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ABSTRACT

THE CLONING AND CHARACTERIZATION OF TRANSCRIPTION FACTORS

HNF-4 AND CREB FROM THE MOSQUITO AEDES AEGYPTI: POSSIBLE

ROLES IN THE REGULATION OF VITELLOGENESIS.

BY

Neal T. Dittmer

Hundreds Of millions Of people are infected each year by diseases

transmitted by mosquitoes. It is while blood feeding that a female mosquito may

pick up or transmit a disease-causing organism. The mosquito utilizes the

proteins in the blood to synthesize the yolk protein precursors she puts into her

eggs, this process is known as vitellogenesis. Vitellogenesis requires the

coordinated activity of the midgut (for blood meal digestion), fat body (for yolk

protein synthesis), and ovaries (for yolk protein accumulation). Because the

insect fat body is the functional equivalent of the liver, it is hypothesized that

transcription factors involved in liver-specific gene expression will have a similar

role in regulating gene expression in the fat body. Hepatocyte nuclear factor 4

(HNF-4) is a member Of the nuclear hormone receptor superfamily, and is

involved in the regulation Of several genes expressed in the liver. Three isoforms

Of an Aedes aegypti homolog (AaHNF-4a, 4b, and 40) were cloned and

Characterized as a beginning to elucidating the role Of AaHNF-4 in regulating fat

body gene expression. These isoforms contain structural domains characteristic

of nuclear hormone receptors, and Show high sequence homology to their

mammalian counterparts. Cell transfection experiments have shown that both



AaHNF-43 and 4b are transcriptional activators, while AaHNF-4c inhibits this

transactivation. Northern blot analysis reveals that these two isoforms show

different temporal expression during vitellogenesis. suggesting that each may

regulate a different set Of genes. DNA-binding sites for HNF-4 have been

identified in the upstream regulatory region Of two fat body-expressed yolk

protein genes, indicating a possible role for AaHNF-4 in controlling the

expression Of these genes. Finally, electrophoretic mobility shift assays (EMSA)

with nuclear extracts revealed highest DNA-binding activity during the pre- and

postvitellogenic period, suggesting that AaHNF-4’s primary role is in regulating

the developmental processes that occur prior to, and following, the synthesis Of

the yolk protein precursors. The cyclic AMP response element binding (CREB)

protein is a member Of the basic region/leucine zipper (bZlP) family Of

transcription factors, and is a mediator Of gene regulation induced by

extracellular signals. A mosquito isoforrn (AaCREB) was cloned and has high

homology to its mammalian homolog in the DNA-binding and protein dimerization

domains. Northern analysis Showed AaCREB to be constitutively expressed in

the fat body during vitellogenesis. In cell culture experiments, AaCREB was a

potent repressor Of CAMP-mediated transcriptional activation. EMSA with

nuclear extracts detected binding at the late protein synthesis stage and

postvitellogenic periods. AaCREB binding sites were also detected in the

regulatory regions of yolk protein genes. Taken together, these results suggest

that AaCREB may be involved in the termination Of yolk protein gene expression.
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Millions Of people worldwide are infected each year with diseases

transmitted by mosquitoes. Malaria, dengue fever, yellow fever, and filariasis are

just a few Of the diseases that plague the tropical and sub-tropical regions around

the globe. Malaria is second only to tuberculosis in the number Of deaths caused

each year. It is estimated that 2.4 billion people are at risk and that 300 to 500

million will be infected, with over 1 million individuals dying (World Health

Organization (WHO), 1998a). Malaria is caused by protozoans Of the genus

Plasmodium and is transmitted by mosquitoes Of the genus Anopheles.

Resistance Of the vector to insecticides and the parasite to various anti-malarial

drugs has made control Of this disease increasingly more difficult.

Dengue fever is now prevalent across all of the tropical and sub-tropical

regions Of the world. Forty percent Of the world’s population live in areas where it

is endemic, and 50 million cases are expected every year. Dengue fever is

caused by four closely related viruses transmitted by the mosquito Aedes

aegypti. Recovery from infection by one of the viruses confers immunity against

that serotype for life, but only partial and transient protection against the other

three. There is strong evidence that sequential infection can lead to the more

serious dengue haemorrhagic fever. With modern therapy, death rates can be

limited to less than 1%. However, without proper treatment fatality can exceed

20% (WHO, 1998b).



Lymphatic filariasis (also known as elephantiasis) is a chronic and

debilitating disease that affects more than 120 million people world wide and puts

over 1 billion people at risk. It is caused by the parasitic nematodes Wuchereria

bancrofti and Brugia malayi. These worms lodge in the lymph nodes and can

cause swelling Of an entire leg, arm, genitals, or breast. Even more common

than the overt abnormalities caused by these parasites is the internal damage to

the kidneys and lymphatic system. They live for 4-6 years and produce millions

Of immature microfilarie that circulate in the blood (WHO, 1999a).

Yellow fever is viral disease that is transmitted by Aedes and

Heamogogus (South America only) mosquitoes. It is endemic in tropical areas of

Africa and Central and South America. Monkeys as well as humans are

reservoirs for the virus; thus, it can be maintained even in small isolated

populations. In addition, the mosquito can also transmit the virus to its Offspring

via its eggs (vertical transmission). Deforestation, urbanization, and growing

populations are bringing people into contact with vectors and virus in ever

increasing frequency. Despite the availability Of a safe and highly effective

vaccine, there are at least 200,000 cases per year and 30,000 deaths (WHO,

1999b)

Eradication strategies have proven unsuccessful as mosquitoes quickly

repopulate regions once control efforts have stopped. Moreover, the increase in

resistance to insecticides have made even limited control strategies less effective

(Busvine, 1993). Continued efforts to control mosquito populations will likely

require novel strategies (Aultman et al., 2000). Both disease transmission and



reproduction are linked to the blood meal. It is while blood feeding that a

mosquito make pick up or transmit a disease-causing pathogen. Therefore, a

better understanding Of the mosquito reproductive cycle may aid in developing

new strategies.

Vitellogenesis In the mosquito Aedes aegypti,

The female mosquito metabolizes the proteins in the blood and uses the

amino acids tO synthesize the proteins that are deposited in the egg. The major

yolk protein (YP) precursor synthesized is vitellogenin (V9) and this process iS

referred to as vitellogenesis. Vitellogenesis requires the coordinated activity of

several tissues, namely the midgut for digestion of the blood meal, the fat body

for synthesis and secretion of the YP precursors, and the ovaries for

accumulation Of these proteins (Raikhel, 1992). Vitellogenesis can be divided

into two parts, the previtellogenic and the vitellogenic periods (figure 1.1).

II 'I II . . |

The previtellogenic period is a preparatory stage in which the relevant

tissues become competent for vitellogenesis. In the first gonadotropic cycle, this

begins when the female ecloses from the puparium. Even upon metamorphosis

of the adult, the differentiation of the midgut, fat body, and ovarian tissues is not

complete. In the early stages after emergence, midgut epithelial cells are loosely

grouped, dissimilar in appearance, and contain few microvilli.
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Figure 1.1. Summammmmnellogeniccxcle. The first cycle proceeds

through two developmental periods. The previtellogenic period begins at

eclosion of the adult female. Tissue development at this stage is under the

control Of the terpinoid juvenile hormone ll| (JH-III, dashed line). The fat body

then enters a stage of quiescence (arrest). The vitellogenic period begins when

a blood meal is taken, and is divided into a synthesis and termination stage. The

synthesis stage is characterized by the massive production and secretion of yolk

protein precursors (represented here by Aan, shaded in gray) by the fat body.

Yolk protein gene expression is regulated by the steroid hormone 20-hydroxy-

ecdysone (20E, solid line). The termination stage is defined by the ending Of yolk

protein synthesis, and the selective degradation Of biosynthetic organelles by

lysosomes. (Redrawn from Raikhel, 1992. JH-III titer is from Shapiro et al.,

1986. 20E titer is from Hagedom et al., 1975.)



By three days post-eclosion, the cells have taken on their regular columnar

Shape, microvilli are more numerous, and septate desmosomes (necessary for

holding the cells together and sealing the gaps between the cells) have formed.

In addition, several organelles (mitochondria, rough endoplasmic reticulum

(RER), and lysosomes) are in their early stages of formation and continue to

develop (Hecker et al., 1971 ). Thus it seems unlikely that the midgut of newly

emerged females would be able to withstand the pressure caused by the

ingestion Of the blood meal, digest the blood, or absorb the nutrients.

In the fat body, new DNA synthesis results in the ploidy level Of

trophocytes increasing from diploid tO tetraploid or even octoploid (Dittman et al.,

1989). An increase in nucleoli activity and the subsequent increase in RNA and

ribosomal levels leads to a build up Of RER, and the development Of Golgi

complexes (Raikhel and Lea, 1983); machinery necessary for the massive

production and secretion Of the YPS. AS in the development Of the midgut, this

preparatory stage occurs over a two to three day period, after which the

continued development Of fat body ceases until a blood meal is taken (a stage

referred to as the state-of-arrest).

The previtellogenic period is also necessary for the ovaries to become

competent for uptake Of the YPS (Raikhel and Lea, 1985). Endocytosis Of

extraovarian-produced proteins is a receptor-mediated process (Roth and Porter,

1964, Raikhel and Dhadialla, 1992; Sappington and Raikhel, 1995). Clatherin-

coated vesicles and coated pits are hallmarks Of receptor-mediated endocytic

machinery. However, at eclosion, the oocytes have an undifferentiated cortex



with no coated vesicles or coated pits on the membrane, and only a few

undeveloped microvilli. By 48 hours post eclosion, the oocytes have numerous

coated pits and coated vesicles, and well developed microvilli (Raikhel and Lea,

1985). The mosquito vitellogenin receptor (AanR) has been purified and its

CDNA cloned (Sappington et al., 1995, 1996). AanR is a 205 kDa protein

expressed exclusively in the ovaries. Both mRNA and protein can be detected

within the first day post-eclosion. Deduced amino acid sequence reveals AanR

to be a member Of the low density lipoprotein receptor (LDLR) superfamily, and

shares significant homology with the Drosophila yolk protein and the chicken

vitellogenin receptors (Sappington et al, 1996; Sappington and Raikhel, 1998).

II | II' I 'III 'I I |

The previtellogenic development Of these tissues is under the control Of

Juvenile hormone (JH) (reviewed in Hagedom, 1985; Raikhel, 1992; Dhadialla

and Raikhel, 1994). JH is a lipophylic, sesquiterpenoid (figure 1.2) produced by

the corpora allata, an endocrine organ. JH-lll is the sole JH in adult mosquitoes

(Dhadialla and Raikhel, 1994, and references within). Removal of the corpora

allata, or abdominal ligation of newly emerged adults, blocks previtellogenic

development Of these tissues. This effect can be reversed by the reimplantation

of the corpora allata, or by topical application of JH-lll or an analog (Rossignol et

al. 1982; Dittman etal., 1989; Raikhel and Lea, 1985, 1990, 1991). However, the

mode Of action of this hormone is unknown.
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Figure 1.2, Structures Of juvenile hormones and ecdysteroids.



Whether JH-lll binds to a surface receptor and induces a signal cascade, or

binds to a nuclear receptor has yet to be elucidated (Jones, 1995; Riddiford,

1996; Hartfelder, 2000). Recently, Jones and Sharp (1997) demonstrated that

the product Of the ultraspiracle (USP) gene can specifically bind JH-II and JH-lll

and induce transcription of a reporter gene by a LexA-USP fusion in the yeast

Saccharomyces cerevisiae, suggesting that USP can function as the JH receptor

in insects.

II 'I II . . l

The vitellogenic period begins with the ingestion Of a blood meal. Trypsins

are the major enzymes involved in the digestion Of the blood meal (Gooding,

1972; Briegel and Lea, 1975). Two distinct types of trypsin are present in the

midgut: early trypsins and late trypsins (Graf and Briegel, 1989; Felix et al.,

1991 ). Early trypsin activity begins soon after a blood meal is taken and is

essential for inducing the synthesis Of late trypsin (Graf and Briegel, 1989;

Barillas-Mury et al., 1995; Noriega et al., 1996a). Surprisingly, the early trypsin

mRNA is synthesized in the previtellogenic midgut and translation does not occur

until after the blood meal is taken (Kalhok et al., 1993; Noriega et al., 1996a, b).

Recently, the transcriptional regulation of the early trypsin gene has been shown

to be under the control of JH-Ill (Noriega et al., 1997). Late trypsin is responsible

for most Of the enzymatic activity found during the peak period of blood meal

digestion, 20-30 hours post blood meal (PBM) (Graf and Briegel, 1989). in

addition to its regulation by the activity of early trypsin, the level of late trypsin



activity is also determined by the amount and quality of the protein in the blood

meal (Briegel and Lea, 1975; Graf and Briegel, 1989; Felix et al., 1991; Noriega

et al., 1994). It is postulated that by the use Of this two-phase system, the

mosquito can assess the quality of the blood meal by early trypsin before

committing to the production Of late trypsin (Barillas-Mury et al., 1995).

Vitellogenesis in the fat body can be divided into two phases: a synthesis

phase, characterized by the massive production and secretion Of the YPs, and a

termination phase, characterized by the cessation Of YP production and the

remodeling Of the fat body tissue by lysosomes (figure 1.1) (Raikhel, 1986a, b;

1992). Synthesis Of Aan in the fat body begins soon after a blood meal is

taken, being detected as early as 1 hour PBM, reaching its peak at 24-28 hours

PBM, and then rapidly declining to back ground levels by 36-40 hours PBM

(Hagedom et al., 1973; Raikhel and Lea, 1983). In Aedes aegypti, Vg is the

product Of a multigene family with 4 active genes and one pseudo gene (Gemmill

et al., 1986; Hamblin et al., 1987). The Aan mRNA is translated into a 224 kDa

preproprotein (Dhadialla and Raikhel, 1990). Glycosylation and phosphorylation

result in a 250 kDa pro-protein. This is then cleaved into two subunits by

vitellogenin convertase (AaVC), an endoprotease, and further phosphorylated to

produce large and small subunits of 190 and 62 kDa respectively (Raikhel and

Bose, 1988; Dhadialla and Raikhel, 1990; Chen and Raikhel, 1996). Sulfation

results in a final size Of 200 and 66 kDa, respectively. Aan is secreted into the

hemOlymph as an Oligomeric protein (380 kDa) comprised of these two subunits

(non-covalently linked), where it is then taken up by the developing oocytes.
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Thus, vitellogenin not only supplies the developing embryo with amino acids, but

it also provides carbohydrates, phosphates, and sulfates as well.

In addition to Aan, several other YP precursors that are synthesized in

the fat body have been characterized. Vitellogenic carboxypeptidase (AaVCP),

and vitellogenic cathepsin B (AaVCB) are synthesized as inactive proenzymes

(Hays and Raikhel, 1990; Cho et al., 1999). Like Aan, they are expressed in a

sex-, stage-, and tissue-Specific manner, secreted into the hemolymph and taken

up by the maturing oocytes. In vitro analysis demonstrated that embryonic

protein extracts, containing the activated form of AaVCB, degraded vitellin (the

crystalline form of V9 in the egg). The addition Of a thiOl protease inhibitor, or

anti-AaVCB antibodies, prevented this degradation (Cho et al., 1999). Though

the substrate of AaVCP is yet to be determined, it is postulated to play a role,

either directly or indirectly, in the degradation of other YPS in the developing

embryos (Cho et al., 1991a).

In addition to Aan, AaVCP, and AaVCB, lipophorin (AaLp; a lipid

transport protein) is also produced and secreted by the fat body as a YP

precursor (Van Heusden et al., 1998; Sun et al., 2000). AaLp is composed of

two subunits, apolipoprotein-l (apoLp-l) and apolipoprotein-ll (apoLp-ll), with

molecular weights of 240 and 70 kDa respectively (Capurro et al., 1994; Ford

and Van Heusden, 1994; Van Heusden et al. 1998). Similar to Aan and

Locusta migraton’a lipophorin, apoLp-l and apoLp-ll are believed to be the

products of a single transcript that is post-translationally cleaved to produce the

two subunits (Weers et al. 1993; Van Heusden at al. 1998). AaLp is unique from
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the other mosquito YPS described in that is expressed in the previtellogenic fat

body. However, the Aalp gene shows enhanced expression in response to a

blood meal, reaching peak levels at 18 hours PBM before declining to basal

levels by 30 hours PBM (Van Heusden et al., 1998; Sun et al., 2000).

As mentioned previously, the ovaries internalize the YP precursors via

receptor-mediated endocytosis. While AanR protein begins to accumulate

during the previtellogenic period, rapid synthesis begins in response to a blood

meal. By 24 hours PBM, AanR levels are 14-fold greater than in the

previtellogenic ovary (Sappington et al., 1995). Endosomes carrying the

internalized Aan coalesce into transitional yolk bodies, and AanR is recycled

back to the cell surface (Raikhel, 1984; Snigirevskaya et al., 1997b). As the yolk

body matures Aan condenses into its crystalline state, vitellin (AaVn) (Raikhel,

1984).

Unlike Aan, AaVCP and AaVCB are only localized around the rim Of the

mature yolk body (Snigirevskaya et al., 1997a; ChO et al., 1999), consistent with

the notion that they are involved in the digestion of the yolk proteins. The

internalization of the other YPS appears to be similar to that of V9, though the

exact pathway is not currently known (Hays and Raikhel, 1990; Snigirevskaya et

al. 1997a; Cho et al., 1999). Lately, an ovarian-Specific CDNA encoding a

putative lipophorin receptor has been cloned and should prove very helpful in

elucidating the sequestering of AaLp by the ovaries (S-J Seo, H-M Jun, J Sun, A

Raikhel, unpublished results).

