mosquito Vg cDNA - The entire mosquito Vg
cDNA was obtained by screening a vitellogenic female mosquito fat body cDNA
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lambda Zap-Il library (Stratagene) with a 1.8 kb Eco RI-Eco RI fragment of the
mosquito Vg A1 gene (Hamblin et al., 1987) (a gift from Dr. H. H. Hagedorn) and
the Rapid Amplification of cDNA Ends (RACE) method described by Frohman et
al. (1988). For the missing 5 end, a 32-mer antisense primer,
TTCGCTGCAGACCAGTCCACTGATCGTCCAAT, and a 17-mer oligo(dT) and an
Xba | site at the 5'-end (dT-Primer) were used for PCR. A 358-bp fragment was
specifically amplified after 25 cycles. The 3'-terminus of the Vg cDNA was
obtained by a similar method in which a 126 bp fragment was amplified using dT-
Primer and a sense 28-mer, CGAATTCTGTCTACAAGGCAT ACTAGGA. All the
cDNAs were sequenced from both strands by the dideoxy chain termination
method (Sanger et al., 1977). The amino acid sequence was deduced from the
Vg cDNA sequence. For microsequencing, vitellogenin was purified from
vitellogenic mosquito fat bodies following the methods detailed in Koller et al.
(1989). Both the large and small Vg subunits were gel-purified and electroblotted

onto PVDF membrane.

Northern and Immuno-dot Blot Analyses - Method for total RNA preparation
from mosquito fat bodies was described by Bose and Raikhel (1988). Twenty
micrograms of total RNA was separated by a 1.2% formaldehyde/agarose gel,
transferred to nitrocellulose membrane, and hybridized with *2P-labeled Vg
genomic and cDNA probes. For immuno-dot blot analysis, the three cultures of
XL1-Blue strain of E. coli containing pBluescript, pVG1 and pVG1a, respectively,
were grown in LB medium with 10 mM IPTG. The overnight cultures were lysed
by 1.5% SDS. The lysates were loaded onto nitrocellulose membrane. Purified
mosquito Vg was used as a positive control, while cells transformed by
pBluescript without inserts served as a negative control. Polyclonal antibodies

specific to the large subunit (Vg-L) (Hays & Raikhel, 1990) and monoclonal
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antibodies to the small subunit (Vg-S) (Raikhel et al., 1986) were used to detect
the translated products.

DNA Analysis and Alignment - The putative signal peptide of the deduced
amino acid sequence was determined according to Kyte and Doolittle (1982). The
deduced amino acid sequence was analyzed by FASTA, MOTIFS and GAP

programs (University of Wisconsin, Genetics Computer Group software).

RESULTS AND DISCUSSION

The deduced amino acid sequence of the mosquito Vg is presented in
Figure 1. This sequence was derived from cDNA clones identified by screening
the vitellogenic mosquito fat body cDNA library with a mosquito Vg-A1 genomic
probe (Hamblin et al., 1987) and clones generated using the RACE method
(Frohman et al., 1988). The complete cDNA sequence has a restriction map
similar to that of the coding region of the Vg gene A1 reported by Hamblin et al.
(1987) and a polyadenylation signal located 22 bp upstream of the poly(A) tail.

In the sequences of these cDNA clones, there were several base
substitutions without a change of amino acids (data has been reported to
GenBankm). We concluded this finding was not due to PCR or sequencing
errors because base substitutions have been identified in clones from both the
library screening and PCR. In addition, base substitutions occur only at the third
base of a codon. The detected heterogeneity likely reflects allelic variations for
the Vg gene A1 in the mosquito population. Similarly, several alleles have been
found in the vitellogenin carboxypeptidase gene (VCP) and lysosomal aspartic
protease gene (MLAP) in the same population of A. aegypti (Deitsch & Raikhel,
1993; Dittmer, Cho & Raikhel, unpublished).
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Figure 1. Deduced amino acid sequence of mosquito vitellogenin. The
putative signal peptide is in bold print and underlined with a broken line. The
amino acid sequences that match the direct N-terminus peptide sequencing of
both subunits are underlined. The cleavage site is indicated by an empty
arrowhead. Potential N-linked glycosylation sites (N) are marked by a cross sign,
while potentially sulfated tyrosines (Y) are labeled by a solid square. The double
underlined portions indicate polyserine domains, whereas potential
phosphorylated serines (S) are marked with an asterisk. The consensus for the
protease of the subtilisin family is labeled by a broken double underline.
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To verify that the obtained cDNA clones indeed encode mosquito Vg, the
Vg genomic fragment and the entire pVG1 cDNA clone were used as probes to
hybridize with vitellogenic mosquito RNA . Both probes recognized a 6.5 kb
mRNA (Figure 2). In addition, the 0.5 kb Eco RV-Pst | fragment from the 5'-end
of pVG1 and the 1 kb Xho lI-Xho |l fragment of 1.0 kb from the 3'-end of pVG1
were also hybridized to the same mRNA (data not shown). These results
suggest that the pVG1 clone represents a non-recombined continuous cDNA
encoding mosquito Vg. Immunological analysis using antibodies specific to the
Vg subunits was then utilized in order to verify the obtained putative Vg cDNA
clones and to locate the position of each Vg subunit in the pre-pro-Vg molecule.
The cDNA clone pVG1 and its 5'-end serial deletion derivatives, covering more
than half of its length, were expressed in E. coli, and in-frame clones were
selected by antibodies specific to both Vg subunits. Further analysis was carried
out using subunit-specific antibodies. The translated product of an in-frame
intact cDNA clone, pVG1, was recognized by antibodies specific to either the
small or the large Vg subunit. The in-frame deletions lacking 1/3 or more of the
5'-sequence, such as pVG1a, were recognized only by the antibodies to the
large Vg subunit (Figure 3). These experiments clearly demonstrated that the
small subunit is located at the N-terminus, and the large subunit occupies the
carboxyl-portion of pre-pro-vVg.

The mosquito Vg cDNA has an open reading frame that encodes a 2,139
amino acid peptide with a predicted M, = 249,387. According to the hydropathy
analysis (Kyte & Doolittle, 1982) and the N-terminal sequence of the Vg small
subunit, YQYENSFK, a stretch of 16 highly hydrophobic residues is a putative
signal peptide (Figure 1). The N-terminus of the large Vg subunit, DLNAIKEKK,
starts at the position D4gg. This places a putative cleavage site of the pro-Vg

into two subunits at positions between Rq59 and D4gq (Figure 1). This cleavage
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Figure 2. Verification of mosquito vitellogenin cDNA clone by Northern blot
analysis. Fifteen micrograms of total RNA from fat bodies of mosquito females,
24 h after a blood meal were used for each lane. pVG1 (lane 1) and the Vg A1
genomic fragment (Hamblin ef al., 1987) (lane 2) were used as probes.

site between Vg subunits is positioned between a turn and an alpha helix as
predicted by the methods of Chou & Fasman (1978). It is located in the second
hydrophilic region and is flanked by two polyserine domains (Figure 4).
However, amino acids in the immediate proximity of the cleavage site form a less
hydrophilic stretch, L4g1-1464. which leads the cleavage site inward. The anterior
side of the cleavage site contains a consensus cleavage sequence, RXRR
(R456-R459) for dibasic processing endoproteases of the subtilisin family (Barr,
1991). The most striking feature common to Vgs of the mosquito and boll weevil
(Heilmann et al., 1993) is the conservation of the subunit cleavage site.
Interestingly, no such consensus is found at the cleavage site of
vertebrate Vgs. In spite of this difference, the cleavage site of lamprey Vg,

F1305-K1306 is also located in a region of highly polar amino acids (Sharrock et
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Figure 3. Localization of Vg subunits in pre-pro-Vg sequence by
immunoassay. (A) The lysates of XL1-Blue strain of E. coli containing
pBluescript, pVG1 and pVG1a, respectively, were loaded onto nitrocellulose
membrane. Purified mosquito Vg and cells transformed by pBluescript served as
controls. Polyclonal antibodies specific to the large subunit (Vg-L) and
monoclonal antibodies to the small subunit (Vg-S) were used to detect the
translated products. (B) The specificity of antibodies used for the assay in (A).
Purified mosquito Vg was electrophoresed on a 6% polyacrylamide gel. A
Commassie Blue stained gel (Vg) showed the two Vg subunits (200 and 66 kDa).
Western blots were performed using polyclonal antibodies specific to the large
subunit (Vg-L) and monoclonal antibodies specific to the small subunit (Vg-S).
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Figure 4. Antigenic index plot of the deduced amino acid sequence of
mosquito vitellogenin. This plot was determined by the GCG program. The
scale indicates the number of residues. The underlined and numbered regions
are the major hydrophilic domains analyzed. The first and the third domains are
tyrosine-rich, while the second and fourth are serine-rich domains.

al, 1992). The difference may be due to the fact that vertebrate Vg is not
cleaved during its production in the liver (it is cleaved in the oocyte after uptake),
while insect Vg is cleaved in the rough endoplasmic reticulum or cis-Golgi of the
fat body (Dhadialla & Raikhel, 1990). A kallikrein-like enzyme may be involved in
the cleavage of vertebrate Vgs (van het Schip et al., 1987). Cathepsin D is also
implicated in the cleavage at the carboxyl-terminal end of phosvitin (Byrne et al.,
1989).

The deduced amino acid composition of mosquito pre-pro-Vg were
compared with Vgs from six other invertebrate and vertebrate species. Mosquito
Vg has a higher serine (Ser) content (10.1%) than other invertebrate Vgs, one
similar to that of vertebrate Vgs. This is mainly due to the polyserine domains
found in mosquito Vg. Byrne et al. (1989) pointed out that high GlIx (Glu + Gin)
content is a feature of most Vgs. However, the Gix content of mosquito Vg is
close to the average of eukaryotic proteins reported by Doolittle (1986).

A high content of aromatic amino acids, Tyr and Phe, is another unusual
feature of mosquito Vg which sets it apart from the Vgs of other invertebrate and
vertebrate animals with known amino acid sequences (Figure 1). In this respect,

mosquito Vg is similar to insect larval storage proteins which are hexamers and
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Table 1. Similarity between mosquito vitellogenin and arthropod serum proteins

No. Amino Acids in Similarity

Peptide Subunit Species Overlapped Sequence (%)
Arylphorin2 a Manduca sexta 716 58.0
Arylphorind@ b Manduca sexta 680 61.2
ArylphorinP A4 Calliphora vicina 482 60.0
Larval Storage Protein®  Sp1 Bombyx mori 121 60.3
Larval Storage Proteind Sp2 Bombyx moni 57 59.6
AJSP-1€ Trichoplusia ni 147 64.0
Hemocyaninf a Eurypelma californica 62 79.0
Hemocyaninf e Eurypelma californica 16 62.9

a. Willott et al. (1989).; b. Naumann and Scheller (1991).; c. Sakurai et al. (1988).; d. Fuijii et al.
(1989).; e. Acidic juvenile hormone suppressible protein-1, a hemocyanin-related protein (Jones et
al., 1990).; f. Voit and Feldmaier-Fuchs (1990).

include two types, the aromatic amino acid-rich type (arylphorins) and the Met-
rich type (Telfer & Kunkel, 1991). Larval storage hexameric proteins serve as an
important source of amino acids for molting and metamorphosing insects
(Scheller et al., 1990; Telfer & Kunkel, 1991). The aromatic amino acids in
arylphorins are thought to be utilized for the formation of the cuticle and its
sclerotization (Scheller et al., 1990). The high content of aromatic amino acids in
mosquito Vg may be an important source for cuticle formation of the rapidly
developing mosquito embryos. This property of mosquito Vg could be another
evolutionary adaptation in the utilization of the protein-rich food for the benefit of
the next generation.

In addition to the high content of aromatic amino acids, mosquito Vg
shares a limited sequence similarity with several larval storage proteins (Table 1)
and other Vgs (Figure 5). The sequence homology between mosquito Vg and

arthropod serum proteins suggests that there are regions of these proteins which
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Figure 5. Diagram showing the structure of mosquito prepro-Vg and its
similarity to other Vgs and insect larval serum proteins. The empty bar
stands for the deduced amino acid sequence of mosquito pre-pro-Vg. The light
gray region is the signal peptide (16 residues long) and the dark gray regions are
polyserine domains. The black bars indicate the regions in mosquito Vg that
have homology to other Vgs and insect larval serum proteins. The alignments of
deduced amino acid sequence of mosquito Vg with other proteins were analyzed
by the GCG programs (University of Wisconsin Genetics Computer Group
Software) according to Devereux et al. (1984). The deduced amino acid
sequence of mosquito Vg was compared to deduced amino acid sequences
translated from GenBank (release 73.0) and SwissProt (release 23.0) databases.
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may be important to maintaining their stability in the hemolymph. There is a
conservation of several domains among the Vgs of C. elegans, Xenopus and
chicken and vertebrate serum proteins such as apolipoprotein-B, apolipoprotein-
E and the von Willebrand factor (Byrne et al., 1989; Perez et al, 1991).
Sequence alignment also shows that there is a 69.2 % similarity within a 1,404
amino acid overlap between Vgs of mosquito and boll weevil (Figure 5). Yet, boll
weevil Vg neither has serine-rich nor tyrosine-rich regions. There is a deletion of
polyserine domains in the cleavage site region of boll weevil Vg when compared
to that of mosquito. However, similar to mosquito Vg, the cleavage site of boll
weevil Vg is flanked by highly charged residues. As for the comparison of
mosquito Vg with nematode Vg (Spieth et al., 1985), there is a 68.7 % similarity
in a 115 amino acid overlap region. The similarity of mosquito Vg with the known
sequences of vertebrate Vgs is limited to the polyserine domains (Figure 5).

Like the Vgs of all oviparous animals, mosquito Vg is extensively co- and
post-translationally modified (Dhadialla & Raikhel, 1990). In the deduced amino
acid sequence of pre-pro-Vg, there are 17 potential N-linked glycosylation sites
with the consensus, Asn-X-Ser or Asn-X-Thr (Marshall, 1972). The small subunit
has 5 potential glycosylation sites and the large one 12 (Figure 1). According to
the consensus sulfation rules (Huttner, 1987), mosquito Vg has 13 putative
tyrosine sulfation sites; one in the small subunit and 12 in the large one (Figure
1). This is consistent with previous data showing that the large Vg subunit is
sulfated more extensively than the small one (Dhadialla & Raikhel, 1990).

Mosquito pre-pro-Vg has three polyserine domains, two flanking the
subunit cleavage site and the third located near the pre-pro-Vg carboxyl-terminus
(Figures 1 and 5). After cleavage, the small subunit has a polyserine domain at
its carboxyl-terminus, while the large subunit has two such domains near both

termini (Figures 1 and 5). The consensus sequence for phosphorylation by
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casein kinase |l (CK-2) identified for vertebrate phosvitins (Kuenzel et al., 1987,
Meggio & Pinna, 1988) is present in all three polyserine domains of mosquito Vg
(Figure 1). In addition, two and 11 individual potential phosphorylation serine
sites are found in the small and large Vg subunits respectively (Figure 1).
Significantly, mosquito Vg has three large polyserine domains which are
similar to that of the phosvitin of vertebrate Vgs. The presence of a polyserine
domain has previously been considered to be specific to vertebrate Vgs (Wahli,
1988). In contrast to mosquito Vg, there is only one polyserine domain in the
phosvitin region, located in the middle of vertebrate Vgs (Wahli, 1988). The
evolutionary trend towards the expansion of the serine-encoding capacity of
phosvitins from fish to birds has been demonstrated (Byrne et al., 1989). It is
unknown why mosquitoes require more phosphoserines in their Vg than other
invertebrates studied so far. The phosvitin region of vertebrate Vgs is suggested
to be a calcium carrier for embryonic bone formation (Wahli, 1988; Byrne et al.
1989). However, the acquisition of polyserine domains by mosquito Vg could be
a consequence of blood feeding, as a result of which high levels of phosphates
are assimilated by the vitellogenic female mosquito and transferred to the next
generation in the form of yolk protein. Analysis of the Vg sequences from other
blood-feeding insects, particularly from those with independently evolved blood
feeding may provide support for this hypothesis. Interestingly, there are deletions
at the places of polyserine domains in the Vg sequence from the herbivore
insect, the boll weevil, which is otherwise well aligned with mosquito Vg.
Analyses of hydropathy (Kyte & Doolittle, 1982), the surface probability
(Emini et al., 1985) and the antigenic index analyzed by GCG program reveal
that within the predominantly hydrophilic pre-pro-Vg sequence, four major highly
hydrophilic and charged regions are evident (Figure 4). The first and third

hydrophilic regions are notable in their richness in tyrosine and charged
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residues. Two other regions, marked 2 and 4 in Figure 4, are serine-rich. These
highly hydrophilic regions have a strong propensity to distribute themselves on
the surface of the folded protein (Emini et al., 1985).

In order for Vg to be accumulated by developing oocytes it should be
specifically recognized by the oocyte receptors. The properties of Vg-receptor
interaction appear to be conserved among oviparous animals. In all animals
studied so far including the mosquito, the charge of the Vg molecule is critical to
its interaction with the receptors. Vitellogenin-receptor interaction can be
disrupted by negatively-charged compounds such as suramin (Raikhel and
Dhadialla, 1992).