12



II I | I' | . 'I II .

The steroid hormone 20—hydroxyecdysone (20E) (figure 1.2) is the

primary regulator Of Vitellogenesis (Hagedom, 1989; Dhadialla and Raikhel,

1994). Ecdysone is synthesized in the ovary and converted to 20E in the fat

body (Hagedom, 1989; Hagedom et al, 1975). Synthesis of ecdysone by the

ovaries is stimulated by factor(s) from the brain (Hagedom et al., 1979). This

factor is presumably egg development neurosecretory hormone (EDNH), which is

critical for the development of the eggs (Lea, 1967, 1972). EDNH is produced by

the medial neurosecretory cells Of the brain and stored in the corpora cardiaca

(Lea, 1967, 1972), an organ of the neuroendocrine system. Release of EDNH by

the corpora cardiaca is triggered by an "EDNH releasing factor" produced by the

ovaries in response to the blood meal (Lea and Van Handel, 1982). The levels Of

ecdysteroids are low early after a blood meal, with only a small peak at 4 hours

PBM. By 10 hours PBM, the hormone titer begins to rise rapidly and reach their

peak levels between 18-20 hours PBM, before rapidly dropping to previtellogenic

levels by 30 hours PBM (reviewed in Dhadialla and Raikhel, 1994).

The action of 20E is mediated by the binding of this ligand to a nuclear

receptor; a heterodimeric complex between two proteins that are the products of

the ecdysteroid receptor (EcR) and ultraspiracle (USP) genes (OrO et al., 1990;

Koelle et al., 1991; YaO et al., 1992, 1993). The binding of this complex to

specific DNA sequences (hormone response elements, HRE) in the regulatory

regions of target genes results in the recruitment Of coactivator complexes that

help to stabilize the transcriptional machinery for repeated rounds Of transcription
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(reviewed below in “Nuclear hormone receptors", page 21). In the mosquito, two

isoforms Of the ecdysteroid receptor (AaEcR, Cho et al., 1995; Wang and

Raikhel, unpublished results) and ultraspiracle (AaUSP, Kapitskaya et al., 1996)

have been cloned. These isoforms show differential expression in the fat body

during both the pre- and vitellogenic periods, suggesting that they each have

distinct and separate functions (Wang et al., 2000a). Initially it was believed that

ecdysone produced by the ovaries was a precursor and that 20E was the active

form. However, Wang et al. (2000b) have recently shown that ecdysone can be

a potent ligand for the mosquito ecdysteroid receptor complex.

The exact role Of 20E in regulating YP gene expression has yet to be

discerned. High doses of 20E are needed in vivo to stimulate Vitellogenesis in

non blood-fed females (Fuchs and Kang, 1981; Lea, 1982). Yet, when fat bodies

are cultured in vitro, physiological doses Of 20E are enough to stimulate Aan

synthesis (Fuchs and Kang, 1981; Hagedom, 1985; KOIler et al., 1989; Raikhel et

al., 1997). Deitsch et al. (1995a) have shown that stimulation of YP gene

expression by 20E is dependent on new protein synthesis, suggesting that the

mode of action Of 20E is indirect and that 20E acts on the YP genes through a

cascade. The cloning of the cDNAs for AaEcR and its heterodimeric partner

AaUSP, as well as other members of the ecdysteroid regulatory cascade

(Pierceall, et al., 1999; Raikhel et al., 1999; Kapitskaya et al., 2000; Zhu et al.,

2000) may help elucidate the role of 20E in regulating YP gene expression.

Despite the importance Of 20E in regulating Vitellogenesis, YP synthesis in

the fat body begins before the titer Of 20E rises (Hagedom et al., 1975).
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Van Handel and Lea (1984) have shown that the digestion of the blood meal is

critical for the initiation Of vitellogenesis. Mosquitoes that have had their ovaries

removed (and thus unable to synthesize ecdysone), or were decapitated and

given blood by enema, were still able to synthesize Aan. Aan synthesis could

be blocked by the addition Of trypsin inhibitors in the blood meal, suggesting that

a digestion product Of the blood meal or some factor secreted by the midgut

signals the fat body to begin vitellogenesis. However, both head and ovarian

factors were necessary to maintain the synthesis needed for oocyte maturation

(Van Handel and Lea, 1984).

In the ovaries, internalization Of the fat body-synthesized YPS Shows two

distinct phases. In the first 2 hours after a blood meal, accumulation Of YPS

occurs slowly. This is followed by a more rapid uptake Of proteins that peaks

between 24 and 30 hours PBM (KOIler and Raikhel, 1991). Both Of these phases

require a head factor(s), as mosquito abdomens that are first isolated and then

given blood by enema do not internalize Aan. For the first phase, release Of the

head factor is rapid; even mosquitoes decapitated within five minutes of feeding

were able to take up Aan. The second phase, however, required the presence

of a head factor(s) for 1620 hours PBM to achieve levels Of endocytosis similar

to that of intact mosquitoes (KOIler and Raikhel, 1991). Shapiro (1983)

demonstrated that ovaries incubated with head extracts have a burst in levels Of

the second messenger cyclic-AMP (CAMP). The role Of the CAMP Signal

transduction pathway was further substantiated by Sappington et al. (1998) who
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were able to induce both phases Of endocytosis in the ovaries with forskolin, an

adenlyate cyclase activator.

Physiological doses Of 20E were Shown to stimulate the second phase of

uptake in the ovary, but not the first, though whether this is a result of a direct

effect on the ovaries or indirectly through stimulation Of Aan production remains

to be determined (KOIler and Raikhel, 1991). However, 20E is necessary for the

deposition Of the vitellin envelope by the follicular epithelium cells (Raikhel and

Lea, 1991). In addition, 20E also regulates the separation Of the secondary

follicle form the germarium (Beckemeyer and Lea, 1980).

I 'I' ['III .

The termination phase of Vitellogenesis begins at about 30 hours PBM

(Raikhel, 1986b), coinciding with the rapid decline Of YP mRNA and protein

levels (Hagedom et al., 1973; Hays and Raikhel, 1990; Cho et al., 1991a).

Several hypotheses have been proposed as to how YP gene expression is

terminated. BOhm et al. (1978) proposed that the declining 20E titer is

responsible for the cessation Of YP gene expression. However, as Aan mRNA

levels continue to increase for 6 hours after 20E levels begin to drop, it is likely

that other factors are also necessary. It has also been suggested that rising

titers Of Aan in the hemolymph induces a negative feed back mechanism that

turns off the YP genes (Borovsky 1981 ). In addition, factors secreted by the

ovaries may also play a role, either directly or indirectly, in terminating

vitellogenesis. An costatic hormone (OSH) produced and secreted by the
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ovaries during the termination phase (30—48 hours PBM) inhibits uptake of YPS

in less developed eggs (Meola and Lea, 1972; Kelly et al., 1986; Lea and Brown,

1990). In addition, other factors secreted by the ovaries inhibit the biosynthesis

of digestive enzymes in the midgut (Borovsky, 1988; Borovsky et al., 1993). The

genes for both Aan and AaVCP have been Cloned and analysis of their

regulation is currently being investigated (Deitsch and Raikhel, 1993; Romans et

al, 1995).

Also at this time, the activity of several lysosomal enzymes were shown to

rapidly increase and remain elevated over the next 12 hours (Raikhel, 1986a).

The action Of the lysosomes was directed solely at the degradation of RER, Golgi

complexes and secretory vesicles necessary for the synthesis and secretion of

the YPS (Raikhel, 1986b). To further examine the role of lysosomes in the

tenninatlon of Vitellogenesis, a lysosomal aspartic protease (LAP) was purified

and its CDNA cloned (Cho et al., 1991b; Cho and Raikhel, 1992). Surprisingly,

the mRNA level for LAP was shown to peak at 24 hours PBM, 12 hours before

peak protein and enzymatic activity (Cho and Raikhel, 1992). The rise in protein

levels coincided with the drop in the 20E titer. When female mosquitoes were

injected with 20E between 18 and 36 hours PBM to keep the hormone titer

artificially high, LAP protein levels remained low (Deitsch et al., 1995b). Thus it

seems 20E plays an inhibitory role on the translation of LAP mRNA, but the exact

mechanism remains unknown.
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Tissue-specific gene expression

Because Vg is synthesized only in the fat body, understanding the

regulation Of gene expression in this tissue is critical to elucidating the

mechanisms controlling vitellogenesis. The insect fat body is the functional

analog Of the vertebrate liver, involved in the synthesis and storage of

hemolymph proteins, carbohydrates, lipids, and detoxification enzymes

(Friedman, 1985; Chapman 1998). The validity of this biological analogy is

further illustrated by the parallels in regulatory mechanisms responsible for fat

body— and liver-specific gene expression. For example, the Drosophila alcohol

dehyrogenase (Adh) gene contains an enhancer that regulates expression in the

adult fat body (Adh adult enhancer: AAE). This enhancer contains binding sites

for a repressor protein (adult enhancer factor 1: AEF—1) and an activator protein

(Falb and Maniatis, 1992a). While the activator protein has not been identified,

its binding site is very similar to the response element Of the CCAAT/enhancer-

binding protein (ClEBP), a liver-enriched transcription factor. In cell transfection

experiments, mammalian C/EBP is able to stimulate transcription from the AAE,

and this stimulation is repressed by coexpression with AEF-1 (Falb and Maniatis,

1992b). Surprisingly, similar binding sites are located in the mammalian Adh

gene, which tOO can be activated by C/EBP (Potter et al., 1991; Falb and

Maniatis, 1992b). Significantly, the Drosophila AEF-1 repressor is also able to

inhibit this activation, similar to its action on the Drosophila Adh gene. Moreover,

electrophoretic mobility shift assays have demonstrated that rat liver nuclear

extracts have AEF-1-like binding activity, suggesting that a homolg is present in
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mammals (Potter et al., 1994). Thus, a tissue-specific regulatory unit consisting

Of one positive and one negative element has been conserved between

Drosophila and mammals.

Liver-specific gene expression in vertebrates relies principally on four

families of transcription factors that are liver-enriched but not restricted to this

tissue (Lai and Darnell, 1991; Xanthopoulos and Mirkovitch, 1993; Cereghini

1996). These four families are hepatocyte nuclear factors 1, 3, and 4 (HNF-I, 3,

4), and CIEBP. Each Of these transcription factors binds to DNA as a dimer. As

multiple members and splice variants are present in each family, several

heterodimeric combinations are possible, allowing for the diversity necessary to

regulate genes Of such wide-ranging functions in a tissue-specific manner.

Homologs to each Of these families, with the exception Of HNF-1, have been

cloned from insects.

The product Of the slow border cells (slbO) gene of Drosophila is a

member of the C/EBP family (Montell et al., 1992). The DmC/EBP protein is

expressed predominantly during late embryogenesis in the salivary glands,

proventriculus, gut, and epidermis, at the time of terminal differentiation of these

tissues (Rerth and Montell, 1992). Surprisingly, DmC/EBP is not detected in

larval or adult fat body tissue. However, the importance of the ClEBP binding

site in the Adh gene, as well as a similar element in the fat body enhancer Of the

Drosophila yolk protein genes, for fat body-specific expression indicates that a

related protein is likely present (An and Wensink, 1995a, b).
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The Drosophila gene forkhead (fkh) is a member Of the HNF-3 family

(Weigel et al., 1989; Lai et al., 1993). The forkhead gene has been studied for its

role in development, where it is expressed early in embryogenesis at the terminal

ends of the embryo and regulates the development of the gut, salivary glands,

and nervous system. Additional genes cloned from Drosophila that are members

of the HNF-3 family are sloppy paired 1 and 2 (st1, 2: Grossniklaus et al., 1992)

and crocodile (croc: Hacker et al., 1995), both of which are also involved in the

development of the embryo. Silk gland factor 1 (SGF-1) is a flrh homolog cloned

from the silk moth Bombyx mori (Mach et al., 1995). SGF-1 has been shown to

bind to a sequence in the promoter Of a silk protein gene and is expressed in

larval silk glands, homologous structures to Drosophila salivary glands. The

identification Of a SGF-1 clone from a 8. mon' embryonic library suggests that it

may be required for development Of the silk gland, similar to the role of fkh in the

development of the Drosophila salivary glands.

While none of the insect HNF-3 family members cloned to date have been

reported to be expressed in the fat body (indeed it remains to be seen whether or

not this tissue has been examined for expression of these genes), two partial

CDNAs have been cloned by the polymerase Chain reaction (PCR) from the

vitellogenic fat body Of the mosquito Aedes aegypti (D. Martin and A. Raikhel,

unpublished results). The recent finding that HNF-3 is an important regulator of

the Xenopus vitellogenin B1 gene (Cardinaux et al., 1994; Robyr et al., 2000)

further strengthens the hypothesis of the conservation of fat body- and liver-

specific gene regulatory mechanisms between insects and vertebrates.
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The last family Of liver-enriched transcription factors tO be considered is

HNF-4. As the cloning and characterization Of a mosquito HNF-4 homolog is a

major portion Of this dissertation, it will be discussed in greater detail in the

following sections.

Nucleacheunenemcentets.

HNF-4 is a member Of the nuclear hormone receptor (NR) superfamily.

Members Of this family are diverse and include receptors for steroid hormones,

thyroid hormones, vitamin D, retinoic acids, and a myriad Of receptors for which

ligands have not yet been identified or may not exist (orphan receptors) (for

recent reviews see Tsai and O'Malley, 1994; Kastner et al., 1995; Mangelsdorf et

al., 1995; Ribeiro et al., 1995; Laudet etal., 1997; Meier 1997; Whitfield etal.

1999). Despite the wide-ranging array Of proteins in this family, all NRs have a

common modular structure (figure 1.3). At the amino terminus is a domain,

commonly referred to as the NB domain, that is highly variable and has a

transactivation function (AF-1) that is ligand-independent. This is followed by a

region, the C domain, that contains two C4 zinc fingers that are responsible for

DNA-binding and protein dimerization. Adjacent to this is a flexible hinge region

(D domain) that often contains a nuclear localization signal. Next is a large

hydrophobic region, the E domain, which is involved in ligand binding, protein

dimerization, heat-shock protein association (in the case Of the vertebrate steroid

receptors), nuclear localization, and ligand-dependent transactivation (AF-2). At

the very carboxy terminus Of the protein is another highly variable region, the F

domain. The function Of this domain is uncertain, but as many receptor isoforms

21



 
 

   M E F

DNA Binding ‘—

 
 

 

Ligand Binding

Dimerization

 

Hsp Binding

 
 

Transactivation

 

Silencing

Nuclear localization —

 

TFIIB Binding —

Figure 13. Eunctienamemainsetmcleametmenemeptqts. The structure of

nuclear hormone receptors can be divided into five domains: A/B, C, D, E, and F.

The function Of each domain is indicated by the solid lines (redrawn from Tsai

and O’Malley, 1994).

22



differ in this region it likely plays a role in modulating transactivation (Montano et

al., 1995; Tate etal., 1996; Suaud etal., 1999).

Several methods have been proposed for classifying NRs based on

specific sequences within the zinc fingers Of the DNA-binding domain (Umesono

and Evans, 1989; Fonnan and Samuals, 1990), the position Of an intron-exon

junction in the DNA-binding domain (Detera-Wadleigh and Fanning, 1994), and

phylogenetic analysis based on the alignment of the C, D, and E domains Of all

published NR sequences (Laudet, 1997). However the NRS can conveniently be

divided into 4 general classes based on their DNA-binding and dimerization

properties (Mangelsdorf et al., 1995). The first class consists Of the vertebrate

steroid receptors (i.e. the estrogen (ER), progesterone (PR), glucocorticoid (GR),

mineralocorticoid (MR), and androgen (AR) receptors). In the absence Of their

ligand, these receptors exist as monomers in solution complexed with heat shock

proteins (Tsai and O’Malley, 1994; Beato et al., 1995). Upon binding Of their

ligand, the heat shock proteins dissociate and the proteins dimerize. The

receptors bind to DNA as homodimers and recognize inverted repeats of the

sequence AGAACA separated by 3 nucleotides (IR3). The ER is an exception to

this as it recognizes an IR3 of AGGTCA. Binding Of these homodimers to DNA

in vivo is ligand dependent.

The second Class Of NRs consists of nonsterOid members that bind as

heterodimers with the retinoic X receptor (RXR). This Class includes receptors

for vitamin D (VDR), retinoic acid (RAR), thyroid hormone (TR), and the

peroxisome proliferator-activated receptor (PPAR) (Mangelsdorf and Evans,
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1995; Kastner et al., 1995). In contrast tO the vertebrate steroid receptors, these

proteins are not complexed with heat shock proteins and can bind DNA in the

absence Of their specific ligand. They recognize elements composed of

AGGTCA half-sites that are most Often direct repeats (DR), but may also be

everted repeats or inverted repeats.