Phosphorylated polyserine domains of Vg may play an important role in its
recognition by the oocyte receptors, affecting the charge of the molecule. The
dephosphorylation of chicken phosvitin decreased its uptake by oocytes (Miller et
al., 1982). Similarly, the binding of mosquito Vg to its receptor was significantly
reduced when phosphates were removed (Dhadialla et al., 1992). This is in
agreement with the observation that the large Vg subunit, which has more
potential phosphorylation sites (Figure 1), has a higher affinity to the Vg receptor
than the small Vg subunit (Dhadialla et al., 1992). A charged domain in chicken
and Xenopus phosvitins that forms an alpha helix is believed to have a functional
role in recognition by the oocyte Vg receptor (Byrne et al., 1989). Sharrock et al.
(1992) proposed that the region of lamprey Vg, which contains most serines and
charged residues and is removed during Vg processing in the oocyte, is involved
in receptor binding. Similar domains are present within the serine-rich regions in
both subunits of mosquito Vg. However, since polyserine domains are not
conserved among Vgs, other portions of the molecule should play a role in
determining Vg-receptor interaction. The tyrosine-rich domains in mosquito Vg

also form highly hydrophilic charged domains which could be involved in



24

interaction with the Vg receptor as well (Figures 1 and 4). Further studies
involving X-ray crystallography and receptor-binding analysis with modified
mosquito Vg are needed in order to identify precisely the Vg domains
responsible for its binding to the receptor. The present sequence analysis of
mosquito Vg has provided a foundation for such studies.

The deduced amino acid sequence of mosquito Vg reveals several unique
characteristics of this developmentally important protein. The unique features of
mosquito Vg may reflect the adaptations of this molecule for passing the
nutritional values of the vertebrate blood to the developing mosquito embryos
and thus, contributing to the evolutionary success of mosquitoes. Therefore, in
addition to a well-established conservation of Vgs throughout evolution (Wahlii,
1988; Byrne et al., 1989), our findings emphasize the possibility of a rapid

evolutionary change of Vg in specialized groups.
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CHAPTER 3
CONSERVATION IN INSECT VITELLOGENINS

ABSTRACT
Vitellogenins (Vgs) are the major yolk proteins that supply nutrition for
developing embryos of oviparous animals. Recent efforts in molecular cloning
and characterization of Vg cDNAs and genes from several insect species have
made it possible to compare insect Vgs with those of other taxa in more detail.
Vgs are believed to have evolved from a common ancestor, however, their
peptide sequences and functional domains are not highly conserved among
species from different phyla. Insect Vgs are evolutionarily distant from other Vgs.
It is not only because their sequences show limited similarity to other Vgs but
also because they have conserved acidic serine-rich and charged domains
flanking a paired basic motif by the cleavage site. These conserved acidic
serine-rich and charged domains form B-turns that are essential for recognition of
convertase to the paired basic motif. Discovery of these conserved domains and
paired basic motifs at the cleavage sites of insect Vgs strongly suggest that the
insect Vg processing enzymes may belong to the convertase family. Sequence
analyses also indicated that the acidic serine-rich domains of insect Vgs are
similar to phosvitin, a vertebrate Vg-specific serine-rich subunit. Unlike vertebrate
Vgs that have a single long serine-rich domain, the number and size of acidic

serine-rich domains in Vgs vary considerably among insect species.
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INTRODUCTION

Vitellogenin (Vg) is a key protein essential for the reproduction of most
egg-laying animals because it is the major nutrient source for developing
embryos. Apart from higher dipteran insects (Terpstra and AB 1988; Rina and
Savakis 1991) and sea urchins (Shyu et al. 1987), whose yolk protein sequences
are unrelated to any known Vg sequences, vitellogenin is universally found in
eggs of oviparous animals (Byrne et al. 1989). Vg is a yolk protein precursor
synthesized and secreted by extraovarian tissues and circulated in the serum
until sequestered by oocytes through a receptor mediated pathway (Byrne et al.
1989; Raikhel and Dhadialla 1992). In addition to supplying amino acids for
growing embryos, most Vgs carry covalently linked carbohydrates after
glycosylation and ions after phosphorylation and sulfation (Kunkel and Nordin
1985; Byrne et al. 1989; Dhadialla and Raikhel 1990). Furthermore, circulating
lipids and hormones may bind non-covalently to Vgs in the serum, subsequently
accumulating together in developing oocytes (Kunkel and Nordin 1985; Bownes
et al. 1988).

Although Vgs are physiologically similar among animals from different
phyla, the secretion and cleavage of Vg precursors are quite different (Figure 1)
(Byrne et al. 1989; Spieth ef al. 1991; Raikhel and Dhadialla 1992). Insect Vgs
are synthesized in the fat body, the functional equivalent of the vertebrate liver
(Byrne et al. 1989). In most insects, following glycosylation, phosphorylation and
in some cases, sulfation, they are cleaved into small and large subunits (Figure
1) and form large oligomeric molecules before being secreted into the
hemolymph (Raikhel and Dhadialla 1992). In contrast, vertebrate Vgs are
synthesized and post-transiationally modified in the liver and secreted as a
precursor into the blood. These precursor are cleaved into three subunits,

lipovitellin 1, phosvitin and lipovitellin 2, in a tandem manner in oocytes (Figure
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Figure 1. Peptide structures of secreted vitellogenins of insects, chicken
and nematode. Insect vitellogenins are secreted as subunits, while vertebrate
vitellogenins are precursors. Nematode Vit-6 is cleaved after secretion, however,
the cleavage site is unknown and not shown here. A single box represents the
precursor, while the separated boxes are subunits. Solid bars symbolize the
location and size of a serine-rich domains. The numbers on each box indicate
the amino acid numbers of the border residues of each subunit.

1). Among these subunits, phosvitin is unique in that it contains an extremely
high percentage of serine residues (Byrne et al. 1989). Nematode Vgs are
synthesized in the intestine and transferred to the gonad. There are two types of
nematode Vgs (Byrne et al. 1989). The products of genes vit 2-5 are not
modified or cleaved, while the vit-6 product is cleaved into small and large
subunits after secretion from the intestine (Sharrock 1984; Spieth et al. 1991).
The evolutionary relationship between vertebrate and nematode Vgs at
the molecular level including peptide and nucleotide sequences has been
intensively reviewed (Nardelli et al. 1987; Wahli 1988; Byrne et al. 1989; Spieth
et al. 1991). Recent efforts in molecular cloning and characterization of Vg

cDNAs and genes from several insect species (Trewitt et al. 1992; Chen et al.
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1994; Yano et al. 1994a,b) have made it possible to compare insect Vgs with
those of other taxa in more detail. Based on the gene structure, Trewitt et al.
(1992) suggested that insect Vgs may share a common ancestor with
nematodes and vertebrates. Sequence analyses of insect Vgs reveal that they
have multiple acidic serine-rich (ASR) domains that contain polyserine stretches
and acidic residues. ASR domain resembles the phosvitin domain of vertebrate
Vgs that also contain polyserine stretches. However, not all of phosvitin domains
contain acidic residues (Byrne et al. 1989). The sequence alignment analysis
indicates conservation in the deduced amino acid sequences of insect Vgs
(Chen et al. 1994; Yano et al. 1994b), but that they are less similar to (Chen et
al. 1994) and evolutionarily distant from (LaFleur, Jr. et al. 1995) those of other
animals. This paper mainly focuses on the amino acid sequence conservation
among known insect Vgs and the evolutionary relationship of polyserine

stretches in insect and vertebrate Vgs.

MATERIALS AND METHODS

Amino acid sequences of Vgs were obtained from the GenBank data base
and published papers. The source of Vg sequences analyzed in this paper are:
boll weevil (M72980; Trewitt et al. 1992), chicken (M18060; van het Schip et al.
1987), frog (Y00354, Gerber-Huber et al. 1987), gypsy moth (L28097; Hiremath
et al. 1994), lamprey (M88749; Sharrock et al. 1992), nematode (X56121 and
X56213; Spieth et al. 1991), sawfly (Kageyama et al. 1994), silkkworm (D13160;
Yano et al. 1994) and yellow fever mosquito (U02548; Chen et al. 1994).

Sequence alignment and the secondary structure analyses were
performed by using Gap and Peptidestructure programs, respectively, of

Genetics Computer Group software (University of Wisconsin, Madison, WI). The
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gap weight was 3.00 and the gap length weight 0.10. The window for
hydrophobicity analysis (Kyte and Doolittle 1982) was 7 amino acids.

RESULTS AND DISCUSSION

Comparison of Amino Acid Composition and Deduced Amino Acid
Sequence of Vitellogenins

Amino acid composition of several Vgs have been reviewed in Byrne et al.
(1989) and Trewitt et al. (1992). To compare the recently available insect Vg
sequences with the previous data, an amino acid comparison analysis was done
and listed in Table 1. Comparison of known Vgs with the average amino acid
composition of eukaryotic proteins (Doolittle 1986) shows that most amino acids
in the Vgs listed are similar to the average except that the amount of serine
residues in vertebrate Vgs is aimost double that found in the average eukaryotic
protein (Table 1). This is due mainly to long stretches of polyserine in the
phosvitin domains of vertebrate Vgs (Byrne et al. 1989). Some insect Vgs,
including that of yellow fever mosquito and silkworm, also have high levels of
serine residues (Table 1). In accordance with this feature, domains containing
polyserine stretches similar to that of vertebrate phosvitins are found in these
insect Vgs. Nevertheless, boll weevil Vg has an average serine content, and with
short polyserine stretches (Figure 2 and Table 2).

The insect Vgs sequenced so far do not have the third ASR domain as
found in the yellow fever mosquito (Figures 1 and 2, Table 2). Silkworm Vg has a
serine content almost as high as that of mosquito (Table 1), however, unlike
mosquito Vg which has three long ASR domains, it has only two short ones that
flank its cleavage site (Figure 2). Most serine residues are scattered throughout

the peptide (Yano et al. 1994a).
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Figure 2. Comparison of amino acid sequences of several insect
vitellogenins. The conserved residues among insect Vgs are in bold print and
marked by an asterisk. A box represents residues that are also conserved in Vgs
of nematode, chicken and frog (Spieth et al. 1991). A diamond symbol indicates
that the numbers of these sequences are unknown because only partial
sequences are available. The abbreviations are: AaVg, vitellogenin of yellow
fever mosquito, Aedes aegypti (Chen et al. 1994); AgVg, vitellogenin of boll
weevil, Anthonomus grandis (Heilmann et al. 1993); ArVg, vitellogenin of sawfly,
Athalia rosae (Kageyama et al. 1994); BmVg, vitellogenin of silkworm, Bombyx
mori (Yano et al. 1994b); LdVg, vitellogenin of gypsy moth, Lymantna dispar
(Hiremath et al. 1994).
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Table 2. Percentage of identities and similarities in aligned amino acid
sequences of insect vitellogenins

Similarity (%)
Signal Small Large
between Species Peptide Subunit Subunit Total
mosquito / boll weevil 43.8 52.1 49.6 49.9
mosquito / silkkworm 75.0 49.0 50.3 50.7
boll weevil / silkworm 40.0 51.1 47.5 48.1

In addition to serine, yellow fever mosquito Vg is notable for its richness in
the aromatic amino acids phenylalanine and tyrosine (Chen et al., 1994). The
percentage is about two- to three-fold higher than in other Vgs, and is similar to
that of arylphorin from the hornworm, Manduca sexta (Willott et al. 1989) (Table
1). The sequence of the large subunit of yellow fever mosquito Vg shows
similarity to arthropod serum storage proteins including arylphorins and
hemocyanins (Chen et al. 1994). The richness of both mosquito Vg and
arthropod serum storage proteins in aromatic amino acids also reflects this
similarity (Table 1). Accordingly, boll weevil and silkworm Vgs, which are not rich
in aromatic amino acids, show no similarity to these arthropod serum proteins. In
contrast to the observation that vertebrate and nematode Vgs share similarity to
the mammalian apolipoprotein B and the von Willebrand factor (Baker 1988a,b),
insect Vgs show no sequence similarity to these mammalian serum proteins
(Chen et al. 1994).

The percentage of alanine residues in boll weevil Vg is much lower than

average of eukaryotic proteins. This is similar to the Vgs of nematode and leech.
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The total content of glutamic acid and glutamine (GIx) in boll weevil and
nematode Vgs are much higher than other Vgs. The functional implications of
these differences are still not clear (Byrne et al. 1989; Trewitt et al. 1992).

Peptide sequences of Vgs are not highly conserved probably because Vg
functions as an egg storage protein that supplies nutrition for embryos. Yet,
limited sequence conservation was identified among different phyla. Among
invertebrate Vgs, the amino acid sequence of nematode Vgs most closely
resembles that of vertebrate Vgs, but lacks the phosvitin domain (Nardelli et al.
1987; Wahli 1988; Byrne et al. 1989; Spieth et al. 1991). Insect Vgs show
limited sequence similarity to other oviparous animals (Trewitt et al. 1992; Chen
et al. 1994; LaFleur, Jr. et al. 1995). Although the overall sequence identity
among insect Vgs is not high (Table 3), Yano et al. (1994b) reported that there is
a sequence conservation near the N-terminus of the large subunit of insect Vgs.
Nevertheless, the precursor of these known insect Vgs can be entirely aligned
(Figure 2) and sequence conservation (the bold print in Figure 2) is not only
limited to the N-terminus of the large subunit.

There is a 20-residue segment conserved between nematode and
vertebrate Vgs (Spieth et al. 1991). In addition, many cysteine residues that may
form disulfide bonds are found conserved among Vgs of these animals (Spieth et
al. 1991). These authors therefore suggested that the tertiary structures of these
Vgs have been maintained through evolutionary time. Interestingly, the deduced
amino acid sequences of insect Vgs have neither the 20-residue segment nor
high conservation in cysteine residues as identified by Spieth et al. (1991). Very
limited sequence conservation, located near either termini of the Vg precursors,
was found when the results of Spieth et al. (1991) were compared with insect
Vgs (boxed residues in Figure 2). There are only four such conserved cysteine

residues identified in insect Vgs, and all are located at the C-terminus of the Vg
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Table 3. Comparison of number, size and location of serine-rich domains

in insect vitellogenins

Residues in an ASR Domain® ( % Ser, % TCX codons)

No. of ASR
Animal Domains | ] n Total
Mosquito 3 28(78.6, 90.9) 64(68.8, 86.4) 40(75.0, 80.0) 132(72.8, 85.4)
Boll weevil 2 20(30.0, 50.0) 5(40.0, 50.0) —_ 25(32.0, 50.0)
Silkworm 2 13(69.2, 100) 16(75.0, 66.7) — 29(72.4, 81.0)
Sawﬂy" 2 11(72.7, 54.5) 40(72.5, 44.8) —_ 51(72.5, 51.4)

* Acidic serine-rich domain
® Not completely sequenced. Data listed are based on sequence available. The first ASR domain
is truncated.

precursors (Figure 2). Sequence alignment and comparison of conserved
cysteine residues among known Vg sequences suggest that only a partial tertiary
structure of insect Vg precursors has been retained from the common Vg

ancestors.

Unique Domains Are Conserved around the Cleavage Site of Insect
Vitellogenins

Insect Vgs are different from other Vgs because they are cleaved before
being secreted by the fat body. This is also true of their cleavage sites and the
domains flanking this cleavage site. Just as the ways of Vg cleavage vary in
animals from different phyla, there also is no universal sequence around the
cleavage sites of Vgs. Although the sequence at the N-termini of the large
subunits are not conserved, an RXRR or an RXXR motif, which is recognized by
eukaryotic convertases (Barr 1991), was identified at the N-terminal side of the

cleavage site, i.e., the C-termini of the small subunit of insect Vgs (Figure 3).



36

Figure 3. Sequence of domains flanking the cleavage site of several
vitellogenins. The abbreviations and references used in this figure are as in
Figure 2 except that GgVg and luVg are vitellogenins of chicken (van het Schip
et al. 1987) and lamprey (Sharrock et al. 1992), respectively. Acidic serine-rich
domains are abbreviated as ASR domains. Each region was determined by
sequence similarity and are separated by a space between each region. Both
ASR domains of yellow fever mosquito and the second such a domain of sawfly
shown in this figure are only partially presented. For GgVg and luVvg, the upper
sequences are those found around the first cleavage sites, while the lower ones
are those found around the second sites. Charged amino acid residues are
shown in bold print, while serine residues are underlined. Dots and diamond
symbols indicate the sequence and the sequence number, respectively, are
unknown because the complete sequence of sawfly vitellogenin is not available.
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Aavg ...KRGNRYRR DLNA. ..
AgVg ...MTHRRFRR SANS. ..
BmVg ...QSNQRSRR SYMR. ..
Bt IGFR ...PRPERKRR EVMQ...
HsBGP ...EVVKRPRR YLYQ...
HsIR ...PRPSRKRR SLGD. .

HsPDGF ...ESLARGRR SLGS...
RNTGF ...LHSSRHRR ALDT. ..

Figure 4. Comparison of amino acid sequences around the cleavage site of
several proteolytic processed proteins. The abbreviations and references
used in this figure are as in Figure 2 except for BtiIGFR, Bos taurus insulin-like
growth factor-1 receptor beta subunit (cattle) (Sneyers et al. 1991), HsBGP, H.
sapiens Gla protein (Kiefer et al., 1990), HsIR, Homo sapiens insulin receptor
(human) (Ebina et al., 1985), HsPDGF, H. sapiens platelet-derived growth factor
B chain (Collins et al., 1985) and RnTGF, Rattus norvegicus transforming growth
factor-beta 1 (rat) (Qian et al, 1990). The consensus for the subtilisin-like
convertase is in bold and marked with the asterisk. The arrowheads indicate the
cleavage sites.