The third and forth Classes are composed Of the orphan receptors. This

class includes RXR, HNF-4, the Chicken ovalbumen upstream promoter-

transcription factor (COUP-TF), apolipoprotein Al regulatory protein (ARP-1),

nerve growth factor induced protein B (NGFI-B), and steroidogenic factor 1 (SF-

1). These receptors bind as either homodimers to direct repeats Of AGGTCA

with variable spacer length (class 3), or as monomers (class 4). Numerous

homologs for several Of these NRs have been cloned from insects as well

(reviewed in Segraves, 1994; Henrich and Brown, 1995; Thummel, 1995; Raikhel

etaL,1999)

While NRS are Often placed in one Of these four Classes, they Often share

characteristics with members from other groups. For example, as already

mentioned, the ER recognizes half-site sequences Of AGGTCA, the same as for

the orphan and nonsteroid receptors, but not the AGAACA sequence of the other

steroid receptors. Drosophila EcR and USP (the insect RXR homolog) interact

with Chaperones, a novel finding for class 2 receptors (Arbeitman and Hogness,

2000). RXR and COUP-TF can be classified as both class 2 and class 3

receptors as they form both homo- and heterodimers. NGFl-B shares

characteristics of both class 2 and class 4 receptors as it can bind either as a

24



monomer or as a heterodimer with RXR (Mangelsdorf and Evans, 1995). In

addition, several NRs can recognize several different response elements, albeit

with different affinities (Cooney et al., 1992; KatO et al., 1995; Wang et al., 1998).

Once bound to the DNA, NRs insert their influence on transcription by

direct interaction with the basal transcription machinery and recruitment Of

coactivator proteins (reviewed in Homitz et al, 1996; Glass et al., 1997;

Collingwood et al., 1999). The recruitment Of coactivators is both ligand and AF-

2 domain dependent. Once assembled, coactivators disrupt nucleosome

formation by acetylation Of histone lysine residues, allowing access Of the basal

transcription machinery to the promoters of genes. In addition, direct contact

with the basal machinery helps to stabilize the preinitiation complex, allowing for

more efficient transcription. Some NRs, such as the thyroid hormone, retinoic

acid, retinoic X, and vitamin D receptors can bind to DNA in the absence Of a

ligand. In these situations, the NRs interact with corepressor proteins which

recruit histone deacetylase enzymes that stabilize the formation Of nucleosomes

by deacetylation Of histones, and thus exclude the basal transcription machinery

from the promoters of target genes. On binding of a ligand, the NR undergoes a

conformational change which releases the corepressor and allows for the binding

of coactivators. Orphan receptors, which can bind DNA and activate

transcription in the absence Of a ligand would seem to be constitutively on.

However, posttranslational modifications such as phosphorylation could be

required for these receptors to undergo the conformational Change necessary for

interaction with coactivators (Weigel, 1994; Laudet, 1997). In addition,
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phosphorylation may also affect DNA-binding as was Shown for the orphan

receptor HNF-4 (Voillet et al., 1997). Furthermore, competition for binding sites,

heterodimeric partners, and coactivators, can all modulate activation by NRs.

NEW

HNF-4 was first isolated from rat liver extracts as a protein that bound to

similar response elements of two liver-specific genes, transthyretin and

apolipoprotein C III (Costa et al., 1989, 1990). Purification Of the protein allowed

for partial amino acid sequencing and the design Of degenerate primers for use in

PCR with a rat CDNA library as template. The amplified PCR product was then

used to screen the same library from which a full length clone was isolated

(Sladek et al., 1990). Since then, 6 additional splice variants from the hnf-4a

gene have been identified (figure 1.4A). In addition, a second gene has been

isolated from both mammals (hnf-4y, Drewes et al. 1996; Taraviras et al., 2000)

and Xenopus (hm-4,0, Holewa et al., 1997) (figure 1.43). These two genes (y and

B) are considered tO be distinct and not homologous based on the fact that they

each have unique substitutions in their DNA-binding domain; a domain which is

100% identical in all vertebrate hnf-4as Cloned thus far (Holewa et al., 1997).

HNF-4a expression is most abundant in the liver, kidney, and intestine. It

is expressed at lower levels in the pancreas, and at very low levels in the skin,

stomach, and testis. HNF-47 transcripts are also detected in the kidney,

pancreas, intestine, and testis, but are 10 fold less abundant than HNF-4a,
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Figure 1.4,WThe identity of each domain

is listed at the top Of the figure. A) Comparison Of the splice isoforms Of HNF-4a.

HNF-4a1, a2, and a3 differ only in their respective F domains: (12 has a 10

amino acid insertion not included in C1, and a3 has a completely different F

domain from that Of a1 and a2. HNF-4oI4 , a5, and (16 all have the same A/B

domain, which is the same as for (11, a2, and a3 except for a 30 amino acid

insertion. The F domains Of a4, a5, and C6 are the same as a1, a2, and (13

respectively. HNF-4a7 is unique for the first 15 amino acids Of the NB domain

and then is identical to HNF-4oI1 for the remainder of the protein. Reference for

the splice variants are: a1, Sladek et al. (1990), Chartier et al. (1994), Holewa et

al. (1996);. C2, Hata et al. (1992), Chartier et al. (1994), Hata et al. (1995),

Drewes et al. (1996); C3, Kritis et al. (1996); C4, Drewes et al. (1996), Furuta et

al. (1997); (15 and a6, Furuta et al. (1997); C7, Nakhei et al. (1998).

B) Homology between HNF-4 homologs encoded by different genes. The amino

acid secquenc Of each domain for vertebrate HNF—4B, y, and insect homolgs was

compared separately with the corresponding domain Of human HNF-4a1.

Because of the large size Of the NB domain Of HNF-47, only the last 50 amino

acids of this domain were used for analysis. The percent identity is indicated

below each domain. Numbers above each figure represent amino acid positions.

References: human (Hs) HNF-4a1, Chartier et al. (1994); HsHNF-47, Drewes et

al. (1996); Xenopus Iaevis (XI) HNF-4B, Holewa et al. (1997); Drosophila

melanogaster (Dm) HNF-4, Zhong et al. (1993); Bombyx mori (Brn) HNF-4a,

Swevers and latrou (1998).
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Figure 1.4, Schematic drawing of HNF-4 homologs.
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but are not detected in the liver (Sladek, 1994; Drewes, 1996). Similarly, in

Xenopus, HNF-401 protein is detected in the liver and kidney, while HNF-4i3 is

also found in these tissues, and in the intestine and testis as well. HNF-4B is

unique among HNF-4 isoforms in that it was also detected in the stomach, lungs,

and ovaries. Both Xenopus proteins are maternally expressed and present at

constant levels throughout embryogenesis (Holewa et al., 1997). In accordance

with the tissues in which it is expressed, HNF-4 regulates genes of great diversity

and function. These include genes for serum proteins, blood coagulation factors,

metabolism Of carbohydrates, lipids, steroids and amino acids, and liver

differentiation (reviewed in Sladek, 1994).

HNF-4 has also been shown to be critical for embryonic development.

HNF-4 expression is first detected in the extraembryonic visceral endoderm (VE),

a tissue that performs many Of the same functions as the fetal liver and intestine

(Duncan et al., 1994; Taraviras et al., 1994). Mice that are homozygous null for

HNF-4 fail to complete gastrulation, suggesting that proteins secreted by the VE

are critical at this stage Of development (Chen et al., 1994; Duncan et al., 1997).

Expression of HNF-4 in embryonic tissues parallels closely that in the adult.

Transcripts are first detected around embryonic day 8.5 in the liver and gut

primordia, and later in the pancreas primordium. Eventually, expression is

detected in the meso- and metanephric tubules that give rise to the kidneys

(Duncan et al., 1994; Taraviras et al., 1994).

Analysis Of the HNF-401 amino acid sequence shows that it has all of the

structural domains typical of the NR superfamily. The AF-1 (ligand-independent)
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transactivation domain has been mapped to the first 24 amino acids at the N-

terminus, as this region was able to autonomously activate transcription when

fused to the GAL4 DNA-binding domain (Hadzopoulou-Cladaras et al., 1997). In

contrast, the AF-2 domain required nearly all of the D and E domains,

encompassing residues 128 to 366. Deletion Of amino acids 128 to 174 Of the D

domain, or 361 to 366 of the E domain, completely abolished the transactivation

potential of AF-2. Since the region spanning amino acids 175 to 360 is sufficient

for protein dimerization, this suggests that the flanking residues are involved in

interaction with coactivators or other basal transcription factors (Hadzopoulou-

Cladaras et al., 1997). Indeed, residues 360 to 366 (LLQEMLL) match a

conserved motif (MXEIM), where (I) is a hydrophobic residue, X is any residue)

Shown to be necessary for AF-2 function in many NRS (Danielian et al., 1992;

Durand et al., 1994). However, unlike ligand responsive NRS in which the AF-2

function is ligand-dependent, the AF-2 domain of HNF-401 can function in the

absence of any known ligand. Surprisingly, a novel finding was the identification

Of a potent negative regulator region in the F domain (Hadzopoulou-Cladaras et

al., 1997; lyemere et al., 1998). This repressor domain was Shown to reduce AF-

2 activation by nearly 40-f0ld, while its affect on the AF-1 domain was only 2-fold.

The mechanism Of this repression is unknown, however, as the HNFa-4 AF-2

domain can transactivate in an autonomous fashion, this repressor domain may

represent a new level Of control by masking the AF-2.

HNF-4 isoforms bind to DNA as a homodimer and recognize direct

repeats Of AGGTCA with a one nucleotide spacer. As no known ligand has been
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identified, HNF-4 is classified as an orphan receptor. The ability Of HNF-401, B,

and y to activate transcription in the absence Of a known ligand suggests that

either one does not exist, or that a metabolite common to cells serves this

purpose. In support Of this, long chain fatty acyl-COA thioesters (FA-COA) have

been reported to modulate the transcriptional activity Of HNF-4a (Hertz et al.,

1998). FA-COAs with Chain lengths Of 14 carbon atoms or longer were shown to

specifically bind HNF-401, regardless of the degree of chain saturation. However,

chain length and saturation were important in how HNF-401transactivation was

affected. Myristoyl- and palmitoyI-COAS (14 carbon and 16 carbon saturated

chains) both increased the DNA-binding affinity of HNF-401, but only palmitoyl-

COA was able to increase transactivation by HNF-40I in transient transfections.

In contrast, FA-COAS Of 18 carbons or longer (both saturated and unsaturated

Chains) inhibited DNA-binding and thus suppressed HNF-401transactivation.

The DNA-binding ability of HNF-4 was also demonstrated to be regulated

both positively and negatively by phosphorylation. Phosphorylation Of tyrosines

and serines was shown tO be correlated with increased DNA-binding affinity of

HNF-4 (Ktistaki et al., 1995; Jiang et al., 1997). However the specific residues

responsible for the increase in DNA-binding were not identified in these studies

so the exact nature Of this mechanism is unknown. Contrary to this, Viollet et al.

(1997) were able to demonstrate that phosphorylation of serine 134 (located in

the amino half of the D domain, just downstream Of the 2"d zinc finger) by protein

kinase A abolished DNA binding. Mutation of serine 134 to either a glycine or

even a glutamiC acid conferred insensitivity to the inhibitory effect of PKA,

31



suggesting that the phosphate group acted more by steric hindrance and/0r

conformational modification than by electrostatic repulsion. In addition,

competition for binding to response elements by different NRS has also been

shown to regulate HNF-4 mediated transcription. For example, HNF-4 is a

positive regulator Of the apolipopmtein (apo) All, 8, and Clll genes (Ladias et al.,

1992; Mietus—Snyder et al., 1992). Transient transfections in HepG2 cells (a

hepatocyte cell line containing endogenous HNF-4) Of NRS ARP-i or COUP-TF,

suppresses activation of reporter constructs containing the HNF-4 elements from

these genes. This repression can be overcome by coexpressing increasing

amounts Of HNF-4, indicating that transcriptional control Of apOAll, B, and Clll is

regulated in part by competition for binding to Specific response elements.

Insectflhlflhcmelms.

HNF-4 homologs have been cloned from 3 insects: Drosophila (DmHNF-4:

Zhong et al., 1993), the Silk moth B. mori (BmHNF-4: Swevers and latrou, 1998),

and the mosquito Ae. aegypti (Kapitskaya et al., 1998). Both DmHNF-4 and

BmHNF-4 Show exceedingly high homology with the human HNF-4011 in both the

C and E domains (figure 1.4B). Indeed HNF-4011 Shares higher similarity in the E

domain with the insect homologs than it does with any other vertebrate nuclear

receptor, with the exception of the HNF-4B and 7 receptors. This level Of

conservation is remarkable considering the evolutionary distance been insects

and vertebrates. This point is further illustrated by the ability of HNF4oIi, which

acts as a homodimer, to form heterodimers with DmHNF-4 (Zhong et al., 1993).
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Though only 1 isoforrn Of DmHNF-4 has been cloned, two mRNAS of 3.3

and 4.6 kb are present in embryos, suggesting that splice variant may exist.

These transcripts are deposited in the eggs by the nurse cells where they are

uniformly distributed. However soon after fertilization the transcripts become

restricted to the terminal regions Of the blastodenn, and by 3 hours post

fertilization no mRNA is detected. The mRNA reappears between 6 and 8 hours

post fertilization in the posterior and anterior midgut primordium. followed by

expression in the fat body, Malphigian tubules, and salivary glands at later

stages. It is striking that DmHNF—4 is expressed in the fat body, midgut, and

Malphigian tubules, the insect equivalents of the vertebrate liver, intestine, and

kidney. in embryos that are homozygous for a deletion that spans the HNF—4

locus, early midgut, Malphigian tubules and salivary glands begin to develop but

then become arrested. This strongly suggests that HNF-4 plays an essential role

in early gut formation and organogenesis that has been preserved during

evolution from invertebrates to vertebrates.

In contrast to Drosophila, two HNF-4 isoforms have been cloned from B.

mori: BmHNF-4a and BmHNF—4b (Swevers and latrou, 1998). These two

isoforms differ only at their amino terminus. The first 32 amino acids of BmHNF-

4a and the first 6 amino acids of BmHNF-4b are unique to each, with the

remainder of the protein identical between the two isoforms. A third isoforrn

containing a different F domain has been reported but not Characterized. Similar

to Observations made in Xenopus and Drosophila, BmHNF-4 transcripts are

maternally produced and deposited in the egg. Both transcripts are strongly
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expressed in the follicular cells of the ovary when development Of this tissue

begins during the transition from the last larval instar to the pupal stage. After

induction, BmHNF-4 expression is maintained in these cells throughout

development of the ovaries, implying a role for BmHNF-4 in follicular cell-specific

gene expression. In agreement with this, nuclear extracts prepared from ovarian

follicular cells formed two complexes in an electrophoretic mobility shift assay

with a labeled probe containing the HNF-4 binding site of the apOClIl gene

(Swevers and latrou, 1998). However, conclusive proof that these complexes

contain BmHNF-4 proteins awaits the generation of specific antibodies.

The effect of 20E on BmHNF-4 expression was examined Since the

development Of the ovaries is controlled by this hormone. Larvae entering the

pupal stage were developmentally arrested by placing a ligature between the

thorax and abdomen. The isolated abdomens were injected with 20E and the

ovaries removed at various times post injection. Northern blot analysis of the

RNA prepared from the dissected ovaries Showed that BmHNF-43 mRNA levels

began to increase at 6 hours post-injection and reached maximal levels after 24

hours post-injection, while BmHNF—4b mRNA levels were unaffected by the 20E

treatment (Swevers and latrou, 1998). Thus it is likely that two different

promoters control the expression of the BmHNF-4 gene. BmHNF-4 expression

was also examined in several larval and pupal tissues by Northern analysis.

BmHNF-4a was expressed predominantly in the fat body, midgut, Malphigian

tubules, and ovaries, while BmHNF-4b was most abundant in the testis, ovaries,



fat bodies and midgut. In addition, BmHNF-4b was also detected at low levels in

muscle, Malphigian tubules, brain, and wing epidermis.

The cyclic AMP signal transduction pathway

Vitellogenesis requires coordination between the midgut, fat body and

ovarian tissues. As already noted in the sections concerning hormonal regulation

and termination of vitellogenesis. several peptide hormones have been

implicated or identified that help to regulate this process. Since peptide

hormones are hydrophilic in nature, they are unable to pass through the lipid

bilayer of the cell surface. Thus, these hormones act by binding to a surface

receptor and trigger a cascade of events that can have a pleiotrophic affect on

the cell. The cyclic AMP (CAMP) cascade is one of the major signal transduction

pathways utilized by cells (for recent reviews see Meyer and Habener, 1993;

Montminy, 1997; Daniel et al., 1998; Sassone-Corsi, 1998; De Cesare et al.,

1999; Shaywltz and Greenberg, 1999; De Cesare and Sassone-Corsi, 2000). As

discussed previously (pages 15-16), activators Of this pathways were shown to

induce uptake of Aan by the ovaries. In addition, CAMP was also shown to

mediate the secretion of salts and water from the Malphigian tubules (an analog

of the vertebrate kidney) of Ae. aegypti after a blood meal (Petzel et al., 1987).

Thus, links of this pathway to events in Vitellogenesis have already been

established.

Binding of a hormone to its cognate receptor causes a conformational

Change that results in the activation of a GTP-binding protein (G-protein). G-
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proteins consist of 3 subunits: 01, 8, and y. In its inactive state, this complex is

associated with the membrane receptor. Upon stimulation by the receptor/ligand

complex, the a subunit exchanges a GDP molecule for a GTP. This results in

the dissociation of the G protein from the receptor, and the release of the 0

subunit from 8 and y (Kaziro et al., 1991). The 0 subunit then binds to and

activates the enzyme adenylate cyclase which converts ATP to CAMP (lyengar,

1993). CAMP then acts as the “second messenger" in the cascade. CAMP binds

to and activates protein kinase A (PKA). PKA is tetramer composed of two

regulatory and two catalytic subunits (Taylor 1989). Each regulatory subunit is

capable of binding two CAMP molecules. The binding of CAMP by the regulatory

subunits releases and activates the catalytic subunits. The catalytic subunits

then phosphorylate a variety of intracellular proteins, including transcription

factors (Habener, 1995) which modulate gene transcription (figure 1.5A).

The regulation of this cascade occurs on many levels (Houslay and

Milligan, 1997; Daniel at al., 1998). First, phosphorylation of the receptor by

kinases impairs their interaction with G-proteins (Freedman and Lefltowitz, 1996;

Aragay et al., 1998; Lefltowitz 1998; Pitcher et al., 1998). Second, inhibitory 0

subunits (G1,) can bind to adenylate cyclase and prevent its activation (Hanoune

et al., 1997; Houslay and Milligan, 1997). Third, phosphodiesterases hydrolyze

CAMP to AMP, decreasing the concentration of CAMP in the cell (Conti et al.,

1995). Fourth, small proteins known as PKA inhibitors (PKI), bind to PKA and

export it out of the nucleus (Fantozzi et al., 1994).
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Figure 1.5.MWA) Activation of

CREB by the CAMP pathway is as described in the text (page 35). AC, adenylate

cyclase; 01, B, 7, subunits of receptor coupled G protein; C and R, catalytic and

regulatory subunits of PKA; CRE, CAMP response element. B) Activation of

CREB by the calcium (Ca2+) and mitogen-activated signaling pathways (reviewed

in Shaywltz and Greenberg, 1999). Depolarization Of the cell membrane results

in an influx of Ca2+. Ca2+ can complex with calmodulin and activate the

Caz*/calmodulin-dependent protein kinase-four (CaMK IV) which phosphorlyates

CREB on serine 133. Note also that Ca2+ can activate PKA through calcium-

sensitive adenylate cyclases. The binding Of mitogens such as epidermal growth

factor (shown; EGF) or nerve growth factor (not shown) to their receptors

activates the GTP-binding protein Ras. Ras then activates the serine/threonine

kinase Raf. Raf phosphorylates and activates MEK, a dual function mitogen-

activated protein kinase kinase (MAPKK). MEK phosphorylates and activates

ERK, a MAPK, which in turn phosphorylates and activates the ribosomal S6

kinase-two (RSK-2). RSK—2 then phosphorylates CREB on serine 133.
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Figure 1.5, Activation of CREB by different signaling pathways.
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Last, the inactivation of transcription factors through dephosphorylation by

phosphatases (Cohen and Cohen, 1989).

I 'I'EI 'lll EllE' I' II

The transcription factors best characterized for their regulation by PKA are

the cAMP response element binding protein (CREB) (Hoeffler et al., 1988), the

cAMP response element modulator (CREM) (Foulkes and Sassone-Corsi, 1992),

and activating transcription factor 1 (ATP-1) (Hai et al., 1989). CREB, CREM,

and ATP-1 represent a subfamily of a large group of transcription factors known

as bZIP proteins (Meyer and Habener, 1993; Hurst, 1994). Members of the bZIP

family share a common structural motif at their C-terminus: a region rich in

positively charged (basic) amino acids is followed by a sequence containing

leucines at every seventh position (a heptad repeat) (Landschulz et al., 1988).

The basic region forms two a-helices that fit into the major groove of DNA, and

so it is responsible for DNA-binding. The adjacent section forms an amphipathic

a-helix with all of the leucines on the same side, and is responsible for protein

dimerization. The helices of each member of the dimer wrap around each other

in a “coiled coil” structure, with the leucine residues fitting together like the teeth

of a zipper (Rasmussen et al., 1991). Thus the name bZIP comes from the basic

region/ leucine zlpper motif.

CREB, CREM, and ATF-1 show a striking degree of homology both in

amino acid sequence and gene structure, and are likely the results of gene

duplication (Hai et al., 1989; Hoeffler et al., 1990; Meyer and Habener, 1992;
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Meyer et al., 1993). Because of the high degree of homology in their bZIP

regions, these proteins are able to form heterodimers with each other (reviewed

in Meyer and Habener, 1993). Consequently, all three bind to the consensus

sequence for the cAMP response element (CRE: TGACGTCA; Montminy et al.,

1986). In addition to the bZIP region, these proteins have two other domains

necessary to function as transcriptional activators (figure 1.6). The kinase

inducible domain (KID) is a region of approximately 60 amino acids that contains

consensus phosphorylation sites for PKA, protein kinase C (PKC),

Calcium/calmodulin-dependent kinase (CaMK) I, II, and IV, casin kinase II (CKIl),

glycogen synthase kinase-3 (GSK-3), and ribosomal 86 kinase-2 (RSK-2). Most

critical is the serine in the sequence RRPSY, conserved in all 3 proteins ($133 in

CREB, 8117 in CREM, $63 in ATP-1). A mutation of this serine to an alanine or

aspartic acid abolishes all transcriptional ability, demonstrating that

phosphorylation of S133 plays an important structural role and is not simply

providing a negative charge (Gonzalez and Montminy, 1989). Indeed,

phosphorylation of this serine is critical for interaction with the coactivator CREB-

binding protein (CBP) (Chrivia at al., 1993; Parker et al., 1996; Radhakrishnan et

al., 1997). The interaction of KID with CBP was localized to a 94 amino acid

region, termed KlX, near the N-terrninus of CBP (Chrivia et al., 1993; Parker et

al., 1996). Though CBP was first identified as a nuclear protein that interacted

with the phosphorylated, but not the unphosphorylated, form of CREB (Chrivia et

al., 1993), it is now known to serve as a coactivator for a wide variety of

transcription factors (Chakravarti et al., 1996; Janknecht and Hunter; 1996;
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Figure 1.6.WThe

identity of each domain is noted in the sketch for CREB: KID, kinase-inducible

domain; Q1 and 02, glutamine rich domains; Basic, region rich in basic amino

acids that is responsible for DNA-binding; Zipper, region containing the heptad

repeat of leucines responsible for dimerization. The percent identity of human

CREM and ATF-l relative to CREB is noted in their respective domains. on is a 14

amino acid exon not present in the CREM or ATF-l genes. The major isoforms of

CREB are CREB 341 and CREB 327; in CREB 327 the a exon is spliced out of

its transcript. Serine 119 of CREB 327 is equivalent to serine 133 of CREB 341.

y is a 13 amino acid exon not present in the CREB or ATF-l genes. CREM is

unique in that it encodes for 2 different basic region/leucine zippers (bZIP I, II)

that are regulated by alternative splicing (Foulkes et al., 1991). CREM also

contains a second, cAMP-inducible, promoter in an intron upstream of the bZlP

region (not shown). The product of this transcript (lnducilbe cAMP early

repressor: ICER) is a protein that has only the DNA-binding and protein

dimerization domains and so consiquently acts as a repressor of cAMP-regualted

genes (Molina et al., 1993).
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Gerritsen et al., 1997; Glass et al., 1997; Goldman et al, 1997; Collingwood et al.,

1999).

The KID region by itself is likely not sufficient to mediate cAMP-stimulated

transcriptional activation. CREM isoforms a, B, and 7 all contain the KID region

but are lacking the flanking glutamine rich (Q) regions and act as repressors

(Laoide el al., 1993). In addition, phosphorylation of serine 142 ($142) was

known to abrogate cAMP-stimulated activation of CREB even if 8133 was

phosphorylated (Sun et al., 1994). This effect could be mimicked by mutating

$142 to aspartic acid (S1420) without interfering with the binding of CREB to

CBP (Sun and Maurer, 1995). However, in the same study, mutation of S142 to

glutamic acid (S1425) had no affect on transcriptional activation, thus, the

inhibition caused by the phosphorylation of S142 is not due only to the

introduction of a negative charge. Circular dichroism and nuclear magnetic

resonance have shown that the KID is unstructured in both the phosphorylated

and unphosphorylated states (Parker et al., 1996; Richards et al., 1996;

Radhakrishnan et al., 1998). Upon binding to KlX, the KlD undergoes a

structural transition to form two amphipathic a—helices that participate in

hydrophobic interactions with CBP (Radhakrishnan et al., 1997). In further

experiments, phosphorylation of $142 was shown to disrupt the secondary

structures mediated by the interaction of KID with KlX (Parker et al., 1998).

In a recent study, Cardinaux et al. (2000) identified a conserved domain

between CREB and the sterol-responsive element binding protein (SREBP),

which also interacts with the KlX domain of CBP but in a phosphorylation-
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independent manner. Substitution of six nonconserved amino acids from SREBP

for the RRPSYR sequence of CREB resulted in the recruitment of CBP and

transcriptional activation independent of phosphorylation of CREB. This

sequence (DIEDML) alone isn’t sufficient for the recruitment of CBP. Mutation of

the central aspartic and glutamic acid residues had no effect on the binding of

SREBP to CBP. Four amino acids flanking this region were shown by mutational

analysis to be important for SREBP/CBP interaction (Cardinaux et al., 2000).

Significantly, 3 of these were either identical or conservative substitutions in the

corresponding KID region of CREB. Additionally, these residues had been

identified previously as having direct contact with the KIX domain of CBP

(Radhakrishnan et al., 1997). Thus, substitution of the DIEDML sequence

served to convert the KID region of CREB into a SREBP-like domain. In fact, this

chimeric CREB (CREBDIEDML) had a greater affinity for CBP than did the wild-type

CREB, and was as strong of an activator. Surprisingly, CREBmEDML showed an

additional 2-fold increase in activation when PKA was present, suggesting that a

phosphorylation event following the recruitment of CBP augments CREB-

mediated transcription. It should be noted that only 5 of the 11 residues in KID

identified to be in contact with KIX are conserved in SREBP. This suggests, in

combination with the fact that CREBmEDML has a stronger affinity for CBP than

the wild-type protein, that the binding mechanisms of SREBP and

phosphorylated CREB to CBP are not identical (Cardinaux et al., 2000). Thus, it

is believed that the role of the KID is to recruit CBP to the promoter, and that this

interaction may be modulated by the differential phosphorylation of the KID at
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other sites. The recruitment of CBP is dependent on the phosphorylation of

S133. Although originally identified as the site of phosphorylation by PKA, S133

is also known to be phosphorylated by CamK IV and RSK-2 (Sun et al., 1994;

Xing et al., 1996; Pende et al., 1997). Consequently, CREB is able to mediate

signaling of several different pathways (figure 1.5B)

As mentioned previously, the KlD alone is not sufficient to mediate

transcription. Deletion mutants have shown that the glutamine (Q) rich regions

flanking the KID (figure 1.5) are important for CREB activity (Brindle et al., 1993;

Quinn, 1993). Of the two, Q2 appears to be the more important. Deletion of the

QZ domain severely affects CREB activation, while deletion of Q1 has only

moderate affects. In agreement with these results, 3 splice variants of CREM

have different combinations of the Q domains. CREM: has both Q1 and Q2 and

shows the strongest activation of the CREM isoforms. CREMt1 and CREMtz

have only the Q1 or Q2 domain respectively and are weaker activators; CREMtZ

is the stronger of the two isoforms, having approximately two-thirds of the activity

of CREMT while CREMr1 has only one-third the comparable activity (Laoide et

al., 1993). Additionally, ATF-1, which has only the corresponding Q2 region, is

strong activator (Rehfuss et al., 1991). Furthermore, when fused to the yeast

GAL4 DNA binding domain, Q2 can activate transcription in a phosphorylation-

independent manner, suggesting that it encodes for a constitutive transactivation

domain (Brindle etal., 1993; Quinn, 1993).

Glutamine rich domains have been characterized in other transcription

factors and are postulated to interact with components of the basal transcription



machinery (Courey and Tijan, 1988; Triezenberg, 1995). In in vitro transcription

assays, unphosphorylated CREB when mixed with crude nuclear extracts was

able to stimulate transcription of a reporter gene containing 5 copies of the CRE

(Ferreri et al., 1994). Further experiments showed that the Q2 region either

fused to a GAL4 DNA-binding domain, or left in context with the bZIP domain but

lacking the KID and Q1 domains, was able to stimulate transcription.

Reconstitution experiments determined that TFIID, but not TBP alone, was

necessary for Q2 activity, indicating an interaction between Q2 and a TBP

associated factor (TAF) (Ferreri et al., 1994). Affinity chromatography

demonstrated that Q2 was able to specifically bind Drosophila TAF 110 (homolog

to human TAF130), and these results were corroborated by the yeast two-hybrid

system (Ferreri et al., 1994).

In vitro transcription assays were also utilized to show the necessity of

both the KID and Q2 regions for CREB-induced transcription. CBP was found to

be in association with RNA polymerase II in HeLa cell nuclear extracts,

suggesting that one role of CBP is the recruitment of basal transcription factors

(Kee et al., 1996). Phosphorylated CREB was able to bind the CBP-RNA

polymerase complex (CBP-RPC) from a partially purified fraction and mediate

transcription in vitro (Nakajima et al., 1997). Pulldown assays with GST fusion

constructs determined that the KID region of CREB, and not Q2, was responsible

for recruitment of CBP-RPC. However, recruitment of this complex was not

sufficient to mediate CREB-induced transcription. Addition of antiserum to the

human TAF 130, a component of TFIID, abolished CREB-induced, but not basal,
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transcriptional activity (Nakajima et al., 1997). GST pulldown assays

demonstrated that the association between CREB and TFIID was mediated by

the Q2 domain in a phosphorylation-independent manner. The addition of TAF

130 antiserum severely inhibited this interaction, supporting previous work that

Q2 interacts with this TAF of TFIID. Thus, CREB-mediated transcription requires

the coordinated activity of two domains: the KID for recruitment of CBP and RNA

polymerase II, and the Q2 for the recruitment of TFIID.

CBE-l' l' l' . . l

Thus far, CRE-binding proteins have been identified only in Drosophila.

Of the two genes identified, dCREB-A (also known as BBF-2) (Abel et al., 1992;

Smolik et al., 1992) and dCREB2 (also known as dCREB-B) (Usui et al., 1993;

Yin et al., 1995b), dCREB2 shows the highest similarity to mammalian CREB

proteins, having conserved 50 of the 58 amino acids in the bZIP region (see

figure 4.2, page 109) (Usui et al., 1993; Yin et al., 1995b). In comparison,

dCREB-A has only 38% homology with the bZIP domain of mammalian CREB,

although this identity increases to 50% if only the DNA-binding (basic) region is

considered (Abel et al., 1992; Smolik et al., 1992). In addition, dCREB—A

contains the core RRKKKEY sequence common to all CREB/CREMIATF-1

proteins. lmportantly, both proteins have been shown to be able to bind to CRES

(Abel et al., 1992; Smolik et al., 1992; Usui et al., 1993; Yin et al., 1995b).

Outside of the bZIP domain, these proteins show little homology to mammalian

CREB proteins. However dCREB2 does contain a consensus PKA recognition
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sequence as well as potential phosphorylation sites for CaMK II and PKC.

Moreover, dCREB2 also contains several glutamine rich stretches in its N-

terminus. In contrast, dCREB-A does not have a PKA recognition site and is only

5% enriched for glutamine. Nevertheless, dCREB-A does contain potential

phosphorylation sites for CaMK II and thus could be regulated through a different

signaling pathway.

The two genes also differ in their expression pattern and the number of

transcripts produced. Northern blot analysis detects only one transcript of

approximately 4.3 kb for dCREB—A (Abel et al., 1992; Smolik et al., 1992). Its

expression pattern is limited and perhaps a bit controversial. Abel et al (1992)

reported dCREB—A (then called BBF—2 for box-b binding factor 2) to be expressed

throughout all developmental stages, though highest levels were seen in early to

mid embryonic development and in adult males. Northern analysis also revealed

the gene to be expressed in the trachea, gut, and fat body of third instar larvae

(though only this larval stage was examined for tissue distribution of the

transcript). Indeed, the cDNA was cloned by screening a D. melanogaster

expression library with the box-b element from the fat body enhancer of the D.

mullen' Adh-1 gene. Subsequently, the protein was shown to bind to regulatory

elements In both insect fat body and mammalian liver-specific enhancers (Abel et

al., 1992). Mutation of the BBF-2 binding site in the Adh adult enhacer (AAE; see

page 18) resulted in a 4-fold decrease in expression of a B-galactosidase

reporter gene in transgenic flies, thus suggesting a role for this protein in

regulating fat body gene expression. However, other researchers have not
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detected dCREB—A transcripts or protein in the fat body during any of the life

stages (Smolik et al., 1992; Andrews et al., 1997). The dCREB-A transcript is

expressed primarily in the salivary glands of embryos, and at lower levels in the

epidermis, trachea, and foregut. In the adult, transcripts are detected in the

brain, midgut epithelial cells, salivary gland, ovarian follicle cells and male

reproductive tract (Smolik et al., 1992; Andrews et al., 1997). In agreement with

this, Abel et al. (1992) detected strong binding with ovarian nuclear extracts to a

box-b probe in electrophoretic mobility shift experiments; this binding was

abolished by the addition of antisera specific to the protein. Transient

transfections in cell culture have shown dCREB—A to be a transcriptional

activator, but not a mediator of cAMP-stimulated transcription (Abel et al., 1992;

Smolik et al., 1992)

In contrast to dCREB-A, dCREB2 appears to be a homolog of the

mammalian CREB and CREM genes (Yin et al., 1995b). The gene is

ubiquitously expressed in all life stages. Northern analysis reveals transcripts

ranging in size from 650 bp to 3.5 kb, and several spliced variants have been

identified by PCR and cDNA library screening (Usui et al., 1993; Yin et al.,

1995b). Significantly, isoforrn dCREB2-a was shown to be a PKA-responsive

transcriptional activator (Yin et al., 1995b). Similar to roles of CREB and CREM

in mammals, several lines of evidence support the notion that dCREB2 is

involved in long-term memory formation in Drosophila (Belvin and Yin, 1997).