This cleavage site motif is identical to that found in precursors of some peptide
hormones and some hormone receptors (Figure 4).

The sequence alignment of insect Vgs indicates that the regions
surrounding the cleavage sites are not similar at the residue level, but rather are
conserved at the domain level (Figures 2 and 3). The domain arrangement
shows conservation in a manner as ASR domains flanking two charged domains
that enclose an RXRR motif or an RXXR motif and a cleavage site (Figure 3). A
derivative form was observed in boll weevil Vg in which ASR and charged
domains are short and many serine residues are either deleted or substituted by
polar and charged residues (Figures 2 and 3). Both ASR and the charged
domains may be important for cleavage of insect Vg precursors because they

form B-turn structures (Figure 3). Rholam et al. (1986) observed that not all the
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paired basic motifs in precursors are cleaved. These authors found only the
paired basic sites that are located inside or next to B-turns are cleaved in vivo.
Brakch et al. (1993) used mutated analogs to determine the significance of -
turns to cleavage of prohormones. These authors concluded that the B-turn is a
key that optimized recognition of convertases. All paired basic motifs in insect
Vgs are situated in or next to p-turns (Figure 3). These results suggest that the
insect Vg processing enzyme responsible for subunit cleavage may belong to a
family of eukaryotic convertases (Heilmann et al. 1993; Chen et al. 1994; Yano
et al. 1994b). In addition, ASR and charged domains are highly hydrophilic
(Figure 5). They have a strong tendency to locate themselves outward.
Furthermore, these regions form turns. They are very flexible and are usually
exposed on the surface of a folded protein (Chothia et al. 1989). Such an
outward flexible structure may facilitate segmental adaptation of a peptide and
favor recognition of convertase to the paired basic motif (Brakch et al. 1993).
These unique structures are consistent with insect-specificity of pathways of Vg
cleavage in the fat bodies (Dhadialla and Raikhel 1990). The cleavage of the
pro-Vg is essential for secretion because mosquito Vg precursor can not be
secreted from mosquito fat bodies (Raikhel and Dhadialla, 1990). Therefore,
ASR and charged domains with the RXRR motif of insect Vgs may be a result of
co-evolution with the processing enzymes, convertases.

Comparison of sequences around the known cleavage sites of vertebrate
Vgs indicates that sequences at the subunit borders of chicken (van het Schip et
al. 1987), frog (Gerber-Huber et al. 1987) and lamprey (Sharrock et al. 1992)
Vgs do not have a doublet basic motif for convertases (Figure 3). The precursor
of vertebrate Vgs are cleaved by cathepsins D in oocytes (Retzek et al. 1992;
Yoshizaki and Yonezawa 1994) rather than in the extraovarian tissue as in

insects. Amino acid sequences surrounding the cleavage sites of vertebrate Vgs
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Figure 5. Hydrophobicity analysis of amino acid sequences around the
cleavage site of insects and chicken Vgs. Solid arrowheads indicate the
cleavage sites. These data were analyzed by Kyte and Doolittle (1982) methods
by Peptidestructure program of GCG software.
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are not similar to each other (Figure 3). Hydrophobicity analysis of these
sequences also reflect this fact because not all of these domains have a strong
hydrophilic tendency to push the cleavage site onto the surface (Figure 5). Some
of these sequences also contain charged amino acids and polyserine stretches
like insect Vgs. Unlike insect Vgs, however, there is only one serine-rich domain
near each cleavage site of chicken Vg but none around the first cleavage site of
lamprey Vg (Figure 3). It is interesting that the second cleavage site of lamprey
Vg has a similar domain arrangement with that of insects except for the paired
basic motif (Figure 3). However, these similarities may not reflect functional
significance in cleavage of vertebrate Vgs because the domains flanking the
cleavage site are not conserved in vertebrate Vgs. These charged domains in
vertebrate Vgs have been identified as necessary for recognition and uptake by
the Vg receptor in the oocyte membrane (Byrne et al. 1989).

Similar to insect Vgs, the product of vit-6 gene of Nematode is also
cleaved into two subunits (Sharrock 1984). The cleavage site and the processing
enzyme have yet not been determined. Interestingly there is an RXKR paired
basic motif located by a B-turn which forms a putative recognition site for
convertases. Although there is no adjacent ASR and charged domains as of
insect Vgs, this site may be recognized by convertase. Further investigations are

required to test whether nematode Vg is cleaved by convertases.

Evolution of the Serine-rich Domains in Vitellogenins

The most significant similarity between vertebrate and insect Vgs are the
domains that contain polyserine stretches. ASR domains in insect Vgs have
many acidic amino acid residues similar to some vertebrate phosvitin domains.
Both the polyserine stretch itself (Meggio and Pinna 1988) and a serine with an

acidic residue at +3, +4 or +5 sites (Kuenzel et al. 1987) are good substrates for
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casein kinase-ll catalyzed phosphorylation. Phosphorylation may play an
important role in maintaining a special configuration that helps recognition of Vg
by the oocyte Vg receptor. Dephosphorylation studies in the chicken phosvitin
domain and yellow fever mosquito Vg decreased their uptake by oocytes (Miller
et al. 1992; Dhadialla et al. 1992). Sharrock et al. (1992) suggested that
phosphorylated polyserine stretches in lamprey Vg may be involved in receptor
recognition/uptake because most of the polyserine stretches are removed after
uptake of oocytes. Nevertheless negatively charged phosphorylated polyserines
should not be the recognition sites because the Vg receptor belongs to LDL
receptor family that have negatively charged ligand binding sites (Bujo et al.
1994). It is possible that the repellent forces, caused by the interaction between
phosphorylated polyserine domains of Vgs and ligand binding sites of Vg
receptors, somehow rotate Vg and facilitate the recognition sites on the surface
of Vgs recognized by their receptors. The exceptional third ASR domain near the
C-terminus of the large subunit of yellow fever mosquito Vg and the short ASR
domains in boll weevil Vg may be results of evolution of their folding and of co-
evolution with their oocyte Vg receptors.

It is not clear why mosquito and silkworm Vgs are richer in serine
residues than other invertebrates. Chen et al. (1994) hypothesized that yellow
fever mosquito may take the advantage of their highly phosphorylated food and
pass phosphates through polyserine stretches in Vg to their embryos. However
the silkworm does not ingest phosphate-rich food, so there is no comparable
need for long and additional phosphorylatable polyserine stretches as in yellow
fever mosquito Vg. One possibility is that it is used in silk production by newly
hatched silkworm larvae because serine residues are one of the major

components of silk fibroin in silkworm (Yamaguchi et al. 1989).
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Alignment of the Vg sequences of chicken, frog and nematode suggested
that the phosvitin domains arose after the separation of vertebrates and
nematodes during the Precambrian period (Wahli 1988). The polyserine
stretches within these domains have expanded through evolutionary time (Wahli
1988). Although polyserine stretches may have similar functions in insect and
vertebrate Vgs, it is likely that insect and vertebrate Vgs have evolved polyserine
stretches independently. Insects have no direct phylogenetic stem ancestor with
vertebrates (Barrett et al. 1986). Since nematode Vgs do not have serine-rich
domains, one may hypothesize that the common ancestor of Coelomata
obtained polyserine stretches after the divergence from Acoelemata, and only
vertebrates and insects maintain these domains. However, based on the amino
acid components (Table 1), this seems improbable. Although the sequence data
of shrimps and leeches Vgs are not available, it is unlikely that they have
polyserines. Both Crustacea, that were evolved from a same stem ancestor of
Insecta, and leeches, that were evolved from Protostomia, a stem ancestor of
Arthropoda and Annelida (Barrett et al. 1986), have a serine content similar to
the average of eukaryotes as nematode Vgs (Table 1). In addition, the codon
usage (Table 2), the size and the location of serine residues in serine-rich
domains found in Vg precursors of insects and vertebrates are very different
(Figure 1). More than 50 % of serine residues in vertebrate Vgs are encoded by
AGY codons (LaFleur, Jr. et al. 1995), while most serine residues in these
domains of insect Vgs are encoded by TCX codons (Table 2). All the known
vertebrate Vgs have a single long serine-rich domain, that becomes phosvitin
subunit after cleavage, contains many polyserines. In contrast, insects have
multiple ASR domains. These domains are eventually distributed to both small
and large subunits after cleavage. Unlike vertebrates, ASR domains in insect

Vgs are not processed as subunits as are the phosvitins of vertebrates (Chen et
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al. 1994) (Figures 1 and 3), and probably retain their polyserine stretches given
that there is no obvious size decrease after internalization by the oocyte (Raikhel
and Bose 1988; Raikhel and Dhadialla 1992). The size of ASR domains of insect
Vg precursors vary among insect species. Although it is not possible to compare
the hierarchy of insects from different orders, it is likely that the more
evolutionarily advanced the insect, the shorter the polyserine domain near the
cleavage site of Vg (Figure 3). For example, boll weevil is a highly evolved
Coleopteran insect. Its ASR domains are much shorter than other insects (Figure
3 and Table 3). In contrast, mosquito and sawfly are more ancient species in
Diptera and Hymenoptera, respectively. Their Vgs maintain long polyserine
stretches. It is possible that the Vg of the common insect ancestor obtained long
ASR domains near the junction of the cleavage site. However, the sizes,
numbers and locations of ASR domains have become diverse with the evolution
of insects. Especially most of the polyserine stretches were somehow lost or
substituted during the evolution of these more advanced insects. These
observations support the argument that polyserines in insects and vertebrates

are the result of convergence evolution.
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CHAPTER 4
MOLECULAR CLONING AND FUNCTIONAL EXPRESSION OF MOSQUITO
VITELLOGENIN CONVERTASE

ABSTRACT

A cDNA encoding mosquito vitellogenin convertase (VC) was cloned,
characterized and functionally expressed. Biosynthesis of mosquito vitellogenin
requires cleavage by VC because pro-vitellogenin cannot be secreted from the
fat body. The transcript for mosquito VC is 4.2 kb. This gene is tightly regulated
by a blood meal and expressed during early vitellogenesis. The VC cDNA clone
has an open reading frame encoding a protein 115 kDa in size. This protein
increases to 140 kDa after post-translational modification. The mosquito VC
gene is exclusively expressed in the vitellogenic fat body of female mosquitoes.
When the VC cDNA was co-expressed in vitro with the mosquito vitellogenin
cDNA, it produced cleaved pro-vitellogenin. Thus, the newly found convertase is
indeed a functional fat-body-specific enzyme for pro-vitellogenin cleavage.
Discovery of mosquito VC is significant in that members of the convertase family
were not previously known to play a role in the cleavage of insect pro-

vitellogenins.

INTRODUCTION
Processing of pro-vitellogenins (pro-Vg), precursors of the major nutrient

source supporting embryonic development in oviparous animals, varies greatly in
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different phyla (Byrme et al., 1989). Insect Vg precursors are cleaved into two
subunits in the fat body before secretion (Dhadialla and Raikhel, 1990; Raikhel
and Dhadialla, 1992). In contrast, vertebrate Vgs are secreted as intact
molecules and cleaved in the oocyte (Bymne et al., 1989). Among nematode Vgs,
most of the products of Vg genes are not cleaved. The Vit-6 protein is the only
one that is cleaved into two subunits after its secretion from the intestine
(Sharrock, 1984).

Mosquito Vg has been characterized molecularly (Chen et al., 1994) and
biochemically (Dhadialla and Raikhel, 1990). Expression of the mosquito Vg
genes is tightly regulated by a blood meal. These genes are expressed
exclusively in the fat body of vitellogenic females (Raikhel and Dhadialla, 1992).
Mosquito pro-Vg is 250 kDa in size. It is further cleaved into small and large
subunits, which are subsequently post-transiationally modified and become 66
and 200 kDa, respectively. Both subunits form a large oligomeric sulfated,
phosphoglycolipoprotein and are secreted into the hemolymph (Dhadialla and
Raikhel, 1990).

Cleavage of insect pro-Vg is crucial because pro-Vg can not be secreted
from the fat body (Dhadialla and Raikhel, 1990). In spite of progress in
characterizing pathways of biosynthesis of insect Vgs, enzymes that cleave
insect pro-Vgs have not been identified. In contrast, cathepsins D have been
reported to be the pro-Vg cleaving enzyme of vertebrates (Retzek et al. 1992;
Yoshizaki and Yonezawa 1994).

Subtilisin-like convertases have been proposed to be the putative insect
pro-Vg processing enzymes because paired basic motifs recognized by these
enzymes have been identified at the cleavage sites of insect Vgs (Heilmann et
al., 1993; Chen et al., 1994; Yano et al., 1994). Furthermore, adjacent p-turns

that are required for a paired basic motif recognized by convertases (Brakch et
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al., 1989, 1993) have been identified at the cleavage sites of insect Vgs (Chen
and Raikhel, unpublished). To elucidate the role that convertase plays in
mosquito vitellogenesis, we have cloned and characterized a convertase cDNA
from a mosquito vitellogenic female fat body cDNA library. This cDNA encodes a
convertase that has a novel biological function in subunit cleavage of insect pro-

Vgs. This enzyme is denoted as vitellogenin convertase (VC).

MATERIALS AND METHODS

Cloning and characterization of the mosquito VC cDNA - A mosquito VC
cDNA fragment was obtained by PCR. Total RNA was isolated from fat bodies
of 1-18 h post-blood-fed females and used as the template for reverse
transcription and PCR. A pair of fully degenerate primers were designed based
on the sequence of the catalytic domains of Drosophila dKLIP-1 (Hayflick et al.,
1992), dfurin1 (Roebroek et al., 1991) and dfurin2 (Roebroek et al., 1992). Both
primers had an Xba | site at their 5'-ends. The sequence of the first primer was:
GTTCTAGACA(CT)GG(ACGT)AC(ACGT)CG(ACGT)TG(CT)GC, while the
second one was GTTCTAGAG(ACGT)GG(ACGT)GC(ACGT)GA(ACGT)GC(AC
GT)GA. The PCR-amplified cDNA was subcloned into pUC119 and confirmed by
hybridization to the cDNA coding for the catalytic domain of dKLIP-1 (Hayflick et
al., 1992). This PCR-product was used to screen a female mosquito vitellogenic
fat body cDNA library. The conditions for reverse transcription, PCR amplification
and cDNA cloning were as in Chen et al. (1994). The enzymatic method of
Sanger ot al. (1977) was utilized for DNA sequencing. Sequence alignment was
performed by using the Gap program of the Genetics Computer Group software
(University of Wisconsin, Madison, WI). The gap weight was 3.00 and the gap
length weight 0.10.
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Northern and slot blot analyses - Poly(A*) RNA was prepared from total RNA
of female mosquito fat bodies using Biomag Oligo d(T) magnetic beads
(PerSeptive Diagnostics). RNAs were either separated by electrophoresis in
1.2% agarose formaldehyde gels and transferred to a nitrocellulose membrane
or loaded onto a nitrocellulose membrane with a slot blotter. These blots were
hybridized to a 32P-labeled 766-bp Hind Ill-Pst | fragment of the VC cDNA
encoding the pre-pro-portion of VC. As controls, actin (Deitsch et al., 1995) and
Vg (Chen et al., 1994) cDNAs from A. aegypti were used. The conditions of

hybridization at high stringency were used according to Sambrook et al. (1989).

Functional expression of mosquito VC and Vg - The cDNAs of VC and Vg
were expressed in the TNT Coupled Reticulocyte Lysate gene expression
system (Promega). The entire cDNA of VC was cloned in pBluescript
(Stratagene) under the control of the T7 promoter (pVC). Due to the size
limitation of this expression system, the 5'-end 3.7 kb Xba 1-Bam H1 fragment of
the Vg cDNA encoding the entire small and the N-terminal half of the large
subunit was subcloned to pGEM 7Z(+) (Promega) under the control of the T7
promoter (pTVg). Plasmid DNA was purified using the Wizard Minipreps DNA
Purification System (Promega). One microgram of purified plasmid DNA was
used for expression. For co-expression, 0.1 ug of pTVg and 1.0 ug of pVC were
used for each reaction. Canine pancreas microsomal membranes (Promega)
were added to monitor post-translational modification. 3*S-methionine was used
to label the translated products. All protocols were followed as described by the
manufacturer. Ten co-expression reactions were combined to increase the yield
from immunoprecipitation. Monoclonal antibodies against the Vg small subunit
(Raikhel et al., 1986) were used to immunoprecipitate Vg using the method of

Hays and Raikhel (1990). Sodium dodecyl sulfate polyacrylamide gel
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electrophoresis was done to separate expressed products. Proteins were
stained with Coomassie Brilliant Blue R-250 and were processed for

fluorography (Hays and Raikhel, 1990).

RESULTS AND DISCUSSION

Cloning and analysis of the mosquito VC cDNA

A 537 bp cDNA fragment was amplified from total RNA prepared from fat
bodies of vitellogenic female mosquitoes by reverse transcription and PCR. This
fragment was sequenced. It shows high similarity to the sequence of the catalytic
domains of Drosophila convertases dKLIP-1 (Hayflick et al., 1992), dfurin1
(Roebroek et al., 1991) and dfurin2 (Roebroek et al., 1992). This fragment was
used as a probe to screen a cDNA library constructed from the fat body of
vitellogenic mosquito females. Although positive clones were not abundant, six
cDNA clones were isolated from several large-scale screenings. One of the
cDNA clones was sequenced from both strands. This cDNA clone is 3,735 bp
long. It has a putative polyadenylation signal, AATAAA, located 24 bp upstream
of the poly(A) tail (Figure 1).

To verify that this cDNA clone contains an open reading frame, it was
expressed in an in vitro coupled transcription and translation system under
control of the T7 promoter. The translated product, 115 kDa, shown in Figure 2
revealed that this cDNA clone encodes an open reading frame, with a sequence
similar to convertases, containing a translation initiation methionine residue. This
protein also has a signal peptide for post-translational modification because
addition of canine pancreas microsomal membranes caused a shift of this

translated product to 140 kDa (Figure 2).
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Figure 1. Nucleotide and deduced amino acid sequences of vitellogenin
convertase from the mosquito, Aedes aegypti. For the nucleotide sequence,
the non-coding regions are shown in lower case while the coding region is
capitalized. The polyadenylation signal is in lower case and double underiined.
The deduced amino acid sequence of this pre-pro-enzyme is displayed in
capitalized letters. The codons encoding putative translation initiation methionine
residues are underlined by dots. The putative transmembrane domains are
boxed. A repeat of a putative paired basic motif for autocleavage is in bold and
underlined. The potential autocleavage site is indicated by an arrowhead. The
cysteine residues of the cysteine-related motif are squared and in bold. The
amino acids corresponding to active sites of convertases are circled and in bold.
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gcctaatgagttcaacagccggcaaaagctgcacagaagaccaccaatgaagcttgaaga 60

cctgaacggagctgccggaagtggcggcacaggtggggaagttatgttcagtgacgtcag 120
atggacagttgaacccggtagcgttcgaagtggcgaaggtcgccgaaaaagtgccaaatg 180
tagcaatcgcttgtcgcgaaagatcgtcaagggagctgaagaagtgatggcggagagcte 240
M P C P A A S R R 9
gaccgaagcattccagtcctgecccattgecgacgATGCCTTGTCCAGCGGCGTCCAGAAG 300
L S G S G N S A E Q S N S s s s s s s R 29
GTTGAGTGGGAGTGGTAACTCAGCGGAACAGTCGAACAGCAGCAGCAGCAGCAGTAGTAG 360
R R S R 8§ S 8 8 S R L W C W H R s s IHIIHI 49
GCGGCGATCTAGGTCGTCGTCATCCAGCAGGTTGTGGTGCTGGCACCGGTCTTCACCGGC 420
[ L V L Y I VvV G V VL V G A I S T V|Y C D 69
GTTAGTGTTGTACATAGTAGGCGTAGTGTTAGTAGGTGCAATTTCCACGGTTTACTGTGA 480
AV 8§ 8§ GV 8§ S s §S s 8 s V S s N s N P 89
TGCAGTTAGTAGTGGGGTCAGCAGCAGCAGCAGTAGTAGTGTTAGTAGTAATAGCAATCC 540
N Q R G G DNV V V D GG Q HUL V S G E 109
TAATCAAAGAGGTGGTGATAACGTCGTCGTGGACGGGGGGCAACATCTGGTCAGTGGCGA 600
S NA V E Q DDAV F G S G S V G A CE D 129
GAGCAACGCGGTGGAACAGGACGACGCGTTCGGCAGTGGGAGTGTGGGTGCGTGCGAGGA 660
H Y E G S G H Y T HHWA AV HTI P E G G 149
TCATTACGAGGGCAGCGGACACTACACACACCACTGGGCGGTGCACATTCCGGAGGGCGG 720
G E T A E Q V A DEHGU F I NHGK I F 169
CGGCGAAACGGCGGAGCAGGTCGCCGACGAGCACGGGTTCATCAATCATGGCAAGATATT 780
D G Y Y HF E HRHILIOQI KRS LNP S G 189
CGACGGGTACTACCACTTCGAGCACCGGCACCTGCAGAAGCGATCCCTTAATCCTTCGGG 840
H H Q R R L D G D DRDI R WA K Q Q R_A 209
GCATCACCAGCGGCGACTGGACGGTGACGATCGGGATCGATGGGCGAAACAGCAGCGAGC 900
_K R R P K R¥YD F R P L K S P Y TTI QL N 229
CAAACGGCGCCCGAAGCGGGACTTTCGACCCCTCAAGAGCCCCTACACGATACAGCTGAA 960
D P K WG EMW YL NI RGNGTULDMN V 249
CGACCCCAAGTGGGGCGAGATGTGGTACCTGAATCGAGGAAACGGCCTAGACATGAATGT 1020
I P A CIKE GV TG K GV V V TTIL C) D 269
GATACCAGCCTGCAAGGAAGGCGTGACCGGAAAGGGCGTCGTGGTGACGATTCTGGACGA 1080
G L E S D H P DU LEUHNYD P K A S Y D 289
CGGTCTGGAATCGGACCATCCTGATCTGGAACATAACTACGACCCCAAAGCATCGTACGA 1140
vV NG ND G D PMUPHOCDTULTD S N R:tCD 309
CGTGAACGGAAACGACGGTGACCCGATGCCACACTGCGACCTTACGGACTCGAACCGACA 1200
G T R CA GE V AATA ANNSIKCA YV G 329
CGGGACTCGGTGTGCCGGTGAGGTCGCTGCCACGGCTAATAATTCCAAGTGCGCCGTGGG 1260
I A Y GA RV GGV RMULDGU DV T D V 349
CATTGCGTACGGAGCCCGGGTCGGTGGTGTCCGGATGCTCGACGGGGACGTTACGGACGT 1320
vV EA K S L GL NS Q H I DI Y S A S W 369
GGTAGAAGCGAAATCGCTCGGTCTGAACTCGCAACATATCGACATCTACAGTGCCTCGTG 1380
G P DDDGI KTV DGU?P G DM ATR A F 389
GGGACCGGACGACGACGGGAAAACCGTTGATGGTCCGGGGGACATGGCGACGCGGGCCTT 1440
I E G V R KGR G G K G 8 I F I W A S G 409

CATCGAAGGCGTCCGGAAGGGACGTGGCGGCAAGGGTTCCATTTTCATCTGGGCCTCGGG 1500
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Figure 1 Cont'd

® e e REHDNT CNT CDGTYTNSTIWT
ARACGGTGGCCGGGAACACGACAACTGCAATTGCGACGGGTACACCAACTCCATCTGGAC
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S TLATTT YSSGNTNTET KT QVTITT
CTCTACGCTGGCGACCACTTATAGCAGCGGTAACACCAATGAAAAACAGGTGATCACAAC
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CGATTTACATCACTCCTGTACGTCATCGCACACGGGAACGTCGGCTTCGGCTCCACTTGC
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AGCCGGAATAGCTGCTCTCGTCCTGGAGGCGAATCCTAACCTCACGTGGCGAGATCTACA
H I VVRTA AZKTPGINTLTEKTDTPTTWSKN
GCACATAGTGGTCCGTACGGCTAAACCAGGCAATCTGAAGGATCCAACGTGGTCAAAAAA
G VGRRVSHSTFGYGLMDA AR AR AM
CGGCGTCGGTCGACGAGTATCTCACTCGTTTGGCTACGGGCTGATGGACGCCGCAGCAAT
VKLARTMWI KTVTPET QQTITCETITNA
GCACTGCAAGGGCGTCAACTATCTGGAGCATGTGCAAGCGAAAATAACACTGACCTCCCA
PHLDZKG QTIZPZPRTIEKTYVTTLTG QTLVVE
GGTGAAGCTGGCACGTACATGGAAAACCGTTCCGGAGCAGCAAATCTGCGAAATCAACGC
HCKGUVNJYTLEUHVYVOQAZEKTITTLTS Q
ACCCCATCTGGACAAGCAAATTCCACCTCGCACCAAAGTCACCCTACAGCTCGTGGTGGA
R RGDTIOQTITFTLTSZPSGTRTVTTLL
GCGACGGGGCGATATTCAAATATTCCTAACCTCGCCGTCCGGCACCCGAGTCACGCTGCT
T PR S HDILSTU RSGTFNI QUWTPTFMS SV
GACACCTAGATCCCATGATTTATCTCGTTCCGGTTTCAATCAGTGGCCTTTCATGTCGGT
HTWGEA ATPHGTWAOQULETITHTNE G R
GCACACATGGGGCGAAGCGCCGCACGGGACCTGGCAGCTGGAGATCCACAACGAAGGCCG
L LAQTITUHUWNLTITFTZYGTTETTPAQ
TCTATTAGCTCAAATAACGCACTGGAATCTGATCTTCTACGGTACGGAAACGCCGGCTCA
PDDZPVRLGTE KTPGTFTSDSNTYGG E
ACCGGATGACCCGGTCCGACTGGGGAAGCCCGGCTTCAGTGATAGCAACTATGGCGGTGA
I EHN S LETFUDINGTITSTDG QWT RNM
GATCGAACACAACTCGCTGGAGTTCGACAACGGCATCACCAGCGACCAGTGGAGGAATAT
Q QI GE SHUVDVPADGTFTETRT RTDG
GCAGCAGATCGGTGAAAGCCACGTGGACGTCCCAGCGGACGGCTTCGAGCGACGTGACGG
L GCAAYSSGALTGCTITDTECGS S S S Y
CCTCGGGTGTGCTGCATATTCCTCCGGAGCCTTGTGCATAGATTGCGGCTCATCCTCATA
LY KGRTG CYS ST CZPDSTTFTPSDAV
CTTGTACAAAGGCCGCTGCTACAGTACATGCCCGGATTCGACCTTCCCGTCGGACGCGGT
P S GPPNNUDTDETA AA ATITZKTESTSA ATFTIE
CCCAAGTGGGCCACCGAACAACGACGATGAAGCTGCCATTAAAGAAAGTGCCTTCATCGA
Q Q PLP KGSTILRTRSTA AAA ATILIABATFQ
GCAGCAACCGCTACCGAAAGGATCATTACGACGCAGCACTGCGGCAGCTATCGCTTTCCA
L VDDNSNNTLTDNODA ALTLVTPV AK
GCTGGTCGACGATAATTCCAACAATTTGGACAACGACGCACTACTGGTGCCAGTGGCAAA
P S PQETRTDT GQPHET GQQETGQDGQE S
ACCATCACCGCAAGAACGTGACACTCAACCTCACGAGCAGCAGGAGCAGGATCAGGAAAG
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Figure 1 Cont'd

R LI Kl P TEIL K[F G P D E F E
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Figure 2. Analysis of **S-methionine-labeled products of in vitro expression
of a mosquito VC cDNA by a coupled transcription and translation system.
Lane 1, total translated products; lane 2, processing of the translated polypeptide
in the presence of canine pancreatic microsomal membranes. Translation
products were analyzed by SDS-PAGE in 7.0 % gels under reducing conditions
and fluorography. The molecular mass standards in order of decreasing
molecular weight (in kDa) were phosphorylase B, bovine serum albumin,
ovalbumin, carbonic anhydrase, soybean trypsin inhibitor and lysozyme.
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Features of the deduced amino acid sequence of mosquito VC

There are four methionine residues identified at the beginning of the open
reading frame of VC (Figure 1). These putative translation initiation sites show
limited similarity to the optimal context of the eukaryotic translation initiation site
(Kozak, 1986) and to the Drosophila consensus translation start site (Cavener,
1987). To determine the translation initiation site of VC, molecular weights of
translated products from these four methionine residues were estimated and
compared with the size of the in vitro translated product without post-translational
modification. The fourth methionine residue was determined to be the initiation
residue because the predicted size of the protein translated from this residue is
similar to that of the protein from the in vitro gene expression shown in Figure 2.

The deduced amino acid sequence of VC exhibits high similarity to other
members of the eukaryotic convertase family (Figure 3). Sequence alignment
indicates that all four active sites of convertases are conserved in VC at Aspm,
His*®, Asn*'®, and Ser*® (Figure 1). This suggests that VC may form a structure
similar to the model of the catalytic domain of human furin constructed by Siezen
et al. (1994). VC as well as Drosophila convertases have the primary structure of
the furin-like convertase including a prepropeptide, a catalytic domain, a
cysteine-rich domain, a C-terminal transmembrane domain and a cytoplasmic
domain (Figure 3).

Hydropathy analysis (Kyte and Doolittle, 1982) of the VC deduced amino
acid sequence shows that VC does not have a hydrophobic signal peptide
following the putative initiation methionine residue as most convertases do.
However, there is an internal hydrophobic domain identified near the N-terminus
between residues 48 and 66 (Figure 1). This is similar to Drosophila
convertases dKLIP-1 (Hayflick et al., 1992), dfurin1 (Roebroek et al., 1991) and
dfurin2 (Roebroek et al., 1992). Such internal hydrophobic domains still function
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Figure 3. Schematic representation of mosquito VC, Drosophila dKLIP-1,
and human furin convertases. Amino acid sequences were aligned on the
basis of the maximal amino acid similarity. The percentage shown on each
domain of dKLIP-1 and furin stands for the similarity of these domains to
mosquito VC. A triangle indicates the location of the cysteine-related motif.
Abbreviations used in this figure are: CRR, cysteine-rich region; CT, cytoplasmic
domain, and TM, transmembrane domain.

as signal peptides because mosquito VC (Figure 2) as well as Drosophila dKLIP-
1 (Hayflick et al, 1992) have been demonstrated to be post-transiationally
modified. Molloy et al. (1994) demonstrated that human furin is targeted to the
rough endoplasmic reticulum and eventually localized in the trans-Golgi network
(TGN). Its C-terminal hydrophobic domain serves as a retention signal and an
anchor for the TGN. The C-terminal transmembrane domain of VC is located
between residues 966 and 986 (Figure 1).

Roebroek et al. (1992) suggested that convertases, found both in
vertebrates and invertebrates, are likely able to autoactivate themselves because
they have the conserved putative recognition motifs of convertases located at
the junction between their pro-peptide and enzyme regions. The autoactivation
motif of mosquito VC, however, is unique in that it is composed of double

repeats, RAKR211-RPKR215 (Figure 1).
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Most convertases have a cysteine-rich domain containing one or more
cysteine-related motifs, CX,CX3CX,CXs-7CX2CX10-15CX3-sC (Nakagawa et al.,
1993; Roebroek et al., 1992; Smit et al., 1994). Mosquito VC also has such a
motif in its cysteine-rich domain, however, this mosquito motif lacks the last two
cysteine residues (Figure 1). Hatsuzawa et al. (1992) concluded that the
cysteine-rich domain containing the cysteine-related motif is not required for
enzyme activity of furin. Although Smit et al. (1994) suggested that the cysteine-
related motif may play a role in protein targeting or protein stabilization, the

function of this motif remains unclear (Roebroek et al., 1992).

Tissue distribution and expression of the mosquito VC gene

A cDNA fragment encoding the prepro-peptide region of mosquito VC was
labeled as a probe to hybridize to mMRNA prepared from heads, thoraxes,
midguts, ovaries, and pre-vitellogenic and vitellogenic fat bodies of female
mosquitoes. The size of the VC mRNA is 4.2 kb. It is expressed exclusively in fat
bodies of vitellogenic adult female mosquitoes (Figure 4).

Study of the kinetics of gene expression of mosquito VC indicated that VC
is expressed during early vitellogenesis. The levels of VC transcript increases in
accordance with that of Vg, but decreases to background levels before 24 h post
blood meal (Figure 5), the peak of Vg gene expression. The kinetics of VC gene
expression also matches the observation that pro-Vg is only identified at the
early stage of vitellogenesis (Dhadialla and Raikhel, 1990). Although expression
of the VC gene drops before Vg mRNA peaks (Figure 5), enough VC may
accumulate for cleaving pro-Vg throughout vitellogenesis because the production
peak of ribosomes is between 16-18 hours post blood meal (Hotchkin and

Fallon, 1987).



Figure 4. Northern blot lysis of gene exp ion of quito VC. The
mRNA prepared from different tissues and stages of female mosquitoes were
separated by a 1.2% agarose gel and transferred to a nitrocellulose membrane.
This membrane was hybridized with a *?P-labeled 766-bp Hind Ill-Pst | fragment
of the VC cDNA, encoding the pre-pro-portion of VC. Lane 1, pre-vitellogenic fat
body; Lane 2, vitellogenic fat body, 6 h post blood meal (PBM); Lane 3,
vitellogenic fat body, 12 h PBM; Lane 4, vitellogenic fat body, 24 h PBM; Lanes
5-8: tissues of female mosquitoes 12 h PBM; Lane 5, heads; Lane 6, thoraxes;
Lane 7, midguts; Lane 8, ovaries.
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Figure 5. Kinetics of gene expression of mosquito VC and Vg. Slot blot
analysis was used to determine mRNAs of VC, Vg and actin transcribed at
different stages before and after a blood meal. The blots were hybridized with
¥2p_|abeled probes of VC, Vg and actin. Hybridization was quantified using a
liquid scintillation counter. Count from VC and Vg were normalized using actin as
an internal control. Vertical lines indicate the standard error of the mean of three
repetitions.
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Functional expression of mosquito VC

To demonstrate that VC is a pro-Vg cleaving enzyme, a cDNA encoding
mosquito Vg, the putative substrate of VC, was initially expressed in a
baculovirus gene expression system. However, most of the over-expressed
products were degraded in the host insect cells (data not shown). Alternatively,
both the Vg and VC cDNAs were co-expressed in an in vitro coupled
transcription and translation gene expression system. Preliminary experiments
showed that the entire Vg cDNA was too large to be expressed sufficiently. To
improve Vg expression, pTVg, a truncated 3.7 kb mosquito Vg cDNA, was used.
This pTVg contains a cDNA fragment encoding the Vg signal peptide, the small
subunit, the cleavage site and N-terminal half of the large subunit of mosquito
Vg. It can be expressed by a coupled transcription and translation system and
modified in the presence of canine microsomal membranes. The size of the TVg
protein is 139 kDa. It matches the molecular weight predicted from the deduced
amino acid sequence. This protein becomes 160 kDa after post-translational
modification with canine microsomal membranes (Figure 6). These translated Vg
products were verified by immunoprecipitation using monoclonal antibodies
specific to the small subunit of mosquito Vg (Figure 6).