Some flies with impaired learning abilities were found to have mutations in genes

for a phosphodiesterase and adenylate cyclase (Chen et al., 1986; Levin et al.,
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1992). Additionally, transgenic files that overexpressed either an inhibitor of

PKA, or the PKA catalytic subunit, also had impaired learning abilities (Drain et

al., 1991). Importantly, in transgenic flies, induced expression of the

transcriptional activator dCREB2-a enhanced long-term memory formation, while

induced expression of the transcriptional repressor dCREB2-b blocked long-term

memory formation (Yin et al., 1994; Yin et al., 1995a).

Recently, dCREB2 was also shown to affect circadian rhythms in

Drosophila. Through the use of transgenic flies carrying a luciferase reporter

construct containing 3 copies of a CRE, enzyme activity was found to cycle over

a 24 hour period in both a 12 hour light/ 12 hour dark cycle or in constant

darkness, indicating that this not simply a response to light (Belvin et al., 1999).

A mutation in the dCREB2 gene shortened the circadian locomotor rhythm and

dampened the oscillation of period, a known clock gene (clock genes are the

time keeping mechanisms of organisms, regulating the normal biological

rhythms), implying dCREB2 as the regulator. Cycling activity of the reporter

construct was also abolished in a period mutant, suggesting that dCREB2 and

Period affect each other and that the two genes participate in the same

regulatory feedback loop (Belvin et al., 1999).
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The primary focus of Dr. Raikhel’s research is to understand how the YP

genes are regulated during vitellogenesis. These genes are expressed only in

the fat body of female mosquitoes after a blood meal. Their regulation is likely to
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be complex as it incorporates sex-, stage-, and tissue-specific factors. Because

of the functional analogy between the vertebrate liver and the insect fat body,

regulation of liver-specific gene expression was used as a model to investigate

fat body-specific gene expression. Of the four classes of liver-enriched

transcription factors characterized from vertebrates (HNF-l, 3, 4, and CIEBP),

HNF-4 is the only protein for which an insect homolog has been found to be

expressed in the fat body. Additionally, since the tissue distribution of HNF-4 in

insects is analogous to that in vertebrates, it is hypothesized that the insect

homolog performs many of the same functions. HNF-4 has been shown to

regulate genes for serum proteins, blood coagulation factors, metabolism of

carbohydrates, lipids, steroids and amino acids, and liver differentiation. In

concordance with this, the insect fat body is involved in the synthesis and storage

of hemolymph proteins, carbohydrates, lipids, and detoxification enzymes.

Therefore, a mosquito homolog to HNF-4 was cloned and characterized as a

beginning to elucidating the regulation of gene expression in the fat body.

Regulation of the YP genes in the fat body also requires that their

expression be coordinated with the function of the midgut and ovaries since the

blood meal provides the amino acids for YP synthesis and the oocytes internalize

these proteins. Factors from the head and ovaries, presumably peptide

hormones, have already been shown to be necessary for maximum YP synthesis

by the fat body and uptake by the ovaries. The binding of these hormones to cell

surface receptors initiates a cascade of events that profoundly affect the

physiology of the cell, including altering gene transcription. As noted earlier, the
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cAMP signal transduction cascade is one of the most common pathways used by

cells to mediate these changes. Stimulation of this pathway leads to the

activation of the CREB family of transcription factors which bind to specific DNA

sequences in target genes and modulate their expression. This cascade has

already been implicated in the regulation of YP uptake by the ovaries and the

excretion of salts and water by the Malphigian tubules after a blood meal. In

view of this, a mosquito homolog to CREB was cloned and characterized to

examine what role this pathway may play in the regulation of YP gene

expression.
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CHAPTER 2

MATERIALS AND METHODS
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MATERIALS AND METHODS
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For AaHNF-4, Degenerate primers were designed for PCR based on

conserved residues in the C and E domains of the Drosophila, B. mori, and rat

HNF-4 proteins (see figure 3.2, page 69). The forward primer, 5'- AGGTCTAGA

(TlC)GGNTG(T/C)AA(A/G)GGNTT(T/C)1'l'-3’, was designed from the amino acid

sequence DGCKGFF and contained an Xba I restriction site (shown in bold) in its

5’ end to facilitate cloning. The reverse primer, 5’- AGAGAATTCGCNAC(TIC)

TG(A/G)TC (AlG)TCNAG-3’, was designed from the amino acid sequence

LLDQVA and contained an Eco RI restriction site (shown in bold) in its 5’ end.

Template cDNA was prepared by reverse transcription of 20 pg of total RNA

prepared from the fat bodies of female mosquitoes dissected at 24 hour PBM.

PCR conditions were as follows: initial denaturation at 95° C for 4 minutes

followed by 10 cycles at 95° C for 30 seconds, 45° C for 30 seconds, 72° C for 45

seconds, and then 30 cycles at 95° C for 30 seconds, 55° C for 30 seconds, 72°

C for 45 seconds. A band of approximately 400 bp was amplified and cloned into

the Xba I and Eco RI restriction sites of the plasmid pBluescript SK-. Sequencing

of the insert confirmed that it encoded for a portion of a nuclear hormone

receptor homologous to HNF-4. This fragment was then used to screen a

vitellogenic, fat body, cDNA library (Deitsch and Raikhel, 1993) using standard

protocols (Ausuble et al., 1989; Sambrook et al., 1989) Isolated cDNA clones
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were sequenced on both strands by the dideoxy method (Sanger et al., 1977)

using the T7 sequenase version 2.0 sequencing kit (Amersham Life Sciences).

The same approach was used for isolation of AaCREB cDNA clones.

Degenerate primers were designed for PCR based on conserved residues in the

bZIP domain of the Drosophila and human CREB proteins. The forward primer,

5’- AGGTCTAGAA(A/G)AA(T/C)(C/A)GlGA(A/G)GCIGC-3’, was designed from

the amino acid sequence KNREAA and contained an Xba I restriction site

(shown in bold) in its 5’ end to facilitate cloning. The reverse primer, 5’-

AGAGAATI'CTI'(A/G)TT(T/C)TG(AIG)TT(T/C)TCIA(G/A)IACIGC—3’, was

designed from the amino acid sequence AVLENQNK and contained an Eco RI

restriction site (shown in bold) in its 5’ end. PCR conditions were the same as

described above for AaHNF-4, except that the cDNA library was used as

template. A band of 112 bp was amplified and cloned into the Xba land Eco RI

restriction sites of the plasmid pBluescript SK—. Sequencing of the insert

confirmed that it encoded for a portion of the bZIP domain of a mosquito CREB

protein. This fragment was then used to screen the vitellogenic, fat body, cDNA

library using standard protocols (Ausuble et al.,1989; Sambrook et al., 1989)

Isolated cDNA clones were sequenced by the W. M. Keck facility at Yale

University using Taq FS DNA polymerase and fluorescent-dideoxy terrninators in

a cycle sequencing method, and analyzed using an automated Applied

Biosytems 377 DNA sequencer.
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For analysis of AaHNF-4 expression, total RNA was isolated from female

mosquito fat bodies dissected at selected time points pre- and post-blood meal

using guanidine thiocyanate (Chomczynski and Sacchi, 1987). Poly(A+) mRNA

was purified from the total RNA by Biomag oligo(dT)2o magnetic beads,

according to the manufacturer’s protocols (PerSeptive Diagnostics, Inc.). The

RNA was fractionated by electrophoresis in a 1% agarose/formaldehyde gel and

transferred to a nitrocellulose membrane by conventional capillary blotting. The

DNA fragments used for probes are described in figure 3.1 (page 68). Probes

were labeled by the random primer method and hybridization was carried out

overnight under high stringency conditions (Ausuble et al.,1989; Sambrook et al.,

1989). Following hybridization, the blot was first washed twice at room

temperature in 2 X SSC, 0.1% SDS, then twice at 60° C in the same buffer,

followed by a final wash at 60° C in 0.2 X SSC, 0.1% SDS. Autoradiography of

the blot was conducted at —80° C with intensifying screens.

To examine AaCREB expression, poly(A+) RNA isolated utilizing the

QuickPrep Micro mRNA Purification Kit (Pharrnacia Biotech Inc.). The mRNA

was fractionated by gel electrophoresis and transferred to a nitrocellulose

membrane as described above. A single-strand, antisense DNA probe was

generated by PCR using the pBSAaCREB (see below in “Electrophoretic Mobility

Shift Assays”, page 57) cDNA as template and labeling with [a-32deATP. The

specific activity of the probe was determined by scintillation counting, and added

to the hybridization buffer at a concentration of 1 X 10° DPM per milliliter of
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solution. Hybridization and washing was performed as described above. This

blot had been previously hybridized with probes for mosquito lipophorin, actin,

and vitellogenic carboxypeptidase (VCP) (Sun et al., 2000).

Wade

Nuclear extracts were prepared as described by Miura et al. (1999) using

the low salt (10 mM NaCl) homogenization buffer. Briefly, 200-300 mosquito

abdomens with adhering fat body tissue were dissected from female mosquitoes

3-5 days post eclosion or a various time points after a blood meal. The tissues

were frozen in liquid nitrogen then ground to a fine powder with a mortar and

pestle. The powder was then resuspended in a low salt buffer (10 mM HEPES

pH 7.9, 1 mM EDTA, 10 mM NaCl, 0.6% (v/v) Triton X-100, 4 mM DTT, 1 mM 4-

(2-aminoethyl)—benzensulfonylflouride (AEBSF), 5 pglml each of leupeptin,

pepstatin, and antipain, 2 mM benzanidine, and 9 ug/ml aprotinin) and

homogenized in a Dounce homogenizer with a loosely fitted pestle. The samples

were twice subjected to centrifugation, 800 X g for 30 seconds at 4°C, to remove

cell debris and the supernatant transferred to a new, sterile tube each time. The

nuclei were recovered by centrifugation at 15,000 X g for 10 minutes at 4°C. The

supernatant was discarded and the nuclei were resuspended in extraction buffer

(20 mM HEPES pH 7.9, 0.2 mM EDTA, 420 mM NaCI, 1.2 mM MgClz, 25%

glycerol, 1 mM DTT, 1 mM AEBSF, 5 uglml each of leupeptin, pepstatin, and

antipain, 2 mM benzanidine, and 9 pg/ml aprotinin) at a concentration of 2

mosquito fat bodies equivalents per microliter of buffer. The samples were
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incubated on ice for 20 minutes then spun in a microcentrifuge at maximum

speed for 5 minutes. The supernatant was dispensed in 10 pl aliquots

(equivalent to 20 mosquito fat bodies) and stored at -80° C.
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EMSAs were performed using either in vitro synthesized proteins or

nuclear extracts. For in vitro expression of proteins, the AaHNF-4a and -4b

cDNAs were subcloned into the Eco RI restriction site of the transcription vector

pGEM.3Z (Promega) downstream of the SP6 RNA polymerase promoter. The

AaHNF-4c isoform was subcloned into the Eco RI restriction site of pBluescript

SK- downstream of the T3 RNA polymerase promoter. pBSAaCREB was

created by inserting the 1.25 kb Acc lfragment, containing the entire CREB

coding region, into the Eco RV restriction site of pBluescript SK- (Stratagene)

with the 5’ end of the insert positioned downstream of the T3 promoter. The rat

HNF-4a1 and DmGATAb clones were gifts from Drs. F. Sladek and T. Abel

(Sladek et al., 1990; Abel et al., 1993). Proteins were synthesized in vitro by a

coupled transcription and translation rabbit reticulocyte lysate kit (TNT, Promega)

according to the manufacturer’s directions. One microgram of DNA was used in

a total reaction volume of 50 pl. The TNT reactions were conducted at 30° C for 2

hours, then stored at —80°C until needed.

Binding reactions with the in vitro synthesized proteins were performed in

a total volume of 20 pl containing 3 pl of the appropriate TNT sample, 10 mM

Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM MgCl2, 0.5 mM DTT, 0.5 mM EDTA,
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2 pg poly(dldC), and 4% glycerol. The samples were incubated at room

temperature for 15 minutes, then 0.05 picomoles of 32P-labeled DNA probe was

added and incubation was continued for an additional 15 minutes. The samples

were loaded on a 5% nondenaturing polyacrylamide gel (prerun for 1 hour) in

0.5X TBE buffer and run at 10 V/cm. After electrophoresis, the gel was dried and

autoradiographed with an intensifying screen at -80° C.

To initiate heterodimer formation between AaHNF-4c and other HNF-4

isoforms, the TNT samples were first mixed together and heated at 50° C for 1

minute, then cooled at room temperature for 15 minutes. The volume was

brought up to 20 pl in shift buffer and the reaction carried out as described

above. Control incubations with each HNF-4 isoform without addition of AaHNF-

4c showed no or negligible reduction in specific binding due to heating

Binding reactions with nuclear extracts were performed in a similar matter

(without heating at 50° C) using 5 pl of nuclear extracts in a total reaction volume

of 30 pl. When needed, preimmune serum, a—GSTHNF-4(Com), or anti-

phosphoCREB antibody (New England Biolabs) was added at a 1:100 dilution.

Initial incubations were carried out on ice for 30 minutes before the addition of

the labeled DNA probe. DNA probes were made by annealing together

complementary oligonucleotides and labeling the recessed 3’ ends with either

[a-32deATP or [ct-32deCTP using the Klenow fragment of DNA polymerase I.

The oligonucleotides used are listed below (only one strand is shown).

APF-1: 5’-GCGCTGGGCAAAGGTCACCTGC-3’

DR1: 5’-GATCCAGGTCAAAGGTCAGGATC-3’
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VgHNF4: 5'-ATCGGGAGGCCAATGGTCGAGTGAC-B'

VCPHNF4: 5'-ATGCAAAGGGTCGTTAGGTCAAATCGAT-3'

SomCRE: 5’-GATCCTTGGCTGACGTCAGAGAGATC—S’

VgCRE: 5’-GATCTGCCGAATACGTCATCTI'TCGATC-B’

VCPCRE1: 5'-GATCACTGTTAATACGTCAGA'ITTGATC-3’

VCPCREZ: 5’-GATCCACCGATI'CCGTCATATGTGGATC-3’

Box A: 5’-AGTGGTATTGATAAGACATG-3’

bZIP1: 5’-ATCGTTTA'I"I'ATTGCAAAATCGAAAGTC-3’

bZIP2: 5’-ATCGAAATTC1TGAGCAAGTACAAT'I'TGCCCATG-3’

Bold face type indicates putative binding sites.

I . | | I I' . II II

Drosophila 82 cells: The AaHNF-4 cDNAs were cloned into the Eco RI

sites of pAc5N5-His C (lnvitrogen) to create pAc5AaHNF-4a, -4b, and -4c. The

vector pAc5N5-His/IacZ (lnvitrogen) is a control vector expressing B-galacto-

sidase and was used to normalize transfections in the 82 cells. The reporter

vector pDR1(3X)AdhCAT was derived from the plasmid pD-33CAT, which

contains the Drosophila alcohol dehydrogenase (Adh) promoter from -33 to +53

inserted in front of the Chloramphenical acetyltransferase (CAT) gene (Krasnow

et al., 1989). pD—33CAT was digested with Xba land Sac l to release the

AdhCAT fusion construct. The ends were made blunt with T4 DNA polymerase

and the construct was cloned into the Eco RV restriction site of pBluescript SK-

to create pBSAdhCAT. Three copies of the DR1 probe were then inserted into
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the Barn Hl restriction site upstream of the Adh promoter in pBSAdhCAT to

create pDR1(3X)AdhCAT.

Drosophila 82 cells were maintained in Schneider’s Drosophila medium

(Life Technologies) supplemented with 10% fetal bovine serum (FBS) plus 50

units of penicillin G and 50 pg of streptomycin sulfate per milliliter of medium.

Each transfection contained 100 ng of pDR1(3X)AdhCAT, 50 ng of pAc5N5-

His/IacZ, and varying amounts of the pAcSAaHNF-4 constructs. The total

amount of DNA was kept constant at 650 ng with empty pAc5N5-His C vector.

For each sample, enough DNA for 3 replicates was complexed with 10 pg of the

polycationic lipid CELLFECTIN (Life Technologies) in a total volume of 45 pl.

Fifteen microliters was aliquoted into each of 3 wells of a 48-well tissue culture

plate and incubated for 30 minutes at room temperature to allow DNA/lipid

complexes to form. The DNA/lipid mix was then overlaid with 5 X105 cells

suspended in 150 pl of serum-free medium. At 6 hours after transfection, 150 pl

of medium containing twice the normal concentration of FBS and antibiotics was

added to each well. The cells were analyzed 48 hours after transfection for

enzyme activity using Luciferase and B-galactosidase Assay Reagents

(Promega).