The small subunit of mosquito Vg, 66 kDa, which is not present in the
expression reaction of TVg alone (Figure 6, Lanes 1 and 2), was
immunoprecipitated from the co-expression products of TVg and VC (Lane 3 of
Figure 6, Lane 3). This indicates that VC is functional in cleaving TVg (Figure 6).
Such data is in accordance with the observation that furin-like convertases
recognize and cleave the RX(R/K)R motif (Hosaka et al., 1991; Hatsuzawa et al.,
1992) because mosquito Vg, the substrate of VC, has an RXRR motif at its
cleavage site (Chen et al., 1994).
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Figure 6. In vitro proteolytic processing of pro-Vg by VC. The cDNA of pTVg
was expressed in a coupled transcription and translation system. To
demonstrate the proteolytic processing activity of VC, pTVg was co-expressed
with pVC. The expression products were immunoprecipitated by monoclonal
antibody specific to the small subunit of mosquito Vg and analyzed by SDS-
PAGE. Lane 1, pTVg; Lane 2, pTVg with canine microsomal membranes; Lane
3, pTVg and pVC with canine microsomal membranes; Lane 4, mosquito Vg
secreted from the cultured fat body. Markers used are as in Figure 2.
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Although the result shown in Figure 6 has demonstrated that VC is a
functional convertase and can catalyze pro-Vg subunit cleavage, the activity of
VC was not high. This may be because the truncated Vg did not form a
recognizable configuration for VC. It is also possible that in vitro expressed
mosquito VC does not have a conformational properties identical to endogenous
VC. Scheele (1984) pointed out that difficulty in demonstrating significant
biological activity of an in vitro translated protein in canine microsomal vesicles

may be due to formation of inappropriate sets of disulfide bonds.

Mosquito VC is functionally different from Drosophila convertases

In Drosophila, dKLIP-1 (Hayflick et al., 1992) and dfurin2 (Roebroek et al.,
1992, 1995) have been functionally expressed and shown to cleave murine pro-
B-nervous growth factor and pro-von Willebrand factor, respectively. However,
substrates of Drosophila convertases have not been identified. Although
Drosophila convertases are very similar to mosquito VC in sequence and domain
structures, these convertases must have substrates other than insect pro-Vgs
because the higher dipteran insects like Drosophila do not have Vg genes
(Byrne et al., 1989). These insects, instead, produce small yolk proteins. These
yolk proteins are not cleaved (Byrne et al., 1989) and do not share any sequence
similarity to insect Vgs (Chen et al., 1994).

Dfurin1 was localized in the embryo (Roebroek et al., 1991), while Dfurin2
was identified in all stages (Roebroek et al., 1992). Another Drosophila
convertase, dKLIP-1, was detected in adult cortical regions of the central
nervous system and the fat body. Both dKLIP-1 and dfurin2 transcripts are also
found in growing oocytes. They are temporally and spatially expressed during
embryogenesis (Hayflick et al., 1992; Roebroek et al., 1995). Based on its tissue-

specific expression, mosquito VC obviously has a biological function different
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than that of Drosophila convertases. It seems that these Drosophila convertases
play roles in embryo development and the central nervous system. Mosquitoes
may have additional convertases with functions similar to these Drosophila
convertases.

Discovery of mosquito VC is remarkable in filling the gap in the pathway of
insect Vg biosynthesis because this long-sought-after enzyme was difficult to
identify. This work is also significant in that members of the convertase family
were unknown previously for processing insect pro-Vgs. Conservation of the
paired basic motif at the cleavage site of insect pro-Vgs suggests that insect VCs
co-evolved with insect Vgs. Characterization of this novel convertase reveals that
these enzymes are applied by nature for more diverse biological functions than

those that currently acknowledged.
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CHAPTER 5*
MOSQUITO CATHEPSIN B-LIKE THIOL PROTEASE INVOLVED IN
EMBRYONIC DEGRADATION OF VITELLIN IS PRODUCED AS A LATENT
EXTRAOVARIAN PRECURSOR

*The research described in this chapter was done in collaboration with Alan R.

Hays and Ekaterina S. Snigirevskaya
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ABSTRACT

A novel member of the thiol protease superfamily has been identified in
the yellow fever mosquito, Aedes aegypti. It is synthesized and secreted as a
latent proenzyme in a sex-, stage- and tissue-specific manner by the fat body, an
insect metabolic tissue, of female mosquitoes during vitellogenesis in response
to blood feeding. The secreted, hemolymph form of the enzyme is a large
molecule, likely a hexamer, consisting of 44-kDa subunits. The deduced amino
acid sequence of this 44-kDa precursor shares high similarity with cathepsin B
but not with other mammalian cathepsins. We have named this mosquito
enzyme vitellogenic thiol protease (VTP). The size of VTP decreases to 42 kDa
after internalization by oocytes where it is localized in organelles of the
endocytotic pathway. In mature yolk bodies it is located in the matrix
surrounding the crystalline yolk protein, vitellin. At the onset of embryogenesis
VTP is further processed to 33 kDa. Embryonic extract containing the 33-kDa
VTP was active toward benzoyloxycarbonyl-Arg-Arg-para-nitroanilide, a
cathepsin B-specific substrate, and degraded vitellogenin, the vitellin precursor.
Both of these enzymatic activities were prevented by E-64, a thiol protease

inhibitor.

INTRODUCTION
Cathepsin B is a thiol (cysteine) protease with both endopeptidase and
peptidyldipeptidase activities. Due to its broad specificity, cathepsin B plays a
key role in intracellular protein catabolism in the lysosomal system (Bond and
Butler, 1987). Cathepsin B is well characterized both enzymatically and
molecularly (Takio et al., 1983; Chan et al., 1986; Musil et al., 1991; Béchet et
al., 1991; Qian et al., 1991; Rowan ef al., 1992; Mach et al., 1994a). The
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mammalian cathepsin B is implicated in tumor invasion and metastasis (Poole et
al., 1978; Sloane et al., 1981). Tumor-specific cathepsin B is secreted by
malignant cells as a latent high molecular weight precursor which is presumably
activated at cell contacts (Mort and Recklies, 1986; Sloane et al., 1990).

In addition, cathepsins B, as well as the related cathepsins L, have been
identified in numerous parasitic protozoa and helminths, including important
pathogens of human and domestic animals (Cazzulo et al, 1989; Rosenthal et
al., 1989; Klinkert et al, 1989; Cox et al., 1990; Pratt et al, 1990, 1992;
Merckelbach et al., unpublished, GenBank accession number X70968, 1993;
Robertson and Coombs, 1993). In the blood-sucking bug, Rhodnius prolixus,
cathepsin B is the major gut proteolytic enzyme (Terra et al.,, 1988). In all these
organisms, cathepsins B and L are believed to be involved in degradation of host
hemoglobin.

In insects and other arthropods, cathepsins B and L also are involved in
key developmental processes. In the flesh fly, Sarcophaga peregrina,
hemocytes produce the extracellular form of a cathepsin B-like enzyme which
participates in decomposition of the larval fat body during metamorphosis
(Kurata et al., 1992a,b; Takahashi et al., 1993). Cathepsins B and L have been
implicated in degradation of yolk proteins during embryonic development
(Medina et al., 1988; Medina and Vallejo, 1989; Fagotto, 1990a,b; Takahashi et
al., 1993; Yamamoto and Takahashi, 1993; Yamamoto et al., 1994b).

Understanding of developmental mechanisms in the mosquito is important
because this insect transmits the most devastating of vector-borne human
diseases including malaria, lymphatic filariasis, Dengue fever and many others.
Little is known, however, about the process of yolk protein degradation in the
mosquito embryo. We found previously that during vitellogenesis, the female fat

body, a metabolic tissue analogous to the vertebrate liver, synthesizes and
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secretes a latent proenzyme of a serine carboxypeptidase which is homologous
to yeast carboxypeptidase Y (Hays and Raikhel, 1990; Cho et al.,, 1991). This
53-kDa proenzyme, named vitellogenic carboxypeptidase (VCP), is specifically
accumulated by developing oocytes and deposited in yolk bodies. Although we
demonstrated that VCP is activated during embryogenesis, its role remains
unknown.

In this paper we report the discovery of an unusual cathepsin B-like thiol
protease from the mosquito, Aedes aegypti. Similar to VCP, it is produced by
the fat body of vitellogenic female mosquitoes. Its synthesis in the fat body is
initiated by blood feeding. Cloning and sequencing of the cDNA encoding this
mosquito protein revealed a high similarity to vertebrate cathepsin B. Due to its
unusual nature, we have named this mosquito enzyme vitellogenic thiol protease
(VTP). We report here that the mosquito cathepsin B-like enzyme, VTP, is
secreted by the fat body as a latent proenzyme of a size similar to that of the
latent tumor cathepsin B (44-kDa). It is accumulated by developing oocytes
where it is stored in yolk bodies. At the onset of embryogenesis, VTP is
processed to 33 kDa, a size similar to that of the activated single-chain
mammalian cathepsin B. Furthermore, we demonstrate that embryo extract
containing the 33-kDa VTP was active against benzoyloxycarbonyl-Arg-Arg-
para-nitroanilide (Z-Arg-Arg-pNA), a cathepsin B-specific substrate, and
degraded vitellogenin (Vg), the yolk protein precursor. Both of these enzymatic

activities were prevented by E-64, a thiol protease inhibitor.

MATERIALS AND METHODS
Reagents - All analytical grade chemicals and protease inhibitors were

purchased from Sigma Chemical and Calbiochem, respectively, unless stated
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otherwise. [32P}-dATP (3,000 Ci/mmole) and [3*S}-dATP were obtained from
DuPont NEN, while [**S}-methionine (1,120 Ci/mmole) was from ICN
Radiochemicals. DEAE-Sepharose was purchased from Pharmacia. Bio-Rad
was the source for protein assay reagents, econo-Pac desalting columns and
molecular weight standards for electrophoresis. Safety Solve |l scintillation
cocktail was supplied by Research Product International. Paraformaldehyde,
glutaraldehyde and LR White were obtained from Polyscience, and protein-A-

colloidal gold conjugates from E-Y Laboratories.

Animals - Mosquitoes, Aedes aegypti, were reared as previously described
(Hays and Raikhel, 1990). Three to five days after eclosion adult females were
fed on white rats to initiate vitellogenesis. Mosquitoes were dissected in TES
buffered Aedes physiological saline (TAPS) (Hagedomn et al., 1977) at room

temperature.

Protein Preparation and Electrophoresis - Fat body, ovarian and embryonic
proteins were prepared as previously described (Hays and Raikhel, 1990) in B3
buffer containing 25 mM (2-((tris-(hydroxymethyl)-methyl)-amino)-ethanesulfonic
acid) (TES), pH 7.5, 150 mM NaCl, 10 % glycerol, 10 mM ethylene-diamine-
tetraacetic acid (EDTA). Unless otherwise noted, all solutions contained the
following inhibitors: 1 mM 4-(2-aminoethyl)-benzenesulfonylifluoride, HCI
(AEBSF) (Calbiochem), 1 mM benzyl sulfonyl fluoride (PMSF) (Boehringer-
Mannheim), 5 mM e-amino-n-caproic acid (ACA), 1 mM benzamidine (BAM); 10
mM EDTA; 10 ug/ml aprotinin, and 2 ug/ml each antipain, leupeptin, pepstatin
(Boehringer-Mannheim) and chymostatin. Fat body-secreted proteins were
collected in TAPS supplemented with aprotinin, to which the remainder of the

inhibitors were added upon harvesting.
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Sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was done using either a 10 % or 12 % straight gel by the method of Laemmli
(1970) in vertical slab gels. Proteins were visualized by staining with either
Coomassie Birilliant Blue R-250 or silver, or were processed for fluorography.

Non-reducing native polyacrylamide gel electrophoresis was performed
using 3.5-25% acrylamide gradient gels crosslinked with 2.6 % methylene bis-
acrylamide (Ornstein, 1964; Davis, 1964; Sappington et al., 1995). The native
PAGE sample buffer contained 125 mM Tris-HCI, pH 6.8, 12 % glycerol and 15

mM Bromophenol Blue. Gels were run for 18-21 h at 125 volts at 4°C.

In vitro Protein Labeling - /n vitro culture of fat body and ovaries was as
previously described (Hays and Raikhel, 1990). Synthesized and secreted fat
body proteins were radiolabeled by incubating 3 female or 6 male fat bodies at
27°C in 50 mi of TES buffered culture media modified (Dhadialla and Raikhel,
1990) to contain the appropriate concentration of [*>S}-methionine (pulse media).
If only pulse media was needed, fat bodies were incubated for 3 h.
Ovary-synthesized proteins were labeled in vitro by placing five pairs of
ovaries (18 h post blood meal (PBM)) into 100 ml TES buffered culture media
(Koller et al., 1989) with [**S]-methionine replacing unlabeled methionine. The

ovaries were removed after 2.5 h, rinsed 3 times in APS and frozen at -80°C.

Antibody Production - Anti-VTP polyclonal antibodies were produced in female
New Zealand white rabbits. Ovaries dissected from A. aegypti 28 h after blood
feeding were processed and subjected to DEAE-Sepharose anion-exchange
chromatography (Koller et al., 1989). Proteins in the Vn-free unbound fraction
were separated by preparative SDS-PAGE. A band containing VTP (42 kDa)

was excised and electroeluted using an ISCO model 1750 Electrophoretic
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Concentrator according to recommendations of the manufacturer. The elute was
used as the source of antigen to produce antibodies to this peptide (VTP pAB).
Rabbits were injected with antigen/adjuvant (TiterMax, CytRx) two times at a one
month interval. Serum proteins from the immunized rabbit were precipitated with
ammonium sulfate at 35% of saturation and reconstituted at 5 mg/ml. Polyclonal
antibodies against VCP and the Vg large subunit were already available (Hays

and Raikhel, 1990).

Amino acid sequence analysis - The proteins, prepared as described above
for antibody production, were electroblotted onto PVDF membrane (0.2 um pore
size; Bio-Rad). The 42-kDa band was excised and sent to Harvard Microchem

(Harvard University) for tryptic digestion and amino acid sequence analysis.

iImmunoblots and Immunoprecipitation - Proteins from SDS-PAGE and native
PAGE gels were transferred to a nitrocellulose membrane (Schleicher & Schuell)
as previously described (Sappington et al., 1995) and detected with the ECL
Western blotting detection system (Amersham). Prior to immunoprecipitation, Vn
or Vg were partially removed from ovarian extracts or fat body secretions,
respectively, using a suspension of DEAE-Sepharose CL-6B as described
previously by Hays and Raikhel (1990). After removal of Vn or Vg, VTP was
immunoprecipitated with anti-VTP antibodies. Protein A-Sepharose was added
as a precipitating agent (Hays and Raikhel, 1990). After immunoprecipitation,
the resulting pellet was washed and used in radioimmunoassay or SDS-PAGE

and fluorography experiments (Hays and Raikhel, 1990).

Cloning of VTP cDNA - The probe used for screening a cDNA library for VTP
was generated by PCR. RNA was isolated from fat bodies of 24 h post-blood-
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fed female mosquitoes. cDNA was synthesized from the fat body mRNA and
used as the template for PCR. An antisense degenerate primer was constructed
from a portion of an internal peptide sequence, IMEEIFIN, obtained from
microsequencing a tryptic fragment of the 42-kDa ovarian VTP. This primer had
an Xba | adapter site at its 5-end. The sequence of the first primer was:
GTTCTAGAT(ACT)ATGGA(AG)GA(AG)AT(ACT)TT(CT)AT(ACT)AA(CT)G. The
second primer was a 17-mer d(T) with an Xba | site located at its 5'-end. The
resulting PCR product was used to screen a mosquito vitellogenic fat body cDNA
library which was constructed at the Eco RI site of the Lambda-Zap Il vector
(Stratagene). The conditions for reverse transcription, PCR amplification and
cDNA cloning were as in Chen et al. (1994). The method of enzymatic
sequencing utilized was that reported by Sanger et al. (1977).

Isolation of RNA and Northern Hybridization - Total RNA was prepared using
the guanidine isothiocyanate method (Chirgwin et al., 1979; Chomczynski and
Sacchi, 1987; Dhadialla and Raikhel, 1990). For Northern blot analyses, total
RNA and RNA markers (Life Technologies) was separated by electrophoresis in
1.2% agarose formaldehyde gels. The RNA was transferred to a nitrocellulose
membrane and hybridized to 32P-labeled probes. The conditions of hybridization
at high stringency were according to Sambrook et al. (1989). A 255 bp Eco RI-
Hinc 1l fragment that is located at the 5'-end of the VTP cDNA was used as a
probe. As a control for RNA loading, cytoplasmic actin gene of A. aegypti was
used to probe the mosquito actin mMRNA. Cloning of mosquito actin cDNA was
previously described (Deitsch ef al., 1995).

In vitro transcription and translation - For in vitro transcription and translation,

the entire cDNA of VTP was subcloned into pGEM 7Z(+) (Promega) under the
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control of the SP6 promoter. Plasmid DNA was purified by the Wizard Minipreps
DNA Purification System (Promega). Two micrograms of purified plasmid DNA
were used for transcription and translation in the SP6 TNT Coupled Reticulocyte
Lysate system (Promega). Canine microsomal membranes (Promega) were
added to the same system to monitor post-translational modification. 35.-labeled
methionine was used to label the translated product. All protocols were followed

as described by the manufacturer.

DNA Analysis and Alignment - The putative signal peptide in the deduced
amino acid sequence was determined according to Kyte and Doolittle (1982).
The deduced amino acid sequence was analyzed by FastA, Motifs and Gap

programs of Genetics Computer Group software (University of Wisconsin, WI).

Gold Immunolabeling - For immunocytochemical examination, tissues were
fixed with 2% formaldehyde and 0.1% glutaraldehyde in 0.05M Na-phosphate
buffer, pH 7.4 for 45-60 min at room temperature. The specimens were then
blocked with 100 mM glycine in the same buffer for 1 h at room temperature.
After dehydration in ethanol, the tissues were embedded in LR-White resin. The
ultra-thin sections were prepared using an Ultracut E microtome (Reichert-Jung)
and were mounted on formvar-coated or uncoated nickel grids. The labeling was
carried out on drops of reagents as previously described (Raikhel, 1987).
Double labeling was performed according to the two-side method (Bendayan,
1982). The controls included substitution of primary antibody by non-immune
rabbit IgG and the omission of primary antibodies followed by normal staining
procedures. After immunolabeling, the sections were stained with uranyl acetate
and lead citrate and examined with a JEOL 100CX |l transmission electron

microscope.
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Enzyme Assay - All enzymatic reactions were performed in duplicate in 100 mM
MES (2-(N-morpholino)-ethanesulfonic acid) buffer (pH 5.5) containing 1 mM
PMSF, 1 mM AEBSF, 5 uM pepstatin and 2.5 mM EDTA in duplicate. A mixture
of embryos from 12-48 h after egg deposition were extracted in B3 buffer with 1
mM PMSF, 1 mM AEBSF and 5 uM pepstatin. Each reaction received 38 pg total
protein of this extract. Controls were done in the above mixture only. Treatment
received either chymostatin or E-64 (trans-epoxysuccinly-L-leucylamido-(4-
guanidino)butane) in addition to the above inhibitors at the following
concentrations: 0.3, 0.6, 1.2, or 2.5 mM and preincubated with the controls for 20
min at 37°C. Enzymatic assays were initiated by the addition to the reaction
mixture of 81.1 mM Z-Arg-Arg-pNA (benzoyloxycarbonyl-Arg-Arg-para-
nitroanilide) (Bachem Biosciences) in 100 % methanol to yield a final
concentration of 1.6 mM substrate and 2 % methanol. Data was collected by
measuring the absorbance at 405 nm with a spectrophotometer after 2.5 h. A
standard curve of para-nitroaniline (pNA) was done and regressed by the linear
least squares method. This curve was used to calculate the amount of pNA
liberated by enzymatic activity. In experiments to determine the pH optimum of

the enzyme, a range of pH from 3.5 to 7.5 was used.

RESULTS
Identification of a novel yolk protein precursor from the mosquito fat body
Analysis of proteins which are synthesized and secreted by the
vitellogenic mosquito fat body revealed a polypeptide with My = 44,000 in
addition to vitellogenin (Vg) and vitellogenic carboxypeptidase (VCP) (Hays and
Raikhel, 1990). A polypeptide of 42-kDa was present among proteins extracted
from vitellogenic ovaries or newly-laid eggs (Hays and Raikhel, 1990). We
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produced polyclonal antibodies against the 42-kDa polypeptide gel-purified from
the ovarian source. Immunoblot analysis showed that in addition to the 42-kDa
ovarian polypeptide, these antibodies recognized a single polypeptide with My =
44,000 from vitellogenic fat bodies and their secretions, thus confirming the
immunological identity of these two polypeptides. @ The immunoreactive
polypeptides were not present in previtellogenic female fat bodies or males
(Figure 1). Immunoprecipitation of radiolabeled proteins with anti-42-kDa
antibodies demonstrated that this polypeptide is produced exclusively by the fat
bodies of vitellogenic females (not shown).

Amino acid sequences, obtained by microsequencing tryptic fragments of
the 42-kDa polypeptide, were analyzed for protein similar_ity. A computer search
showed that a 25 amino acid fragment shared 79% identity with human

cathepsin B (not shown).

Cloning and analysis of the cDNA encoding the 44-kDa yolk protein
precursor, vitellogenic thiol protease.

A 398 bp cDNA fragment was obtained from ampilification of vitellogenic
fat body RNA by the polymerase chain reaction technique (PCR) using
degenerate primers derived from the 42-kDa polypeptide microsequences. Both
ends of the fragment matched the PCR primer sequences, and an open reading
frame showed high similarity to vertebrate cathepsin B (not shown). This PCR
fragment was subcloned into pUC119 at the Xba | site and was used as a probe
to screen the cDNA library prepared from fat bodies of vitellogenic female
mosquitoes.

The twenty-five longest cDNA clones were chosen from numerous
positive clones. All of these cDNA clones were about 1.1 kb in size and had

identical restriction maps. One cDNA clone of 1,111 bp was sequenced from
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- Figure 1. Presence of vitellogenic thiol protease (VTP) in tissues of the
mosquito. A. Immunoblot analysis of mosquito tissue extracts using polyclonal
antibodies to the ovarian 42-kDa form of VTP. B. The same using pre-immune
serum. Lane 1, whole male; lane 2, previtellogenic female fat body; lane 3,
vitellogenic female fat body, 20 h PBM; lane 4, in vitro secretion from vitellogenic
fat bodies, 20 h PBM; lane 5, ovary, 24 h PBM. SDS-PAGE using a 12 % gel
was performed under reducing conditions. The molecular standards in order of
decreasing molecular weight (in kDa) were phosphorylase B, bovine serum
albumin, ovalbumin, carbonic anhydrase, soybean trypsin inhibitor and

lysozyme.
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both strands. This cDNA clone has an open reading frame of 1,026 nucleotides
with a putative polyadenylation signal, aataaa, located 14 bp upstream of the
poly(A) tail (Figure 2). It encodes a pre-pro-protein of 342 amino acid residues
with a predicted My of 37,900. The two sequences determined by direct
microsequencing of the ovarian 42-kDa VTP are both found in its deduced amino
acid sequence (Figure 2). Hydropathy analysis (Kyte and Doolittle, 1982)
predicts that the protein is hydrophilic with a strongly hydrophobic putative signal
peptide of 19 residues led by a methionine residue at its N-terminus (Figure 2).
It is a positively charged protein with a predicted isoelectric point (pl) of 7.64.
However, there are three potential N-linked glycosylation sites (Marshall, 1972)
and six potential phosphorylation sites (Kuenzel et al., 1987) and the fully
processed protein could carry a significantly different net charge (Figure 2).

To verify the identity of the 1.1-kb cDNA clone, it was expressed using a
coupled in vitro transcription/translation system (Figure 3). A single polypeptide,
38 kDa, was immunoprecipitated from the translation reaction by the anti-VTP
antibodies. Furthermore, the size of the expressed polypeptide increased from
38 to 44 kDa in the presence of canine microsomal membranes, a size identical
to that of the 44-kDa VTP secreted by the fat body. The 1.1-kb cDNA clone was
also used as a probe for Northern hybridization. It hybridized strongly only to
1.1-kb mRNA from the fat body of viteliogenic female mosquitoes (see below).
Taken together, these data confirmed that the 1.1 kb cDNA encodes the 44-kDa
fat body precursor of the ovarian 42-kDa VTP.

Mosquito 44-kDa yolk protein precursor (VTP) is a proenzyme homologous
to cathepsin B
The deduced amino acid sequence of VTP exhibits high similarity to the

family of eukaryotic thiol proteases (EC 3.4.22.-) (Dufour, 1988). It shows a
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caccattcgatcaagATGATACGCTTCATCTTGATCGTGGCGGCGGCTCTTGGAAGCCCA 60
.......... I R F I L I V A A A L G S P 15
GCCGTCCTCGGCCAGTACTACAATACTTTCTCTTACAATGGCCAGTATCGTTCGACCGGA 120
AV L G Q Y Y NT F S Y NG Q Y R S T G 35
TCAATCGCCTCGCAAATTCGG CTCACCAGAACCTGGGTTGCCGGTAACAATACTCTG 180
S I A S Q I R L T R T W V A G N T L 55
CCACCAGCGGCCTACTTCAAAGGTGTTCTGTACGATCGTCTAGGTGAAACGCGTTTGGCT 240
P P A A Y F K GV LY DI RULGETIRTUL A 75
CCGGCCATTCTGGTCAACCCTCAAGATATCCAACTGCCAGAATCGTTCGACGCCCGCCAG 300
P A I L VNP QDI Q¢L P E S F D A R Q 95
AAGTGGTCCCAATGTCCAAGTCTGAACGTGATCCGTAACCAGGGATGCTEGTGGATCGTGT 360
K W S Q ¢ P S L NV I R NOQ G C G S C 115
TGGGCTATCTCGGCCGCTTCGGCCATGACCGATCGTTGGTGCATCAAGTCCAAGGGCAAG 420
W A I S A A 8 A MTDURWOCTI K 8 K G K 135
GAGCAGTTCTCGTTCGGTGCCACCGATATGCTGGCTTGCTGTCACGCTTGTGGAGATGGA 480
E Q F 8 F GA T DbDMTULA ATCT CHA AT GCGTD G 155
TGCAAGGGTGGATATCTGGGTCCGGCTTGGCAGTTCTGGGTCGAACAGGGCGTCTCTTCG 540
C K G G[¥Y_ L G P A W O F W V E O G V S s] 175
GGAGGTCCGTACAATTCGCGCCAGGGATGTCATCCATATCCGATCGATGTGTGTGACGCA 600
G G P YN S R Q G CH P Y P I DV CD A 195
TCCGGTGAAGAAGCCGACACTCCCAAGTGTTCGAAGCGGTGTCAGTCGGGCTACAACGTG 660
8 G E E A DTUP K C S KR CQ S G Y v 215
ACCGATGTTTGGCAAGATCGTCGCTACGGTCGTGTGGCTTACTCCATTCCCAATGACGAG 720
T DV W Q DR R Y G R V A Y 8 I P N D E 235
CAGAAGATCATGGAGGAGATCTACATTAACGGACCGGTTCAGGTCCGCGTTCATGACCTAC 780
Q K 1 M[E E Y T N G P V QO A A F M T Y 255
CAGGACCTGCACGCCTACAAGAGCGGAGTTTATCGGCACGTGTGGGGTCACATGGCCGGA 840
Q D ILL H A Y K S G V Y R H V|JW G H M A G 275
GGCCACGCCGTCAAGCTGATGGGCTGGGGAGTGGAGAACGGTCTCAAGTACTGGCTGGTG 900
A V X L M G W GV ENUGTULI K YWUL V 295
AACTCCTGGGGTGACGATTGGGGAGACAATGGTTTCTTCAAGATTGTCCGCGGAGAG 960

8 W G D D W G D NG F F K I V R G E 315
AACCACTGCGGAATCGAGAAAGATGTGCACGCTGGGTTGCCGAGCTTCAACAAACATAAG 1020
N H C G I E KD V HAGUL P S F N K H K 335
GAGTTAGCTGGAATCTACTTCtgatccgtcattttgatccgaaatcaagatgtgatttca 1080
E L A G I Y F 342
ataaaagaatttgaaaaaaaaaaaaaaaaa 1111

Figure 2. Nucleotide and deduced amino acid sequences of vitellogenic
thiol protease from the mosquito, Aedes aegypti. For nucleotide sequence,
the non-coding regions are shown in lower case while the coding region is
capitalized. The polyadenylation signal is in lower case, bold print and
underlined. The deduced amino acid sequence of the pre-pro-enzyme is
displayed in capitalized letters. Both nucleotides and deduced amino acids are
numbered with nucleotides in bold. A putative signal peptide is marked by a
dotted underline. The deduced amino acid sequences matching those obtained
by direct peptide sequencing are boxed. A potential pro-enzyme cleavage site is
indicated by an arrowhead. Potential N-linked glycosylation sites (N) are marked
by squares and are in bold. Potential phosphorylated serines (S) are marked by
a double underline and are in bold. The amino acids corresponding to active
sites of cathepsin B are circled and bold.
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Figure 3. Analysis of 3°S-methionine-labeled products of in vitro
expression of a mosquito VTP cDNA by a coupled transcription and
translation system (Promega). Lane 1, immunoprecipitation of a translated
product using polyclonal antibodies to ovarian 42-kDa form of VTP; lane 2, total
translated products; lane 3, processing of the translated polypeptide in the
presence of canine pancreatic microsomal membrane preparation (Promega).
Translation products were analyzed by SDS-PAGE in 12.5% gels under reducing
conditions and fluorography. The molecular standards are as in Figure 1.
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particularly high similarity to mammalian cathepsins B and to cathepsin B-like
proteases of invertebrates, but only limited similarity to other cathepsins (Figure
4 and Table 1) (Chan et al., 1986; Meloun et al., 1988; Klinkert et al., 1989; Cox
etal., 1990; Pratt ef al., 1990; Ray and McKerrow, 1992; Merckelbach et al.,
unpublished; Takahashi et al., 1993). Multiple alignment of homologous thiol
proteases predicts that a putative start of the mature VTP is at position Leu 87
(Figs 2 and 4). In contrast to mature enzymes (Figure 4), the pro-peptide portion
of VTP shows only very limited similarity to those of cathepsins B (not shown).
Interestingly, the VTP pro-peptide has two putative glycosylation sites compared
to only one in pro-enzyme portions of mammalian cathepsins B and none in
cathepsin B-like proteases of invertebrates (Figure 2 and Table 2).

The sequence alignment indicates that all three active sites of cathepsins
B are conserved in VTP at positions Cys 112, His 277 and Asn 297 (Figure 4).
The positions of cysteines involved in five putative disulfide bonds are also

conserved in VTP out of six characteristic for thiol proteases (Musil et al., 1991).

Mosquito VTP is a fat body-specific protein produced in vitellogenic
females in response to a blood meal.

Northern blot analyses confirmed data previously obtained at the protein
level demonstrating that the VTP gene is expressed exclusively in the fat body of
vitellogenic female mosquitoes and that its expression is initiated in response to
a blood meal (Figure 5). When the entire VTP cDNA clone was used as a probe,
in addition to a 1.1-kb transcript specific to vitellogenic fat bodies, trace
hybridization to a slightly larger mRNA band was observed in all other tested
tissues of both sexes (not shown). This trace hybridization was likely due to
partial similarity between VTP and thiol proteases of lysosomal origin. When a

255-bp Eco RI-Hinc Il fragment from the 5'-end of the VTP cDNA clone, that
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Figure 4. Alignment of the deduced amino acid sequence of mosquito VTP
with other thiol proteases. The consensus residues of enzyme active sites are
marked by asterisks (). Conserved amino acids are marked by black boxes.
Paired numbers under the sequences denote the locations of cysteine residues
that form a disulfide bond. Abbreviations are: AaVTP, Aedes aegypti VTP,
HsCtB, human cathepsin B, Homo sapiens (Chan et al., 1986); RnCtB, rat
cathepsin B, Raftus norvegicus (Chan et al., 1986); BtCtB, bovine cathepsin B,
Bos taurus (Meloun et al., 1988); MmCtB, mouse cathepsin B, Mus musculus
(Chan et al., 1986); Sp29K, 29-kDa protease of the blowfly, Sarcophaga
peregrina (Takahashi et al., 1993); SjCtB, trematode cathepsin B, Schistosoma
japonicum (Merckelbach et al., unpublished, GenBank accession number
X70968); SmCyP, trematode cysteine protease, S. mansoni (Klinkert et al.,
1989); HcCy1, nematode gut thiol protease 1, Haemonchus contortus (Cox et al.,
1990); HcCy2, nematode thiol protease 2, H. contortus (Pratt et al., 1990);
CeCy1, nematode gut-specific cysteine protease, Caenorhabditis elegans (Ray
and McKerrow, 1992). The descent rank of similarity to mosquito VTP was
determined by /nitn index of FastA of Genetics Computer Group software.
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Table 1. Homology between mosquito thiol protease, cathepsins and papain

Species Protease Initn Index®
Homo sapiens Cathepsin B 851
Rat norvegicus Cathepsin H 260
Rat norvegicus Cathepsin C 209
Rat norvegicus Cathepsin S 173
Carica papaya Papain 172
Rat norvegicus Cathepsin L 165

® Determined by FastA program of Genetics Computer Group (GCG) software.
A higher index indicates greater similarity.

Table 2. Number of putative N-linked glycosylation sites in several mammalian and invertebrate

cathepsins B

No. of N-linked Glycosylation Sites
Animal Protease Pro-peptide Active Enzyme
Aedes aegypti Viteliogenic Thiol Protease 2 1
Homo sapiens Cathepsin B 1 2
Rattus norvegicus Cathepsin B 1 1
Bos taurus Cathepsin B 1 3
Mus musculus Cathepsin B 1 2
Sarcophaga peregrina 29 kDa Protease 0 3
Schistosoma joponica Cathepsin B 0 1
Schistosoma mansoni Cysteine Protease 0 2
Haemonchus contortus  Thiol Protease 1 0 4
Haemonchus contortus  Gut Thiol Protease 2 0 4
Caenorhabditis elegans  Gut-Specific Cysteine Protease 0 0




encodes the pre-pro-portion of VTP, was used as a probe, it hybridized only to
the 1.1-kb transcript from vitellogenic fat bodies (Figure 5). In contrast,
expression of actin, a house-keeping gene, was relatively constant in all tested
tissues (Figure 5).