Human 293T cells: The AaHNF-4 cDNAs were cloned into the Eco RI site

of pcDNA3.1/Zeo(+) (lnvitrogen) to create pcAaHNF-4a, -4b, and -4c

respectively. The reporter vector papoClII-Luc contains the apoClll promoter

from -854 to +22 inserted upstream of the luciferase gene. The papoClll-Luc and

the human HNF-4a1expression vectors (Taylor et al., 1996) were gifts from T.
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Leff. The vector pCMVB (Clonetech) is a control vector expressing B-galacto-

sidase and was used to normalize transfections in the 293T and CV-1 cells.

Human embryonic kidney 293T cells were maintained in Dulbecco’s

Modified Eagle Media (DMEM) supplemented with 10% FBS. The day before

transfection, the cells were seeded at a density of 1.2 X 105 in 12-well tissue

culture plates. Each transfection contained 150 ng of papoClII-Luc, 50 ng of

pCMVB, selected amounts of hHNF-4a1 and/or AaHNF-4c, and empty pcDNA

3.1 vector for a total of 5pg of DNA. For each sample, enough DNA for 3

replicates was complexed with 60 pg of the polycationic lipid LIPOFECTAMINE

(Life Technologies) in 300 pl of serum-free DMEM for 30 minutes at room

temperature, after which 1.2 ml of serum-free media was added for a total

volume of 1.5 ml. While the DNA/lipid complexes were forming, the media was

removed from the cells and the cells were washed once with serum-free DMEM.

Five hundred microliters of the DNA/lipid complex was then added to each of the

three wells per sample. Four hours after transfection, an additional 500 pl of

DMEM supplemented with 20% FBS was added to each well. The cells were

collected at 48 hours post transfection and analyzed for Luciferase and I3-

galactosidase activity by the Dual-Light reporter gene assay system (Tropix)

using a Wallac-Berthold LB96P-2 Iuminometer.

CV-1 cells: The AaCREB expression plasmid pcAaCREB was

constructed by digesting pBSAaCREB with Eco RI and Xho I, and cloning the

released insert into the Eco RI and Xho I restriction sites of pcDNA3.1/Zeo(+).

The reporter plasmid pCRE-Luc (Stratagene) contains 4 copies of the CRE
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consensus sequence upstream of a synthetic promoter fused to the luciferase

gene. The plasmid pFC-PKA (Stratagene) encodes for the catalytic subunit of

protein kinase A.

CV-1 cells were maintained in DMEM supplemented with 10% FBS and

0.1% non-essential amino acids (NEAA). The day before transfections, cells

were seeded at a density of 2 X 105 cells per well in 6-well tissue culture plates.

Each transfection contained 1 pg of the reporter gene pCRE-Luc, 250 ng of

pCMVB, varying amounts of pcAaCREB, and empty pcDNA3.1 vector for a total

of 2.5 pg of DNA. CREB activation was stimulated by cotransfection with 50 ng

of pFC-PKA. For each sample, enough DNA for 3 replicates was complexed with

30 pg of the polycationic lipid LIPOFECTAMINE (Life Technologies) in 600 pl of

serum-free DMEM for 30 minutes at room temperature. While the DNA/lipid

complexes were forming, the medium on the cells was replaced with 800 pl of

serum-free DMEM supplemented with 0.1% NEAA. Two hundred microliters of

the DNA/lipid complex was added to each of the three wells per sample. Five

hours after the start of transfection, the media was replaced with fresh DMEM

supplemented with 10% FBS and 0.1 % NEAA. The cells were analyzed 48

hours after transfection for enzyme activity using Luciferase and B-galactosidase

Assay Reagents (Promega).
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Polyclonal antibodies against HNF-4 were generated in New Zealand

white rabbits using GST-HNF-4 fusion proteins as antigens. A 914 bp Eco RV
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fragment from the AaHNF-4c cDNA (encoding amino acids 3-306) was cloned

into the Sal I site (which had been and filled by Klenow) of the GST fusion vector

pGEX-4T-1 (Pharrnacia) to create pGSTHNF-4(Com). The coding sequence for

the first 33 amino acids of HNF-4a was amplified by PCR using the primers 5’-

CGTGGATCCAIQAAGAGTA‘I‘I’GTGGAAGT-3’ and 5’-TCACTCGAGGATGTG

TTGGAATAACGT-3’ (Bam HI and Xho I restrictions sites are shown in bold; the

ATG start codon is underlined). The amplified DNA was cloned into the Barn HI

and Xho I restriction sites of pGEX-4T-1 to create pGSTHNF-4a(NH2). The

fusion proteins were expressed in the Eschericia coli strain BL21 and purified by

affinity chromatography using GIutathione Sepharose 4B beads (Pharrnacia).

After extensive washing of the beads with 1X PBS (140 mM NaCI, 2.7 mM KCI,

10 mM NazHPO4, 1.8 mM KHzPO4, pH adjusted to 7.3 with HCI), the fusion

proteins were eluted from the matrix with GIutathione Elution Buffer (10 mM

reduced glutathione, 50 mM Tris-HCI pH 8.0). The eluate was then dialyzed for

24 hours against 2 liters of 1X PBS with 3 changes of the PBS buffer. The fusion

proteins were then sent to Cocalico Biologicals, Incorporated (Reamstown, PA)

for production of antibodies. The lgG fraction of the antiserum was purified by

precipitation with saturated ammonium sulfate (Ausubel at al., 1989) and the

antibodies were resuspended in a buffer of 100 mM sodium phosphate (pH 7.8),

1 mM EDTA, 0.02% sodium azide. Residual ammonium sulfate was removed by

dialysis for 24 hours against 2 liters of the same buffer with 3 changes of the

wash. The final concentration of the antibodies was adjusted to 1.5 — 2 mg/ml,

dispensed in 500 pl aliquots and stored at —20° C.
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CHAPTER 3

CLONING AND CHARACTERIZATION OF MOSQUITO HNF-4 ISOFORMS
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INTRODUCTION

As described previously in Chapter 1, the insect fat body is the functional

equivalent to the vertebrate liver (see page 18). Since conservation in the

regulation of fat body and liver gene expression has already been demonstrated

for some insect and mammalian genes, the goal of the current research is to

identify mosquito homologs to mammalian transcription factors and examine their

expression in vitellogenesis. Of the four families of liver-enriched transcription

factors previously described, HNF-4 displays the greatest conservation in tissue

distribution between mammals and insects. In vertebrates, HNF-4 is most highly

expressed in the liver, kidney, and intestine. It is important for both embryonic

development and adult liver function (Chapter 1, pages 26-29). Likewise in

insects, HNF-4 is most highly expressed in the analogous tissues: the fat body,

Malphigian tubules, and the midgut. Additionally, HNF-4 is also necessary for

insect development and is expressed in the fat body of both larvae and adults

(Chapter 1, pages 32-35). It is with these parallels in mind that it was decided to

clone a mosquito homolog to HNF-4 and evaluate its possible role in regulating

fat body gene expression in the adult mosquito.

Much of the work described in this chapter has been previously published

in which Dr. Marianna Kapitskaya and myself were co-first authors (Kapitskaya et

al., 1998). Work described here from that paper is noted in the appropriate figure

legends. My major contributions were the in vitro expression and EMSA analysis

of the mosquito HNF-4 proteins (figures 3.7 - 3.9). Dr. Kapitskaya cloned the
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cDNAs and performed the Northern blot analysis (figures 3.1 - 3.6). The

expression of mosquito HNF-4 in the human 293T cell line was performed in

collaboration with Drs. Todd Leff and David Taylor at Parke Davis

Pharmaceuticals (Ann Arbor, MI) (figure 3.11). New results obtain since the

publication of the earlier work and described here are the expression of mosquito

HNF-4 in the Drosophila 82 cell line, the generation of HNF-4 antibodies, and the

EMSA experiments with fat body nuclear extracts (figures 3.10, 3.12 - 3.14).

RESULTS
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Putative clones encoding the mosquito HNF-4 transcription factor

(AaHNF-4) were obtained by a combination of the polymerase chain reaction

(PCR) and cDNA library screening. The following strategy was used to design

degenerate primers: the sense primer conformed to the P-box sequence,

DGCKGFF, of the DNA-binding domain, which is conserved among the members

of the nuclear receptor superfamily; the antisense primer was based on the

conserved sequence LDDQVA from the dimerization domain of the rat, mouse

and Drosophila HNF-4 homologs (Sladek at al., 1990; Zhong et al., 1993; Hata et

al., 1995). A 440-bp fragment was amplified by PCR and sequenced to confirm

that its sequence was similar to that of rodent and Drosophila HNF-4s. It was

used as a probe to screen a mosquito fat body cDNA library.
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Restriction mapping and sequence analysis of positive cDNA clones

revealed three distinct mosquito cDNAs present in the library, which were

designated as AaHNF-4a, -4b, and -4c (figure 3.1). The AaHNF-4b (1.86 kb) and

-40 (1.53 kb) cDNAs share the same sequences at the 5’-terminus (except that

the 5’-end of AaHNF-4c is 23 bp longer), whereas the AaHNF-4a (2.43 kb) cDNA

has a different 5’-terminal sequence. All three AaHNF-4 cDNAs have the same

3’-end sequences and lack a poly (A) tall, indicating that none of the cDNAs

represent a full-length transcript. However, AaHNF-4b has a canonical

polyadenylation signal (AATAAA) followed by an additional 14 bp, while the

AaHNF-4a and AaHNF-4c cDNA sequences end just before the position of the

AATAAA-site in AaHNF-4b. In all three cDNAs, the putative start codons (ATG)

are preceded by several in-frame stop-codons, indicating that the open reading

frame is full-length in each clone.

The conceptual translation of the AaHNF-4a, -4b, -4c cDNAs show that

they encode three different proteins, or isoforms, of 565, 538 and 427 amino

acids, respectively (figure 3.2). A sequence comparison of the AaHNF-4a and -

4b isoforms show that they encode nearly identical polypeptides, differing only in

the amino acids at their N-termini (figures 3.2 & 3.3A), strikingly similar to the

Bombyx mori isoforms BmHNF-43 and BmHNF-4b (Swevers and latrou, 1998).

In contrast, while the first six amino acids of the shortest isoform, AaHNF-4c, are

identical to those of AaHNF-4b, the rest of the NB domain and the entire C

(DNA-binding) domain are lacking (figures 3.2 & 3.3A).
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Figure 3.1. BestdctiommansfiAaBNlflcQNAclmes. The identity and

size of each cDNA is given above each map. Restriction enzyme abbreviations:

E1, Eco RI; E5, Eco RV; H3, Hind III; Xb, Xba I; Xm, an I. The sequence

unique to the AaHNF-4a cDNA is shaded in gray. The portion of the AaHNF-4b

cDNA that is spliced out of the AaHNF-4c cDNA is shaded in black. Probes used

for Northern blot analysis: 5’-HNF-4a, 300 bp Eco RI/Xba Ifragment unique to

the AaHNF-4a cDNA; AC, 319 bp Eco RV/an Ifragment containing a region

common to the AaHNF-4a and -4b cDNAs but missing in the AaHNF-4c cDNA;

Common, 700 bp Hind III fragment common to all three cDNAs. The scale below

the restriction maps is in base pairs. Modified from Kapitskaya at al. (1998).
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AaHNF-4a : MKSIVEVFCDYDRSDFS 17

DmHNF-4 : MHADALASAYPAASQPHSPIGLALSPNGGGLGLSNSSNQS.ENFAL.NGNGNAG. 55

BmHNF-4a : .I.D.LAPSII3T.I, 17

RnI-INF-4a1: MDMADYSAALDPAYTTLEFEmVLTMGN.T.P-. 34

AaHNF-4a : LG-----TSLNIEDTLFQHILDHDANDSLSPTHTSESRFTPEQSVDSNKNYTLDN 57

AaHNF-4b : IINQNN ................................. 40

AaHNF-4c : INQN////////////////////////////////// 6

DmHNF-4 : A. GGSASSGS. NNN SPY--NNL.G.G.G.N8.moLQQQcoQ. ----- 103

BmHNF— 4a : .s -----$1....SFL. -.. ----- ..DMQLE..S.EASAAS.TTISQH----- 56

BmHNF4b : IsLRDs ----- ..DMQLE..S.EASAAS.TTISQH----- 30

RnHNF- 4a1. E. -----AN..SSNS.GVSA. ---------------------------------- 50

b Senae-Pryner DBD

AaHNF-43 : CQSSANNLCTICSDRATGKHYGAASWFRRTVRKNHSYTCRFSRQ K 122

AaHNF-4b : ....................................................... 95

AaHNF-4c : //////////////H/////////////////////////////////////// 6

DmHNF-4 : -------- .A..G .......... s ........... s ..... Q.....A.N ..... 150

BmHNF-4a : ------- 4.A..G .......... s ........... s ..... L ............ 103

Bmi-INF- 4b - -------- .A..G .......... s ........... s ..... L...I ........ 77

RnHNF-4a1: -------- .A..G .......... s..,,,,"....s.....M.s. ..... 97

D-box P-box

AaHNF-4a : DKRNQCRYCRLRKCFKAG VQNERDRISCRRPSMEDIDTSNGLSVKFLLLA 177

AaHNF-4b : ....................................................... 150

AaHNF-4c : //////////////////////T ................................ 39

DmHNF-4 : ................................... '1'. 1'. P. PG ..... IS. VK. 205

BmHNF-4a : ............................... N ..... TQA ..... vs..N. 158

BmHNF-4b : ............................... N ..... TQA ..... VS..N. 132

RnHNF-4a1: ...........I...I................ T..s.Y..---.8LP.IIA..Q. 149

AaHNF-4a : ENRSRH- -FGAALDDAYD DGDLSNKRFASINDVCDSMKQQLLILVEWAKSIPA 229

AaHNF-4b : ...... -- .............................................. 202

AaHNF-4c : ...... -- .............................................. 91

DmHNF-4 ..E..QSKA PN--- NE ..... Q ........I....... T ...... o... 257

BmHNF-4a : .LL.. ----- . ............ Y... 208

BmHNF-4b : .LL.. ----- .K ....... I ............ Y... 182

RnHNF-4a1: .VL.QQ--ITS I ..I...I ..Y.. 198

Figure 3.2, Amino acid

sequences were aligned with AaHNF-4a by the computer program GAP

(Wisconsin Package, Genetics Computer Group); all sequences are shown in

comparison with AaHNF-4a. Aa, Aedes aegypti; Dm, Drosophila melanogaster

(Zhong et al., 1993); Brn, Bombyx mon' (Swevers and latrou, 1998); Rn, Raltus

norvegicus (Sladek at al., 1990). Dots indicate identical amino acid with AaHNF-

4a. Amino acids boxed in black and in reverse phase type are conservative

substitutions. Dashes are gaps introduced to optimize alignment. Fonlvard

slants indicate region of AaHNF-4c spliced out. Asterisks denote end of protein.

The DNA-binding domain (DBD) and ligand-binding domain (LBD) are delineated

by bent arrows. The D-box and P-box of the DB0 are boxed in gray. The

sequences corresponding to the sense and antisense primers used for PCR are

marked with a dashed arrow. Numbers to the right represent amino acid

numbers. Modified from Kapitskaya at al. (1998).
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Figure 3.2 continued.
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Figure 3.3.W

A) Schematic representation of the mosquito HNF-4 isoforms. The identity of

each domain is indicated at the top of the figure. The differences in the N-

terminus of the AaHNF-4a and -4b isoforms is indicated by the stippled and

striped boxes. The portion of the N3 and C domains that are missing in AaHNF-

4c is indicated by a dotted line. B) Percent amino acid identity between HNF-4

homologs. The numbers within each domain represent the percent identity and

similarity (in parenthesis) with the corresponding domain in AaHNF-4a. The

numbers below each protein indicate the number of amino acids in that domain.

The references for DmHNF-4, BmHNF-43, and RnHNF-4a1 are given in figure

3.2. Modified from Kapitskaya et al. (1998).
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AIB C D E F

DNA Dimerization

Binding & Ligand Binding

AaHNF-4a

AaHNF-4b

AaHNF-4c

AIB C D E F

AaHNF-4a

52 211 161

Dml-lNF-4

22% ‘ 89% 66% 79% 21%

(27%) (89%) (72%) - (87%) (28%)

103 66 52 211 234

BmHNF-4a

29% 61% 70% 21%

(39% (67%) (82%) (25%)

56 66 50 209 55

RnHNF-4a1

25% 54% 65% 16%

(28% ’ (59%) (77%) (17%)

50 66 46 206 87

Figure 3.3, Domain comparison of insect and rat HNF-4 homologs.

72

 

 

 

 



Thus, the structure of the mosquito AaHNF-4c isoform is unique among insect

and vertebrate members of the HNF-4 subfamily that have been reported to date.

The mosquito AaHNF-4a and -4b isoforms exhibit a structural domain

organization similar to that of vertebrate and Drosophila HNF-4 homologs (figure

3.33). The C (DNA-binding), D (hinge), and E (dimerization/ligand-binding)

domains are highly conserved. For example, AaHNF-4a and -4b share 89%,

65% and 79% identity with the respective domains of Drosophila HNF-4, and

91 %, 58% and 72% identity with B. mori (figure 3.33). The N-terminal N3 and

C-terminal F-domains are poorly conserved in the mosquito AaHNF-4 proteins, a

characteristic feature of all members of the HNF-4-subfamily and more generally,

the nuclear receptor superfamily (Mangelsdorf et al., 1995).

El' [EIIIIEII 'I

To determine if the three AaHNF-4 cDNAs cloned represent respective

AaHNF-4 mRNA species in the mosquito, Northern hybridizations were

performed using particular restriction fragments of the cDNAs as probes. A

probe common to all three cDNAs (Common, figure 3.1) detected three

transcripts of 2.8, 2.1, and 1.8 kb respectively. A probe specific to the 5’-

untranslated region of the AaHNF-4a cDNA (5'-HNF-4a, figure 3.1) hybridized

only with the 2.8 kb transcript. A third probe, containing sequences from the NE

and C domains common to the AaHNF-4a and -4b cDNAs but not to AaHNF-4c

(AC, figure 3.1), recognized the 2.8 and 2.1 kb mRNAs but not the 1.8-kb mRNA.

Thus, it was possible to define the 2.8, 2.1, and 1.8 kb mRNA species as
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AaHNF-4a, -4b, and -4c transcripts, respectively (figure 3.4). This experiment

verifies that one of the transcripts indeed lacks the region encoding for a portion

of the NB and the entire DNA-binding domains, and therefore, AaHNF-4c does

not appear to be an artifact of the cDNA library.

I‘0 I0.0I0A-.Ik “.0‘ ‘ o I‘q'- norr

To determine the distribution of AaHNF-4 expression in tissues of adult

mosquitoes, polyadenylated mRNA was isolated from the whole body of males

and the fat body, midgut, Malpighian tubules, ovary, and thorax of females, taken

at 24 hours post blood meal (PBM) and subjected to Northern blot analysis. A

fragment of the cDNA common to all three AaHNF-4 cDNAs was used as a

hybridization probe. The mosquito fat body, Malpighian tubules and midgut

exhibited significant levels of AaHNF-4 transcription. Two mosquito HNF-4

isoforms (AaHNF-4a and -4b) were detected in these tissues (data not shown).

In contrast to the somatic tissues of mosquito females, only the 2.1-kb (AaHNF-

4b) transcript was found in the ovaries (figure 3.5). The highest level of ovarian

AaHNF-4b mRNA was detected soon after initiation of Vitellogenesis by a blood

meal (6 hours PBM). It then dropped to an undetectable level by 36 hours PBM,

the time of termination of the synthesis phase in the female mosquito (figure 3.5).

-.0.‘- 0' no : no Aq-L ‘ -.| ' 'I I‘ -. on

The high level of conservation between the mosquito HNF-4 and its

vertebrate counterparts (figures 3.2 and 3.3), as well as the presence of three
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5'-HNF-4a AC Common

— 2.8 kb (AaHNF-4a)

—— 2.1 kb (AaHNF-4b)

— 1.8 kb (AaHNF-4c)

 
Flgure 3.4,

Polyadenylated mRNA was isolated from the fat body of female mosquitoes at 26

hours PBM. the mRNA was fractionated by electrophoresis in a 1%

agarose/formaldehyde gel. After transfer to a nitrocellulose membrane, the blots

were probed with various AaHNF-4 cDNA fragments (noted above each blot).

See figure 3.1 for the description of the various probes. From Kapitskaya at al.

(1998).
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w.mC. - 2.1 kb (AaHNF-4b)

  

 

Figure 3.5,

cycle, Total RNA was extracted from ovaries dissected at the time points

indicated: d PE, days post eclosion; h PBM, hours post blood meal. The RNA

was fractionated and transferred to a nitrocellulose membrane as described in

figure 3.4. A cDNA fragment common to all three isoforms (see figure 3.1 for

description) was used as a probe. The bottom panel shows a gel run in duplicate

and stained with ethidium bromide to verify equal loading.

76



AaHNF-4 transcripts in the adult fat body (figures 3.4 and 3.5), suggests that it

plays an important role in this metabolic tissue, similarly to that of the vertebrate

HNF-4 in the liver. In an attempt to further understand the possible functions of

AaHNF-4 in the vitellogenic fat body of adult mosquitoes, its expression was

characterized in more detail.

Total RNA from the fat body of female mosquitoes at different stages of

Vitellogenesis was analyzed by Northern blot hybridization using the CDNA-probe

common to all three AaHNF-4 isoforms. The expression pattern of the three

AaHNF-4 transcripts changed differentially over the course of the vitellogenic

cycle (figure 3.6). In the previtellogenic stage, all three transcripts were clearly

present during the first day post eclosion, but in subsequent days only the 2.1-kb

transcript, corresponding to the AaHNF-4b isoform, was present. Furthermore,

its levels increased by day 5 of the previtellogenic period. During the first 18

hours after a blood meal, only the AaHNF-4b transcript was clearly detectable.

Near 24 hours PBM, when the transcription of the yolk protein (YP) genes are

nearing their peak (Raikhel, 1992, and references within), the levels of the

AaHNF-4a transcript began to rise again, relative to AaHNF-4b. By 36 hours

PBM, the levels of HNF-4 mRNA significantly increased, with AaHNF-4a

becoming the predominant transcript. This pattern of AaHNF-4 expression was

maintained until 48 hours PBM when YP synthesis terminated and the fat body

returned to its previtellogenic state (Raikhel, 1992, and references within).
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Figure 3.6. Emmmmmmmmmmm

cycle, Total RNA was extracted from fat bodies dissected at the time points

indicated: d, days post eclosion; BM, blood meal; h, hours post blood meal. The

RNA was fractionated and transferred to a nitrocellulose membrane as described

in figure 3.4. A cDNA fragment common to all three isoforms (see figure 3.1 for

description) was used as a probe. The bottom panel shows a gel run in duplicate

and stained with ethidium bromide to verify equal loading. From Kapitskaya et al.

(1998).
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Electrophoretic mobility shift assays (EMSAs) were used to determine if

the mosquito HNF-4 homologs are functional DNA-binding proteins. The three

AaHNF-4 cDNAs were subcloned into transcription vectors, then subjected to

coupled transcription/translation (TNT) reactions in a rabbit reticulocyte lysate

system. The in vitro expressed proteins were examined for their ability to form

specific binding complexes with APF-1 (5’—IG_QG_QAAA§_GLQA-3”), a response

element from the apolipoprotein CIII (apoCIII) promoter, previously shown to be a

recognition site for both rat and insect HNF-4 factors (Sladek et al., 1990; Zhong

et al., 1993; Swevers and latrou, 1998). The rat HNF-4a1 cDNA was used as a

positive control in these experiments. The AaHNF-4a and -4b proteins formed

DNA/protein complexes of similar mobility, which migrated slower than the

complex formed by the rat HNF—4a1 (figure 3.7). The binding of these proteins

was sequence-specific and could be competed away with an excess of unlabeled

APF-1 probe, but not with a nonspecific competitor.

The protein synthesized from the AaHNF-4c cDNA, which is missing the

DNA-binding domain, failed to exhibit any binding activity (data not shown). The

appearance of its transcript in the fat body during the termination phase of

Vitellogenesis suggests that it may serve as a repressor by forming inactive

heterodimers with other AaHNF-4 isoforms. Utilizing EMSAs, I examined the

ability of AaHNF-4c to prevent the other AaHNF-4 isoforms from binding to an

HNF-4 response element. To allow heterodimer formation between AaHNF-4c

and the other HNF-4 isoforms, the appropriate TNT samples were first mixed
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AaHNF-4a AaHNF-4b rat HNF-4

Competitior

APF-t:-+--+--+-

bZIP-1: - - + - - + .. - +      

 
Flgure3.7, ’ HH‘ “Ht ||-_ -. u .‘. o In ‘oom

HNF-4 proteins were synthesized in vitro as described in Materials and Methods

The HNF-4 binding site in the promoter of the apolipoprotein C III gene (APF-1:

TGGGCAAAGGTCA, Sladek et al., 1990) was used as a probe. The HNF-4

isoforms are noted above each lane. Competitor DNA was added at a100-fold

molar excess to the labeled probe. Unlabeled APF-1 was used as a specific

competitor; bZIP-1:A1T'ITGCAAT(Dittmer and Raikhel, 1997) binds the

CCAAT/enhancer-binding protein and was used as a nonspecific competitor.

From Kapitskaya et al. (1998).
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together and heated, then allowed to cool prior to adding the radiolabeled DNA

probe. lncubations of each HNF-4 isoform in the absence of AaHNF-4c showed

that heat treatment caused little or no reduction in specific binding (figure 3.8A,

lanes 1, 3, and 5). The addition of AaHNF-4c to AaHNF-4a, -4b, and the rat

HNF-4a1, prevented the formation of binding complexes with the probe (figure

3.8A, lanes 2, 4, and 6). This inhibition by AaHNF-4c was dose-dependent and

specific (figure 3.88, lanes 2 — 5). In a control experiment, addition of increasing

amounts of an unrelated transcription factor (Drosophila GATAb) did not interfere

with the ability of AaHNF-4b to form the retardation complex (figure 3.88, lanes 6

— 8). Thus, EMSA analyses suggest that the AaHNF-4c isoform may serve as a

transcriptional repressor in the mosquito fat body by forming inactive

heterodimers with other AaHNF-4 isoforms.

“n. ..I . n ”.N. .- . a ,_ ” ..°.. . .. H. _ r .

9309.5.

In A. aegypti, vitellogenin (Aavg) (Romans at al., 1995) and vitellogenic

carboxypeptidase (Aavcp) (Deitsch and Raikhel, 1993) are the two major YP

genes that are expressed in the fat body of blood-fed females (Raikhel, 1992).

Examination of the 5’-regions of both the Aavg and Aavcp genes revealed the

presence of putative HNF-4 binding sites, VgHNF4 and VCPHNF4, upstream of

their transcription start sites, respectively (figure. 3.9A). Each sequence was

examined by EMSA for the ability to compete with the radiolabeled APF-1

sequence for binding by AaHNF-4b. Both VCPHNF4 and VgHNF4 exhibited
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Figure 3-8.WWEMSA

was used to examine the ability of AaHNF—4c to abolish the DNA binding ability

of other HNF-4 isoforms via the formation of heterodimers. All proteins were

synthesized in separate in vivo reactions. The proteins present in each reaction

are noted above each lane. The samples were heated at 50° C for 1 minute to

allow dimers to break and reform. The APP-1 element of the apoCIII gene was

used as the probe. A) EMSA showing that the addition of AaHNF-40 abolishes

the DNA binding ability of AaHNF-4a, -4b, and rat HNF-4. B) Titration of the

effect of AaHNF-40. A constant amount of AaHNF-4b was mixed with increasing

amounts of either AaHNF-40 (lanes 3-5) or DmGATAb (lanes 6-8). Total volume

was kept constant with unprogrammed rabbit reticulocyte lysate). DmGATAb,

originally named Box A binding factor (ABF; Abel et al., 1993), was used as a

nonspecific competitor for dimer formation. To independently demonstrate the

DNA binding ability of DmGATAb, the Box A binding site (Abel et al., 1993) was

used as a probe (lane 9). From Kapitskaya et al. (1998).
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AaHNF-4a: + + - - -

 

A AaHNF-4b: - - + + - -

AaHNF.4c: - + - + - +

rat HNF-4: - - - - + +

  

 

AaHNF-4b:-+++++++-

B AaHNF-4c: - - - - -

DmGATAb: - - - - - +

 

  

 

Figure 3.8, AaHNF-4c inhibits DNA binding of other HNF-4 isoforms.
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A HNF-4 Consensus: RGKKCAAAGKTCA

V HNF4° 5’-AGCGGGAGGCCAATGGTCGAGTGAC-S’

9 ' 3'-TCGCCCTCCGGTTACCAGCTCACTCIELS’

-351 -327

VCPHNF4_ 5’-GCCATTTGACCTAACGACCCTTTCG-B’

' 3’-CGGTAAACTGGATTGCTGGGAAAGC-5’

| ‘— ‘—— |
.442 -418

Figure3.9, L11 ‘0 on '1 In 0 :0 ‘I .: 0 HI: 0 l‘ .‘: o {I-

WA) Putative HNF-4 binding sites in the Aavg and Aavcp genes.

The HNF-4 consensus sequence is from Sladek (1994). Nucleotides in bold type

represent sequences similar to the HNF-4 half-sites. The arrows denote the

orientation of the half-sites. Numbers below the sequences indicate the distance

from the transcription start sites. K, G or T; R, A or G. B) Competition EMSA

with VCPHNF4 and VgHNF4. AaHNF-4b was synthesized in vitro for binding

with the labeled APF-1 probe. Specific competition was performed by adding

increasing amounts of unlabeled VCPHNF4 or VgHNF4. Nonspecific

competition was with unlabeled bZIP-1 (see figure 3.7 for sequence). Numbers

above each lane indicate amount of competitor DNA, expressed as molar excess

to the labeled probe. C) EMSA for direct binding to the VCPHNF4 sequence.

The VCPHNF4 sequence shown in A) was labeled and tested for binding to

AaHNF-4b. Binding complexes were examined by competition with unlabeled

APF-1, VCPHNF4, VgHNF4, and bZIP-1 sequences, expressed as molar excess

to the labeled probe. From Kapitskaya et al. (1998).
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Figure 3.9 continued.
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significant specific competition, though binding was weaker than that of APP-1;

interestingly, VCPHNF4 was a stronger competitor than VgHNF4 (figure 3.9B).

In a second set of experiments, both VCPHNF4 and VgHNF4 were tested for

direct binding to AaHNF-4b. Both binding sites formed retardation complexes

with AaHNF-4b, which were specifically competed by unlabeled APP-1,

VCPHNF4, and VgHNF-4 (figure 3.9C and data not shown). These tests also

showed that the binding affinities of these sites were: APF—1 > VCPHNF4 >

VgHNF4 (figure 3.90, lanes 3-5). Addition of a nonspecific competitor had no

effect on the retardation complexes (figure 3.90, lane 6).

EllllEl III | 'I' I ll

Having established that both AaHNF-4a and -4b are functional DNA-binding

proteins, and that putative HNF-4 binding sites are present in the 5’ regulatory

regions of the Aavg and Aavcp genes, cell culture transfection assays were

utilized to examine if the mosquito homologs could act as transcriptional

activators. Drosophila 82 cells were transiently transfected with various amounts

of an expression plasmid containing either the AaHNF—4a or -4b cDNA. A

bacterial chloramphenicol acetyltransferase (CAT) gene fused to the Drosophila

alcohol dehydrogenase (Adh) promoter was used as the reporter; the AdhCAT

construct contained 3 copies of a perfect DR1 cloned upstream of the Adh

promoter (pDR1(3X)AdhCAT). Both AaHNF-4a and -4b were able to significantly

enhance transcription of pDR1(3X)AdhCAT above basal levels (figure 3.10A).

This activation could be repressed by cotransfection with an expression vector
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The total amount of DNA transfected was kept constant at 650 ng using empty

vector. CAT values shown are with respect to the basal level of the reporter

vector (pDR1(3X)AdhCAT), set to a value of 1, and normalized to a B-

galactosidase coreporter (pAc5N5-His/IacZ) used to monitor transfection

efficiency. All data points represent the mean from two independent experiments

each with three replicates, i the standard error. A) AaHNF-4a and -4b are

transcriptional activators. Drosophila 82 cells were transfected with selected

amounts of expression vectors containing the cDNAs for either the AaHNF-4a or

-4b isoforms. 8) AaHNF-40 represses activation by AaHNF-4a and -4b. Cells

were cotransfected with either 100 ng of AaHNF-43 or -4b, and various amounts

of AaHNF-4c.
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Figure 3.10, Transient transfection of AaHNF-4 isoforms in Drosophila 82 cells.
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containing the AaHNF-4c cDNA (figure 3.108). These results support earlier

work performed in the human embryonic kidney 293T cell line (Kapitskaya et al.,

1998), indicating that this repression was genuine and not due to the

sequestering of cofactors caused by the over expression of the HNF-4 isoforms.

The reporter construct used for these experiments consisted of the

luciferase gene fused to the promoter of the human apoCIII gene (papoCIll-Luc),

which contains the HNF-4 response element APF-l (Taylor et al., 1996). In pilot

experiments, AaHNF-4a and -4b failed to activate or repress the human apoCIII

promoter in the 293Tcell line (data not shown); this is most likely due to the

incompatibility of the mosquito HNF-4 isoforms with mammalian cofactors. Thus,

repression of HNF-4 -mediated transcriptional activation of the papoCIII-Luc

reporter by AaHNF-4c in 293T cells could be attributed to the formation of human

HNF-4/AaHNF-4c heterodimers incapable of binding to DNA. Therefore, I tested

the effect of the AaHNF-4c isoform on the transcriptional activity of the human

hHNF-4a1 protein. In the 293T cells, the hHNF-4a1 caused a dose—dependent

activation of papoCIII-Luc, while transfected AaHNF-4c elicited no change in

activity (figure 3.11A). When the human hHNF-4a1 and mosquito AaHNF-4c

were cotransfected, apoCIII promoter activity decreased in a dose-dependent

manner (figure 3.118). Thus, AaHNF-4c inhibits transcriptional activation by

hHNF-4a1 most likely by forming heterodimers incapable of DNA binding, and

thereby causing a dominant-negative effect (Taraviras et al., 1997).
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Figure 3.11.WThe total

amount of DNA transfected was kept constant at 5 pg using empty vector.