The secretory activity of fat bodies with respect to production of yolk
protein precursors was evaluated by labeling fat bodies in the presence
of*>S-methionine for 1 h and the chase media secretions collected for analysis.
VTP secretion was monitored by anti-VTP antibodies. As a control, anti-VCP
antibodies were used to trace secretion of this yolk protein precursor. These
analyses showed that the kinetics of VTP secretion by the fat body are similar to
those of VCP (Figure 6). Both yolk protein precursors were detected at 4 h after
initiation of vitellogenesis by a blood meal. Their synthesis and secretion
increased rapidly to a maximum at 24 h PBM, declined to a very low level by 36

h and reached background level by 48 h (Figure 6).

VTP is co-localized with other yolk protein precursors in fat body cell's
secretory and in oocyte's endocytotic organelles

Immunocytochemistry at the electron microscopical level was used to
localize VTP in trophocytes of the vitellogenic fat body utilizing anti-VTP
antibodies and protein A-colloidal gold. VTP was localized in organelles of the
secretory pathway: the Golgi complex and secretory granules (not shown). No
labeling was detected in lysosomes of fat body cells (not shown). When double
immunolabeling was performed, utilizing antibodies for Vg and VTP and protein
A-colloidal gold particles of two different sizes, VTP was co-localized with Vg in

the Golgi complex and secretory granules of fat body trophocytes (Figure 7).
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Figure 5. Northern blot analysis of gene expression of mosquito VTP and
actin. Ten micrograms of total RNA from different sexes, tissues and stages
were separated by a 1.2% agarose gel and transferred to a nitrocellulose
membrane. (A) This membrane was hybridized with a [*?P}-labeled 255-bp Eco
RI-Hinc |l fragment of the VTP cDNA, encoding the pre-pro-portion of VTP. (B)
After stripping, the membrane was rehybridized with a mosquito actin cDNA
probe (Deitsch et al., 1995). Lane 1, whole male; lane 2, vitellogenic female
midgut, 24 h PBM; lane 3, vitellogenic female ovary, 24 h PBM; lane 4, pre-
vitellogenic female fat body; lane 5, vitellogenic female fat body, 24 h PBM; lane
6, post-vitellogenic female fat body, 48 h PBM. RNA markers (Life
Technologies) are shown to the left in (A).
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Figure 6. Time course of VTP secretion by fat bodies of female mosquitoes.
Abdominal wall with adhering fat body of vitellogenic females at various stages of
vitellogenesis, initiated by a blood meal, were incubated in culture medium in the
presence of [**S)methionine for 1 h and chased for 1 h in isotope-free medium.
Chase media samples were immunoprecipitated using polyclonal antibodies to
42-kDa VTP or VCP and analyzed as described in Material and Methods. Data
are expressed as CPM of [**S)methionine-labeled protein per h from 3 fat
bodies.
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Figure 7. Co-localization of VTP and vitellogenin (Vg) in Golgi complexes
(GC) and secretory granules of fat body cells from a vitellogenic female
mosquito. VTP was localized with polyclonal antibodies to 42-kDa VTP
followed by protein A-colloidal gold (15 nm); Vg was localized with polyclonal
antibodies to the large Vg subunit and protein A-colloidal gold (10 nm). (A) fat
body cell; (B) Golgi complex; (C) secretory granules. A is 50,000X; B and C are
100,000X.
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In vitellogenic ovarian follicles, which consist of the oocyte and nurse cells
surrounded by follicle cells, VTP was present only in the oocyte's coated
vesicles, endosomes and yolk bodies (not shown). Simuitaneous labeling for
VTP and Vg demonstrated that these proteins were mixed together in coated
vesicles and endosomes (not shown). However, localization of VTP was
dramatically different in mature yolk bodies where it was distributed as a narrow
layer on the surface of the crystalline vitellin (Vn), a storage form of Vg (Figure
8A). This area of the yolk body was visible as a non-crystalline matrix separating
the crystalline yolk from the yolk body membrane. Double immunolocalization
showed that in mature yolk bodies this non-crystalline matrix is free of Vn, while
the crystalline yolk is always free of VTP (Figure 8B). The distribution of VTP in
mature yolk bodies was similar in oocytes at the peak of endocytosis (24 h PBM)
and in those after termination of yolk accumulation (48 h PBM).

Correlation of changes in the native and subunit composition of VTP in the
egg with embryonic development

The processing of VTP in oocytes and eggs was monitored by
immunoblot analysis (Figure 9). At the peak of yolk protein uptake by oocytes
(24 h PBM) (Koller et al., 1989), the size of internalized VTP was 42 kDa. In fully
grown oocytes which have completed yolk protein accumulation and have nearly
completed choriogenesis (48 h PBM) (Raikhel and Lea, 1991), the size of VTP
was slightly reduced to 41 kDa. As embryogenesis is initiated in newly-laid eggs,
the molecular mass of VTP becomes 33 kDa. It remained unchanged until the
end of embryogenesis, 94-96 h after oviposition. At this stage, only a trace of
the 33-kDa band was visible. No immunopositive VTP bands were detected in
extracts of newly hatched first instar larvae (Figure 9).

Native PAGE and immunoblot analysis revealed that in the hemolymph

VTP exists as a high molecular weight molecule (Figure 10). Its apparent size
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Figure 8. Inmunolocalization of VTP in mature yolk bodies of developing
oocytes. A, anti-VTP polyclonal antibodies followed by protein A-colloidal goid
(15 nm); B, double labeling for VTP as in (A) followed by polyclonal antibodies to
a large Vg subunit and protein A-colloidal gold (10 nm). Note that VTP, marked
with 15 nm colloidal gold particles, is localized in the non-crystalline matrix of
yolk bodies. A and B are 50,000X.
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Figure 9. Processing of VTP in the ovary and embryos. Lane 1, ovaries, at
the peak of Vg uptake, 24 h PBM; lane 2, ovaries with eggs nearly complete in
their development, 48 h PBM; lane 3, 0- to 3-h postoviposition eggs at the onset
of embryonic development; lane 4, 48-h postoviposition eggs during mid-
embryogenesis; lane 5, 96-h postoviposition eggs at the end of embryogenesis;
lane 6, newly hatched first-instar larva. Proteins were resolved by SDS-PAGE
under reducing conditions in 12% gels. Proteins transferred onto a nitrocellulose
membrane were probed by polyclonal antibodies against 42-kDa VTP. The
molecular mass standards are as in Figure 1.
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Figure 10. Native molecular mass of hemolymph and embryonic forms of
VTP. Lane 1, in vitro secretion from vitellogenic fat bodies 20 h PBM; lane 2,
48-h postoviposition eggs during mid-embryogenesis. Proteins were separated
in a 3.5 - 25% gradient gel and transferred to nitrocellulose membrane. The blot
was processed using polyclonal antibodies to 42-kDa VTP. The molecular
standards in order of decreasing molecular mass (in kDa) were thyroglobulin,
ferritin, catalase, lactate dehydrogenase and bovine serum albumin (Pharmacia).
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varied slightly depending on gel conditions, but averaged a value of 236+7 (SE)
kDa. At the onset of embryonic development in the egg, when VTP is processed
to its 33-kDa form, its native size decreased to 132+4 kDa. There was also a

minor immunopositive band of 67 kDa in the same preparation (Figure 10).

Mosquito VTP is activated in embryos and is involved in degradation of the

major yolk protein, vitellin

At the onset of embryonic development, the processing of VTP to its 33-
kDa form coincides with the beginning of Vn degradation (Hays and Raikhel,
unpublished). To evaluate whether VTP processing results in its enzymatic
activation, we used Z-Arg-Arg-pNA, a substrate which exhibits specificity to
cathepsin B (Barrett and Kirschke, 1981). Secretions from vitellogenic fat
bodies, containing 44-kDa VTP, did not exhibit appreciable cathepsin B
enzymatic activity (not shown). Protein extracts from embryos containing 33-kDa
VTP had significant cathepsin B activity (Figure 11). Enzymatic activity was
optimal at pH 5.5 (not shown). This enzymatic activity, associated with
embryonic extracts containing the 33-kDa VTP, was highly sensitive to E-64. It
showed partial sensitivity to chymostatin (Figure 11).

Next, we determined whether the cathepsin B activity detected in
mosquito embryos is linked to Vn degradation. Purified Vg, labeled with
[33S)methionine, was degraded by embryonic protein extracts containing the 33-
kDa VTP (Figure 12). Degradation of Vg was entirely inhibited by addition of E-
64 to the protein mixture. Protease inhibitors specific to serine-, aspartic- and
metallo-proteinases were not effective in inhibiting Vg degradation.

We tested whether pro-VTP can be processed and activated under acidic
conditions as can mammalian cathepsins B (Rowan et al., 1992; Mach et al.,
1994b). The secretory 44-kDa and ovarian 42-kDa forms of VTP were incubated
under different acidic pH conditions (4.0 and 5.5). After treatment with acidic pH,

the 44-kDa pro-VTP neither catalyzed the substrate Z-Arg-Arg-pNA (Figure 13A)
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Figure 11. Differential effect of inhibitors on enzymatic activity of VTP. The
embryonic extract from 12 to 48 h postoviposition eggs, containing 33-kDa VTP,
was examined for enzymatic activity with Z-Arg-Arg-opNA as described in
Materials and Methods. The reaction shown was performed for 60 min at pH
5.5. The inhibitors, E-64 and chymostatin, were added to the protein mixture at
the final concentration indicated on the axis and preincubated for 20 min at 37°C
prior to the addition of the enzymatic substrate. The control reaction was
preincubated without inhibitor. The activity was expressed as mM of pNA
released from the substrate Z-Arg-Arg-pNA per mg of protein.
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Figure 12. Degradation of vitellogenin by embryonic extract (12 to 48 h
postoviposition eggs) containing 33-kDa VTP. Purified [>*S]methionine-labeled
Vg was incubated with the embryonic extract at pH 4.0 and resolved by SDS-
PAGE in a 10 % gel under reducing conditions. The molecular mass standards
are as in Figure 1. Lane 1, the reaction was performed in the presence of serine
protease inhibitors, 1 mM PMSF and 1 mM AEBSF; lane 2, in the presence of 5
mM pepstatin, an inhibitor of aspartic proteases; lane 3, in the presence of 2.5
mM E-64, an inhibitor of thiol proteases; lane 4, PMSF, AEBSF and pepstatin;
lane 5, all listed protease inhibitors; lane 6, incubation of Vg without the
embryonic extract, at pH 4.0; lane 7, Vg sample without any treatment. The 200-
kDa large Vg subunit (VgL) and a 66-kDa small subunit (VgS) are seen.
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Figure 13. Activation of mosquito VTP under acidic conditions. (A) Protein
extracts supplemented with protease inhibitors (1 mM PMSF, 1 mM AEBSF, 5
mM pepstatin and 2.5 mM EDTA) were incubated for the indicated times under
the acidic (pH 4. 0 or 5.5) or control conditions (pH 7.5). Enzymatic activity was
measured using Z-Arg-Arg-pNA substrate. Activity is expressed as in Figure 11.
Line 1, fat body secretions; line 2, protein extracts from ovaries after the
termination of yolk accumulation, 48 h PBM; line 3, protein extract from embryos,
12 to 48 h oviposition eggs. (B) Immunoblot analysis of activated VTP peptides.
Immunoblot was performed as in Figure 1. Lane 1, fat body secretions, under
the control conditions at pH 7.5; lane 2, embryonic extract under the control
conditions; lane 3, fat body secretions under the acidic conditions at pH 4.0; lane
4, fat body secretions under acidic condition at pH 5.5, corresponds to the
enzymatic reaction (1) in 13A; lane 5, protein extract from vitellogenic ovaries
under acidic conditions at pH 5.5, corresponds to the enzymatic reaction (2) in
13A,; lane 6, protein extract from embryos, 12 to 48 h postoviposition eggs, under
acidic conditions at pH 5.5, corresponds to the enzymatic reaction (3) in 13A.
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nor degraded [**S]methionine-labeled Vg (not shown). Immunoblot analysis
showed that the 44-kDa proVTP was processed to a 35-kDa peptide but not to a
33-kDa one (Figure 13B). Unlike the 44-kDa pro-VTP, the ovarian extract
containing the 42-kDa VTP exhibited cathepsin B activity after treatment with
acidic pH (Figure 13A). Immunoblot showed that it was processed to a 33-kDa
form (Figure 13B). Processing of VTP was equally efficient at pH 4.0 and 5.5
and was not effected by the presence of protease inhibitors specific to serine-,
aspartic- and metallo-proteinases (Figure 13B).

DISCUSSION

In this paper we report an unusual form of cathepsin B-like thiol protease
from the mosquito, Aedes aegypti. Cloning and analysis of the cDNA encoding
VTP demonstrated its high similarity to mammalian cathepsins B and
invertebrate cathepsin B-like proteases, but not to other related cathepsins
(Table 1 and Figure 4) (Chan et al., 1986; Meloun et al., 1988; Klinkert et al.,
1989; Cox et al., 1990; Pratt et al., 1990; Ray and McKerrow, 1992; Merckelbach
et al., unpublished; Takahashi et al., 1993). The predicted start of mature VTP
at Leu 87, which is similar to mammalian cathepsins B, the conserved active
sites, and conserved positions of cysteines determining five putative disulfide
bonds (Figure 4) indicates that the folding of VTP and cathepsins B are similar.
This conserved structure of the mature VTP suggests that it is a functional
enzyme.

The mosquito VTP also bears similarities to mammalian cathepsins B in
its size. It is secreted as a proenzyme of 44 kDa that is similar in size to the
latent pro-cathepsin B secreted by malignant cells (Mort and Recklies, 1986;
Mach et al., 1992). The 33-kDa embryonic form of VTP is similar in size to the
active single-chain cathepsin B (Mach et al., 1992).
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The presence of the 33-kDa embryonic form of VTP is correlated with
activity characteristic of cathepsin B (Barrett and Kirschke, 1981). This activity is
highly expressed with the cathepsin B-specific substrate, Z-Arg-Arg-pNA,; it is
sensitive to E-64 but less so to chymostatin.

The unique feature of this mosquito cathepsin B-like enzyme is that it is
synthesized and secreted exclusively by the fat body of vitellogenic female
mosquitoes as a latent, high molecular size precursor consisting of five or six
subunits with molecular mass of 44 kDa. Its synthesis in the female fat body is
initiated by blood feeding and the kinetics of its secretion by the vitellogenic fat
body are similar to those of the yolk protein precursors, Vg (Cho and Raikhel,
1992) and VCP (Cho et al., 1991). The site of origin of VTP was additionally
confirmed by its co-localization with Vg in the Golgi complexes and secretory
granules of vitellogenic fat body cells.

The link between the 44-kDa fat body-secreted, hemolymph VTP and the
42-kDa ovarian VTP was firmly established because in all immunological
analyses involving the fat body we successfully used the antibodies produced
against the ovarian form of VTP. In addition, cloning of the VTP cDNA from the
female mosquito fat body cDNA library was based on the amino acid sequences
obtained from the purified 42-kDa ovarian VTP. In spite of the presence of large
amounts of VTP in the ovary, neither its mMRNA nor synthesis were detected
there. Thus, the fat body was the only source of the 44-kDa polypeptide as a
precursor of the ovarian 42-kDa polypeptide which was likely accumulated in the
ovary by endocytosis from the hemolymph similar to the other yolk protein
precursors, Vg and VCP (Raikhel and Dhadialla, 1992). Immunolocalization of
VTP in the ovary confirmed that this yolk protein precursor is internalized via the
endocytotic pathway by developing oocytes. Interestingly, VTP was segregated

from crystalline Vn in mature yolk bodies, an oocyte's accumulative endocytotic
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organelle, being present only in the non-crystalline matrix surrounding Vn. Here,
VTP is mixed with VCP which is also located in the non-crystalline matrix of
mature yolk bodies (Snigirevskaya and Raikhel, unpublished data). Co-
localization of both these pro-enzymes in the matrix surrounding crystalline Vn
likely ensures their rapid activation at the onset of embryonic development when
yolk bodies undergo acidification. The latter event has been documented for
both insects and vertebrates (Nordin et al., 1991; Fagotto and Maxfield, 1994).

The fat body-secreted, hemolymph form of VTP is a stable latent pro-
enzyme which, unlike mammalian cathepsins B (Rowan et al., 1992; Mach et al.,
1994b), cannot be activated by acidic pH alone. The size of the hemolymph pro-
VTP was reduced after treatment with acidic pH to 35-kDa (not 33-kDa), but this
reduction was not sufficient for enzyme activation. Clearly, an additional step or.
steps are required for activation of the latent hemolymph pro-VTP. Pro-VTP did
not activate itself in an in vitro transcription/translation system (Figure 3) as was
reported for S. mansoni cathepsin B-like cysteine protease (Felleisen and
Klinkert, 1990). Stability of the hemolymph pro-VTP as a latent proenzyme prior
to its internalization by developing oocytes is physiologically important. It may be
additionally enhanced by the presence of two glycosylation sites in its pro-
enzyme portion. The presence of such sites is unique to VTP in comparison to
other cathepsin B-like proteases of invertebrates which function as digestive or
lysosomal enzymes (Table 2).

The estimation of native molecular weight suggests that in the
hemolymph, VTP exists as a hexamer or a pentamer of 44-kDa subunits (Figure
10). A hexameric structure is characteristic for insect hemolymph proteins
(Telfer and Kunkel, 1991). This feature of VTP may also increase its stability in
the hemolymph. Alternatively, it may be important for recognition of VTP by

oocyte receptors. At the onset of embryonic development, when VTP is
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processed to the active 33-kDa form, its native size is reduced to 132+4 kDa
which likely corresponds to a tetramer of 33-kDa subunits. The presence of a
minor 67-kDa band indicates that at least some of 33-kDa VTP are in a dimer
form (Figure 10).

After treatment with acidic pH, the ovarian extract containing the 42-kDa
VTP exhibits cathepsin B activity. Significantly, under these conditions the
ovarian 42-kDa VTP is processed to the 33-kDa polypeptide indicating its
activation. This suggests that pro-VTP undergoes the first step of processing
after its internalization by oocytes. Although the nature of this step is unclear,
the removal of 2 kDa from each VTP subunit apparently renders pro-VTP
capable of activation by acidic pH after the onset of embryonic development.
Although the activation reactions were performed using crude extracts, it is
unlikely that the proteolytic processing of VTP by treatment with acidic pH is a
function of another protease because both the 44-kDa hemolymph and the 42-
kDa ovarian VTP were processed to 35 and 33 kDa in the presence of protease
inhibitors.  Autoactivation under acidic conditions was reported for mammalian
cathepsins B (Rowan et al., 1992; Mach et al., 1993) and this is a possible
mechanism for activation of the 42-kDa VTP in the mosquito embryo.

Our experiments utilizing **S-labeled Vg as a substrate suggest that VTP
likely plays a key role in degradation of this major yolk protein in mosquito
embryos. Only the embryonic extract containing the 33-kDa VTP degraded Vg
and this degradation was blocked by E-64. Future tests with purified VTP should
be performed to confirm this role of VTP.

Proteases similar to cathepsins B and L have been shown to be active
during embryonic development in a number of arthropods (Medina et al., 1988;
Medina and Vallejo, 1989; Fagotto, 1990a,b; Ribola et al., 1993; Takahashi et
al., 1993; Yamamoto and Takahashi, 1993; Yamamoto et al., 1994b). The best
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studied is the cathepsin L-like cysteine protease from the silkworm, Bombyx mori
(Takahashi et al., 1993; Yamamoto and Takahashi, 1993; Yamamoto et al.,
1994a,b). It is produced as a latent proenzyme of 47 kDa which is activated
under acidic conditions to a 39-kDa form, corresponding to the active enzyme
present in embryos (Takahashi et al., 1993). In addition to enzymatic properties
of this embryonic enzyme consistent with a cathepsin L-like cysteine protease,
its identity was further confirmed by its high sequence similarity to mammalian
cathepsin L (Yamamoto et al., 1994a). Importantly, direct action of Bombyx
cathepsin L-like cysteine protease on vitellin was demonstrated (Yamamoto et
al., 1994b). The cDNA encoding the pro-enzyme of this Bombyx cathepsin L-like
cysteine protease was cloned from the ovarian cDNA library (Yamamoto et al.,
1994a). Immunological analyses showed that it is produced in the ovary by
follicular cells and is deposited in developing oocytes (Yamamoto et al., 1994b).

In Drosophila, cathepsin B-like protease is presumed to be maternal in
origin, however its precise origin is not known (Medina and Vallejo, 1989). The
unique feature of the mosquito embryonic cathepsin B-like protease that we
have described in this paper is its production by an extraovarian tissue as a yolk
protein precursor.

In oviparous animals, extraovarian tissues play an important role in egg
maturation by producing yolk protein precursors which serve as a major
nutritional source for developing embryos. The liver of oviparous vertebrates
and the fat body of insects produce large quantities of yolk protein precursors
which are internalized by developing oocytes and deposited in yolk bodies. The
most abundant of these yolk protein precursors is Vg which is a large
glycophosholipoprotein conserved throughout the evolution of invertebrate and
vertebrate oviparous animals (Wahli, 1988; Byrne et al., 1989; Raikhel and
Dhadialla, 1992; Chen et al., 1994).
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In the mosquito, however, the proenzymes VTP and VCP are produced by
the fat body as yolk protein precursors. The discovery that enzymes which are
involved in embryonic degradation of yolk protein are themselves produced as
yolk protein precursors by an extraovarian tissue is a new biological
phenomenon previously unknown in insects or other oviparous animals.
Moreover, the finding that one of these enzymes is a cathepsin B sheds light on

yet another important mode of utilization of this key protease.
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CHAPTER 6
SUMMARY AND FUTURE RESEARCH PROSPECTS

SUMMARY

1. Cloning and Sequence Analysis of the Vg cDNA

Cloning and sequencing of a cDNA coding for mosquito Vg have provided
tremendous molecular data for characterizing the physiological significance of
this yolk protein precursor. This cDNA encodes a pro-Vg that has a hydrophobic
signal located at the N-terminus, followed by a small subunit in the middle and a
large subunit at the C-terminus. The cleavage site between the two subunits of
mosquito pro-Vg has a consensus RXRR recognized by enzymes of the
convertase family. This paired basic motif is found at the cleavage sites of insect
Vgs but not Vgs of other taxa. Mosquito Vg is a highly hydrophilic protein with 17
putative N-linked glycosylation sites and 13 potential tyrosine sulfation sites. In
contrast to other Vgs, mosquito Vg has three polyserine domains that are similar
to the phosvitin subunits of vertebrate Vgs. These hydrophilic polyserine
domains, originally presumed to be vertebrate-specific, have several putative
phosphorylation sites in their sequences. Mosquito Vg is also unique in that it
contains two highly hydrophilic tyrosine-rich domains. Unlike other Vgs, mosquito
Vg is rich in the aromatic amino acids tyrosine and phenylalanine. Its sequence
also shows similarity to insect serum proteins, arylphorins. Such similarity
suggests that mosquito vitellogenin may supply aromatic amino acids to the

cuticle of rapidly developing embryos.

105



106

2. Conservation in Insect Vgs

Sequences of Vgs, the major yolk proteins that supply nutrition for
developing embryos of oviparous animals, have been aligned and analyzed, and
are believed to have evolved from a common ancestor. Before insect Vg
sequences were available, it was generally accepted that all Vg sequences are
conserved because the sequence of nematode Vg can be aligned very well with
that of chicken and Xenopus except that nematode Vg does not have a serine-
rich phosvitin domain. Phosvitin, therefore, was believed to be vertebrate-
specific. However, molecular cloning and characterization of Vg cDNAs and
genes from several insect species have revised this hypothesis. Insect Vgs are
different from other Vgs not only because their sequences have limited similarity
but also because they have conserved acidic serine-rich and charged domains
flanking a paired basic motif by their cleavage sites. These conserved acidic
serine-rich and charged domains form B-turns that are essential for recognition of
the putative paired basic motif by convertases. These conserved domains and
paired basic motifs at the cleavage sites of insect Vgs reveals that the insect Vg
processing enzymes belong to the convertase family. Sequence analyses also
indicate that the acidic serine-rich domains of insect Vgs are similar to phosvitin,
a vertebrate Vg-specific serine-rich subunit. Unlike vertebrate Vgs that have a
single long serine-rich domain, the number and size of acidic serine-rich domains

in insect Vgs vary considerably among species.

3. Molecular Cloning and Functional Expression of the VC cDNA

The mosquito VC cDNA was cloned from a vitellogenic female fat body
cDNA library. Analysis of the deduced amino acid sequence indicated that
mosquito VC has high similarity in sequence and domain structure to the

convertase family and especially to Drosophila convertases dKLIP-1 and dfurin1.
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VC has all four conserved catalytic sites found in convertases. The open reading
frame of this cDNA encodes a protein 115 kDa in size. VC is post-transiationally
modified to 140 kDa. The VC cDNA was co-expressed with a truncated mosquito
Vg cDNA in a coupled transcription and translation gene expression system. The
result indicated that VC is the processing enzyme that cleaves pro-vitellogenin
into small and large subunits. VC is the first convertase identified playing a role
in insect pro-Vg cleavage. Discovery of this long-sought-after enzyme has filled

the gap in the characterization of insect Vg biosynthesis.

4. Cloning and Characterization of VTP

Sequence analysis of mosquito VTP revealed that this yolk protein
precursor is a thiol protease. It is synthesized and secreted exclusively in a sex-,
stage- and tissue-specific manner as a latent proenzyme by fat bodies of female
mosquitoes during vitellogenesis in response to blood feeding. Such a gene
expression pattern is very similar to that of Vg and VCP. The deduced amino
acid sequence of this 44-kDa precursor shares high similarity with cathepsins B.
The size of VTP shifts from 44 kDa to 42 kDa after internalization by oocytes
from the hemolymph. VTP is located in the matrix surrounding vitellin in mature
yolk bodies. This yolk protein precursor is further processed to 33 kDa at the
onset of embryogenesis. Embryonic extract containing the 33-kDa VTP was
active toward benzoyloxycarbonyl-Arg-Arg-para-nitroanilide, a cathepsin B-
specific substrate, and degraded vitellin. Both of these enzymatic activities were
prevented by E-64, a thiol protease inhibitor. These data indicate that VTP is an

enzyme responsible for vitellin degradation during embryogenesis.
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FUTURE RESEARCH PROSPECTS
1. Determining the Tertiary Structure of Mosquito Vg

Analyses of the deduced amino acid sequence and amino acid content of
mosquito Vg revealed several unique characteristics of this developmentally
important protein. To understand the pathways of biosynthesis and accumulation
of mosquito Vg at the molecular level, determination of the tertiary structure of
this yolk protein is required. A three-dimension model of Vg will reveal the
functional and the structural elements of this yolk protein precursor, e.g., the
recognition sites of Vg for the oocyte Vg receptor. Because the deduced amino
acid sequence alone is not reliable in predicting tertiary structure, X-ray
crystallography of the crystallized protein is necessary to establish the functional
structure (Sharrock et al., 1992).

The structure of crystalline lipovitellin from the lamprey has been solved
by X-ray diffraction (Raag et al., 1988). Using this data along with the deduced
amino acid sequence of lamprey Vg (Sharrock et al., 1992), these authors were
able to predict a more concise model of lamprey Vg structure than previously
predicted from either data source alone (Sharrock et al., 1992). Sample
preparation of mosquito Vg for X-ray diffraction may follow Raag et al. (1988).
However, it should be noted that not every Vg can be crystallized, for example,
Xenopus Vg can not (Sharrock et al., 1992). This may due to the fact that
Xenopus Vgs are encoded by a multi-gene family (Byme et al., 1989). The
heterogeneity in peptide sequences may disrupt crystal formation (Sharrock et
al., 1992). Such a technical problem can be avoid by expressing a single
mosquito Vg cDNA in a baculovirus or yeast gene expression system. Mosquito
Vg has been introduced into a baculovirus genome and expressed in SF-21
insect cells. However, most of the over-expressed mosquito Vg was degraded.

To obtain a large amount of Vg for crystallization, the best expression condition
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should be worked out, e. g., try to express in other cell lines. Depending on the
purpose, the mosquito Vg cDNA can be expressed with or without mosquito VC.

One potential problem for crystallization of mosquito Vg is glycosylation.
Protein glycosylation is known as a potential negative factor for protein
crystallization (Sharrock et al., 1992). Special conditions should be tried for
preparation and crystallization of mosquito Vg because this yolk protein
precursor is heavily glycosylated (Dhadialla and Raikhel, 1990; Chen et al.,
1994).

2. The Role that Polyserine Domains play in Substrate Recognition of
Mosquito VC and Ligand Binding of Oocyte Vg Receptors

Convertases that recognize paired basic motifs are known for cleavage of
polypeptides and proproteins (Barr 1991). Rholam et al. (1986) found that not all
the putative 53 paired basic sites in 20 prohormones examined are cleaved by
convertases. These authors, therefore, analyzed the secondary structures
around these cleavage sites and concluded that B-turns or Q-loops situated in or
next to the motif are required for recognition by convertases (Rholam et al.,
1986; Bek and Berry, 1990). This conclusion has been confirmed by using
synthesized peptides as substrates for convertases (Brakch et al., 1993).

Alignment of the sequences near the insect Vg subunit cleavage sites
indicates a paired basic motif at the insect pro-Vg cleavage site is enclosed
within a highly charged domain that is flanked by two polyserine domains. It is
not yet clear what the physiological functions of polyserine domains of insect Vgs
are. However, polyserine domains are predicted to form critical B-turns which are
usually located on the surface of globular proteins (Ring et al., 1992). According
to their high hydrophilicity and B-turn formation, these domains are loose in

structure and flexible. Polyserine domains provide strong hydrophilic forces that
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may pull these domains and their flanking peptides up to the surface of the
folded Vg. Such a feature is physiologically important because it may form
surface structures for recognition by proteases, receptors and antibodies. Based
on this property, Chen et al. (1994) proposed that these domains may play a role
in recognition of mosquito Vg by oocyte Vg receptors. In addition, they may also
be involved in helping convertase recognize the paired basic motif at the
cleavage site of mosquito Vg.

To analyze the possibility that polyserine domains are involved in
substrate recognition by convertases and oocyte Vg receptors, the sequence
that codes for the polyserine domains can be manipulated by sequence
replacement, such as site-directed mutagenesis, insertion and deletion. This
question will be answered by examining the cleavage of mutant pro-Vgs which
are co-expressed with VC cDNA in a baculovirus or yeast gene expression
system. The expressed mutant Vgs can also be isolated and their affinity to the
mosquito oocyte Vg receptor tested.

Experiments such as moving the RXRR motif of the mosquito Vg
cleavage site to other parts of Vg, with or without an adjacent B-turn structure,
can be done to characterize mosquito VC. To test the importance of charged
domains with polyserine domains for VC substrate recognition, the third
polyserine domain of mosquito Vg should be a good candidate. The third
polyserine domain also forms a B-turn, however unlike the first and the second
polyserine domains, there is no strongly charged domain nearby (Chen et al.,
1994). The accessibility of mutated Vgs with the RXRR motif moved to either the
N- or C-termini of the third polyserine domain may test the necessity of the

adjacent charged domain.
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3. Autocleavage and Autoactivation of VTP

One of the unique properties of cathepsins B is autoactivation, especially
under acidic conditions (Rowan et al., 1992; Mach et al., 1993). Acidifying the
culture media containing proteins secreted from cultured vitellogenic fat bodies
causes the molecular weight of VTP to decrease from 44 to 35 kDa. It is not
clear whether this is autocleavage or cleavage by other enzymes. It also remains
unclear which part of VTP is removed. This cleavage does not activate VTP
because the 35-kDa VTP has no enzyme activity. In contrast, acidified ovarian
extracts that contain the 42-kDa form of VTP exhibit cathepsin B activity. The
ovarian 42-kDa VTP is processed to 33 kDa which is the same size as the active
embryonic VTP. Again, the nature of this processing is unclear. Microsequencing
the N-termini of the ovarian 42-kDa, embryonic 33-kDa VTPs and these in vitro
processed 33 and 35-kDa VTPs may help determine which parts of VTP are
removed.

To characterize the autocleavage properties of VTP, monitoring size
changes of the purified ovarian 42 kDa and the hemolymph 44 kDa VTPs under
acidic conditions can be done. If the 33 and 35 kDa proteins are not obtained
from the 42 and 44 kDa VTPs, respectively, then there should be other pathways
involved in the cleavage and activation of VTP. A potential VTP processing
enzyme is mosquito vitellogenic carboxypeptidase (VCP). This enzyme has a
very similar biosynthetic pathway to VTP and is accumulated with VTP in the
yolk bodies of oocytes. Furthermore, VCP is also activated during
embryogenesis. Although the substrate spectrum of VCP remains unclear,
purified 44-kDa or 42-kDa VTP can be incubated with the purified active form of
VCP. Monitoring the size changes and the enzyme activities of these VTPs will

test this hypothesis.
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It is not known what the nature of the 2-kDa reduction of the 44-kDa VTP
after uptake by the oocyte is. The removal of the 2-kDa appears to be necessary
for subsequent VTP activation. It is possible that this 2-kDa decrease is due to
deglycosylation because VTP has three potential N-linked glycosylation sites.
Glycosylation is known for protecting proteins from proteolytic attack. These
polysaccharides may shield the active sites of VTP such that autoactivation of
VTP is inhibited. Although endoglycosidase (Endo H) can be used to remove N-
linked glycosylation of VTP, it may remove polysaccharide groups from all three
glycosylation sites. Such treatment may not be useful for comparing with the 42-
kDa protein because the 42-kDa VTP may still be glycosylated. To test the
hypothesis that N-linked glycosylation may be involved in preventing activation of
the 44-kDa VTP, sequences encoding putative N-linked glycosylation sites can
be replaced by others. VTP mutants with single, double or all glycosylation sites
removed can be expressed and secreted by baculovirus or yeast. Monitoring the
autoactivation of these deglycosylated mutants under acidic conditions will test
the role that N-linked glycosylation plays in activation inhibition. This experiment
will also pinpoint which N-linked glycosylation sites are involved in inhibition of

VTP autoactivation.
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