Luciferase values shown are with respect to the basal level of the reporter vector

(papoCIIl-Luc), set to a value of 1, and normalized to a B-galactosidase

coreporter (pCMVB) used to monitor transfection efficiency. Each data point

represents the mean of three replicates :t the standard error. A) Human

embryonic kidney 293T cells were transfected with selected amounts of

expression vectors containing the cDNAs for either the human hHNF-4a1 or

mosquito AaHNF-4c isoforms. 8) AaHNF-4c inhibits transcriptional activation by

hHNF-4a1. Cells were cotransfected with 1 ng of hHNF-4a1 and various

amounts of AaHNF-4c. From Kapitskaya et al. (1998).
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Figure 3.11, Transient transfection of HNF-4 homologs in 293T cells.
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Because many nuclear hormone receptors (NR) are able to bind to the

same response element, it was first necessary to generate AaHNF-4 specific

antibodies to distinguish AaHNF-4/DNA complexes from other NR/DNA

complexes. A GSTHNF-4 fusion protein was constructed and used as the

antigen for polyclonal antibody production. As seen in figure 3.12, this antibody

[a-GSTHNF-4(Com)] recognized all three AaHNF-4 isoforms expressed in vitro

while the preimmune serum did not. The specificity of the a-GSTHNF-4(Com)

antibodies was further demonstrated by EMSA. In addition to AaHNF-4, the

mosquito ecdysteroid receptor/ultraspiracle complex (AaEcR/AaUSP; Cho et al.,

1995; Kapitskaya et al., 1996; S. Wang, A. Raikhel, unpublished results),

AaHR38 (Zhu et al., 2000; homolog to the vertebrate nerve growth factor-induced

protein 8, NGFI-B), and Seven-up (AaSVP; K. Miura, J. Zhu, N Dittmer, A

Raikhel, unpublished results; homolog to the vertebrate chicken ovalbumen

upstream promoter transcription factor, COUP-TF) all are capable of binding to a

DR1 (figure 3.13, lanes 1, 4, 7, and 10). The addition of a-GSTHNF-4(Com)

antibodies abolished the binding of AaHNF-4b to the labeled probe, but did not

affect the DNA-binding affinity of AaEcR/AaUSP, AaHR38, or AaSVP (figure

3.13, lanes 3, 6, 9, and 12). The addition of the preimmune serum had no affect

on any of the NR/DNA complexes (figure 3.13, lanes 2, 5, 8, and 11).

EMSA experiments using fat body nuclear extracts prepared from various

time points throughout the vitellogenic cycle was next employed to examine

when AaHNF-4 proteins can actively bind DNA. A strong shift was detected with
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Figure 3-13.MWEMSA was used to

verify the specificity of the a-GSTHNF—4(Com) antibodies. Various mosquito

nuclear hormone receptor proteins were synthesized in vitro and incubated with a

DR1 probe in the presence (+) or absence (-) of preimmune serum (PI) or HNF-4

antibodies.
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nuclear extracts from 3-5 days post eclosion and 36 hours PBM, with weak

binding detected at 12 hours PBM and moderate binding at 24 hours PBM (figure

3.14A). Since 24 and 36 hours PBM represent the transition from peak YP

synthesis to the termination of Vitellogenesis, these time points were further

examined using the a-GSTHNF-4(Com) antibodies. These antibodies were able

to abolish the complexes formed in both samples, indicating that most, if not all,

of the complexes contained AaHNF-4 proteins (figure 3.148). As with the

NR/DNA complexes formed using in vitro synthesized proteins, the preimmune

serum had no affect on the complexes formed between the DR1 probe and the

nuclear extracts (figure 3.148).

DISCUSSION

Comparison of the deduced amino acid sequences of AaHNF-4a and -4b

revealed that these isoforms are typical members of the HNF-4 subfamily. They

differ only in the N-terminal end of the variable N8 domain, with only the first 33

amino acids of AaHNF-4a and the first 6 amino acids oanHNF-4b being the only

variation between the two. This is strikingly similar to 8mHNF-4a and -4b, which

have unique N-terminal sequences of 32 and 6 amino acids respectively

(Swevers and latrou, 1998). The other domains are identical and show a

remarkable level of conservation: the C (DNA-binding), D (hinge), and E

(dimerization/ligand-binding) domains share over 90%, 77% and 85% amino acid
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A) EMSA was performed with fat body nuclear extracts prepared from the time

points indicated (d PE, days post eclosion; h PBM, hours post blood meal) and

incubated with a 32P-labeled DR1 as the probe. Ten mosquito fat body

equivalents were used per lane. 8) Characterization of binding complexes.

Nuclear extracts prepared from 24 and 36 hours PBM were further examined by

the addition of a—GSTHNF-4(Com) antibodies or preimmune (Pl) serum to the

binding reaction (1 :100 dilution). The presence or absence of antibodies is

indicated above each lane.
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similarity with the corresponding domains in rat and insect HNF-4s (figure 3.3).

The third mosquito isoform, AaHNF-40, is unique among vertebrate and insect

members of the HNF-4 subfamily in that the greater part of the N8 domain and

the entire DNA-binding domain are absent; consequently, AaHNF-4c cannot bind

DNA. Northern hybridization revealed three transcripts of 2.8 kb (AaHNF-4a),

2.1 kb (AaHNF-4b) and 1.8 kb (AaHNF-4c) in the fat body of adult females.

Utilization of a domain-specific probe further confirmed the existence of a

transcript that indeed lacks the sequence that encodes for a section of the N8

and the entire DNA-binding domains.

It seems likely that a single gene encodes for the three mosquito isoforms.

Comparison of the three mosquito sequences suggests that they are created by

usage of unique 5’-exons that are alternatively spliced to a common set of

3’-exons. Amplification of genomic DNA by PCR using primers designed on

sequences flanking the C-terminal boundary of the deleted region in AaHNF-40

identified an intron of approximately 3 kb (data not shown). However, the same

approach was unsuccessful when applied to the putative splice junction at the N-

terrninus of the deletion, likely due to the presence of a large intron; a common

feature of genes encoding for nuclear receptors (Segraves and Hogness, 1990;

Koelle et al., 1991; Talbot et al., 1993; Taraviras et al., 1994; Zhong et al., 1994).

Additional support for the mechanism of alternative splicing comes from

structural analysis of the mouse HNF-4 gene. It consists of at least 10 exons,

with seven of these (exons 2 - 8) encoding the conserved sequences of the DNA-

binding, hinge and dimerization domains (Taraviras, et al., 1994). Significantly,
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the third intron is located between the glutamic acid at postition 119 (E119) and

the alanine at position 120 (A120). These residues are conserved in the

mosquito isoforms (E144 and A145 of AaHNF-4a, and E117 and A118 of

AaHNF-4b) and map precisely to the C-terminal boundary of the deletion in

AaHNF-4c.

In the adult rat and mouse, the expression of HNF-4 is not restricted to the

liver, but is fairly high in the kidney and intestine as well (Sladek et al., 1994).

Likewise, in the Drosophila embryo, HNF-4 mRNA has been detected in the

developing fat body (liver analog), Malpighian tubules (kidney analog) and midgut

(intestine analog) dun’ng organogenesis (Zhong et al., 1993). HNF-4 transcripts

were detected in several tissues of 8. mon' with the highest levels in the fat body,

gut, ovaries, and testis (Swevers and latrou, 1998). Similarly, in the adult

mosquito, HNF-4 transcripts were detected in the fat body, midgut, and

Malpighian tubules. However, in the ovary, AaHNF-4b is the only transcript

detected during the entire vitellogenic cycle. This is in contrast to 8. mon' where

both isoforms have been found in the ovary and developing follicles (Swevers

and latrou, 1998).

The expression pattern of the AaHNF-4 isoforms varies significantly over

the course of the vitellogenic cycle in the fat body (figure 3.6). lmportantly, these

changes in AaHNF-4 expression correspond to essential shifts in the functional

activity of this tissue (Raikhel, 1992). As cell culture transfection experiments

have established that both AaHNF-4a and -4b are transcriptional activators, the

differential expression of their transcripts in the fat body suggest that these
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isoforms execute distinct functions required at different stages of the vitellogenic

cycle. It is noteworthy that in nuclear receptors, the A18 domain has been

implicated in both transactivation and recognition of regulatory sequences of

various target genes (Tsai and O’Malley, 1994).

The AaHNF-4a transcript is present in the female fat body during the first

day after eclosion, but its level dramatically decreases in the following days of

previtellogenic development, a time when the fat body is preparing for

Vitellogenesis under the control of juvenile hormone. The AaHNF-4a transcript is

practically absent during the first 24 hours PBM, during which Vitellogenesis is

initiated and the expression of YP genes reaches maximal levels under the

control of the rising titer of the insect steroid hormone 20E. Transcript levels then

gradually rise during the next 12 hours when the titer of 20E drops sharply and

the expression of the YP genes are halted. It is intriguing that this is very similar

to the profile of another nuclear receptor, AaUSPa, in the mosquito fat body

during Vitellogenesis (Wang et al., 2000a). AaUSPa also showed its highest

level in the first day post eclosion followed by a dramatic drop in mRNA levels

that remained low until beginning to rise again at 24 hours PBM. Moreover, this

expression of AaUSPa was dependent on the exposure then withdrawal of 20E

from the fat body. Thus, AaUSPa was acting like a classical “late gene” in the

ecdysone regulatory cascade in which ecdysone stimulates the expression of

“early genes” but represses the expression of “late genes” (Ashbumer et al.,

1974). The “early genes” then stimulate the expression of the “late genes” while

repressing the action of ecdysone. This observation is all the more interesting
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considering that the 8mHNF—43 also behaved like a late gene during 20E-

mediated development of the ovary (Swevers and latrou, 1998).

The significant elevation in the AaHNF-4a transcript level at 36 hours

PBM, corresponds to the time when the synthesis of YPs are terminated and the

fat body undergoes remodeling from a protein synthesizing tissue to a storage

depot for lipid reserves (Kan and Ho, 1972; Behan and Hagedom, 1978). Sun et

al. (2000) determined that while synthesis of lipophorin, a lipid carrier protein,

reached peak levels by 18 hours PBM, accumulation of lipophorin by the fat body

continued throughout the postvitellogenic period. Recently, a putative lipohorin

receptor was cloned from A9. aegypti (S—J Seo, H-M Jun, A Raikhel, unpublished

results). Northern blot analysis demonstrated that this gene was expressed in

the fat body only between 30 and 48 hours PBM. In agreement with this, the

greatest binding activity of nuclear extracts to a DR1 during Vitellogenesis was at

36 hours PBM. The abolishing of this binding by the AaHNF-4 specific

antibodies indicates that most, if not all, of the proteins in complex with the probe

are AaHNF-4. Since HNF-4 is known to regulate genes involved in lipid

metabolism in vertebrates (Sladek, 1994), it is likely that this function has been

conserved in insects as well. Thus, it is possible that AaHNF-4a may play a role

in regulating genes involved in lipogenesis in the mosquito fat body. This idea is

further supported by a recent report that fatty acyl-CoA thioesters are potential

ligands of HNF-4 which was previously considered an orphan nuclear receptor

(Hertz et al., 1998).
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In contrast to AaHNF-4a, the AaHNF-4b mRNA accumulates during the

previtellogenic period, then drops to a lower level that is maintained throughout

the vitellogenic synthesis phase. In agreement with this, strong binding to a DR1

is detected with nuclear extracts prepared from fat bodies 3-5 days after

emergence (post eclosion), while only weak binding is detected at 12 hours PBM

and only moderate binding at 24 hours PBM, the time of peak YP synthesis.

These results suggest that AaHNF-4b is involved in the previtellogenic

preparation of the fat body but not in synthesis of the YPs. Nevertheless, the

identification of HNF-4 binding sites in the 5’-upstream region of the YP genes

Aavg and Aavcp, suggests the possible role of HNF-4b in regulating the

expression of these genes. The putative HNF-4 motif in the Aavg gene,

VgHNF4, is an imperfect DR1 that closely corresponds to the consensus HNF-4

binding site, while the binding site in the Aavcp gene, VCPHNF4, is more unique

in that it has two nucleotides that separate the two half-sites, previously reported

only for the erythropoietin gene (Blanchard et al., 1992). However, as shown in

figure 3.13, several NR are able to bind to a DR1, including AaEcR/AaUSP, the

functional receptor for the steroid hormone 20E. As these are the results of in

vitro experiments, the importance of VGHNF4 and VCPHNF4 in vivo, as well as

the proteins that bind there, remains to be determined.

Synthesis of YPs reaches maximal levels between 24-27 hours PBM, then

decreases dramatically. It is at this time that the level of the AaHNF-4c transcript

increases relative to the other two. This pattern of expression raises the

possibility that AaHNF-4c plays the role of a transcriptional repressor involved in
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switching gene regulation in the mosquito fat body. A number of proteins with

abolished DNA-binding function have been identified including E758 (Seagraves

and Hogness, 1990), SHP (Seol etal., 1996), Id (Benezra et al., 1990), and

ERbA p30 and p27 (Bigler et al., 1992), all belong to families of dimeric

transcription factors. It is plausible then that the AaHNF-4c isoform can act as a

dominant negative factor by forming heterodimers with other AaHNF-4 isoforms,

which are incapable of DNA-binding and subsequent transcriptional activation. In

support of this hypothesis, l have shown that AaHNF-4c can abolish the binding

of AaHNF-4a, -4b, and even rat HNF-4a1 to target DNA sequences in vitro, and

to repress HNF-4 mediated transcriptional activation in cell culture. The ability of

the mosquito HNF-4c isoform to inhibit the formation of binding complexes

between the rat HNF-4a1 and the HNF-4 response element clearly demonstrates

dimerization between these HNF-4 homologs, as was also demonstrated

between Drosophila and rat (Zhong et al., 1993). The precise role of the AaHNF-

4c isoform in regulation of the fat body-specific gene expression in the mosquito

remains to be elucidated. However, the discovery of an HNF-4 isoform which

lacks the DNA binding domain and serves as a transcriptional repressor has

expanded our view on potential functions of this important transcription factor.
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CHAPTER 4

CLONING AND CHARACTERIZATION OF MOSQUITO CREB
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INTRODUCTION

As mentioned previously in Chapter 1, Vitellogenesis requires the

coordinated activity of several tissues: the midgut where the blood meal is

digested, the fat body which synthesizes the yolk protein (YP) precursors, and

the ovaries which internalize these proteins through receptor mediated

endocytosis. The need to coordinate these activities necessitates the ability of

these tissues to communicate with each other. Peptide hormones have been

implicated in the regulation of these processes, and some have been identified

and characterized (Chapter 1, pages 13-17). The cAMP signal transduction

cascade is one of the more common pathways utilized by cells to convey

information about the binding of peptide hormones to cell surface receptors, to

the nucleus where target genes are activated. Cyclic AMP has already been

implicated in the regulation of several vitellogenic related events (Chapter 1,

page 35). In combination with the identification of putative cAMP response

elements (CREs) in the regulatory regions of the YP genes Aavg and Aavcp

(described below), a mosquito homolog to the cAMP response element binding

protein (CREB) was cloned and characterized as a begining to investigate the

role of the cAMP signal transduction cascade in the regulation of vitellogenesis.
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RESULTS

WSW

Using degenerate primers designed on the high conservation of amino

acids in the DNA binding and protein dimerization domains (bZlP) between

Drosophila and human CREB proteins, the polymerase chain reaction (PCR) was

used to amplify a 112 bp fragment. Sequencing confirmed that the PCR product

encoded for a portion of the bZIP region. This fragment was then used to screen

and isolate a 4 kb clone from a mosquito cDNA library. This clone had a 1.93 kb

5’-untranslated region and an open reading frame of 885 bp that encoded for a

protein of 295 amino acids (figure 4.1). The 3’-untranslated region was 1.2 kb

long but lacked a consensus polyadenylation signal sequence. The mosquito

homolog, which I have named AaCREB, showed high sequence similarity to both

the Drosophila and human proteins in the bZIP region, having 97% and 86%

identity respectively (figure 4.2A). However, outside of this region the sequence

similarity was much reduced, having only 38% identity with the Drosophila

isoform dCRE82-d (figure 4.28). Homology between the mosquito and human

CREB proteins outside of the bZIP region is restricted mainly to the residues

surrounding the PKA-box, however, several residues shown to be critical for

interaction with CBP are conserved (Parker et al., 1996; Radhakrishnan et al.,

1997) (figure 4.20); surprisingly, the mosquito sequence shows higher similarity

with the human protein than with Drosophila in this area.
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GTAGACTCTTTTTCGTGAGGGCTCCCGCCAAACCCCCCGAAAAAAAACCCCGCACGCT 58

TGCCCGCCCACCGCCGCCACCTCCTCTGGGCACGCTGACCGAACAACGACCAAAATCGCT 118

ACAACCCTGGCAAAACTGGCGGGCAACTCGCGAGGAGGAGGCGGGCTTTGGCAGCTGAAG 178

CAGGAGGCCATGGACAACATGGTCGAGGAGAATGGATCCT CTCGATGGACCCGCTGGGA 238

M D N M V E E N G S (E) S M D P L G 17

GCATCCGGCGGCGGTTCGTCCGATCACCAACAACAGCACCAACAGCAGCACAGCAGTAGT 298

A s G G G s s D H Q Q Q H Q Q Q H s s s 37

AGTTCGGGGGCGGGGCCAACGTCCCGGCTCAACAACTCCAGTGGGCCCAACGTCGGCGAA 358

s s G A G P (:) s R L N N s s G P N v G E 57

AATCTCACCTCGTCCGCAAATGTTGTACAAATCCTGCCGCCGTCGCACACCTCCAGTGGC 418

N L T s s A N v v Q I L P P s H T s s G 77

AGCATCCAGGCACAATGAGTCATACAGCAGAACCAGCAATCGGTGATACAAACCGCAGCC 478

s I Q A Q s v I Q Q N Q Q s v I Q T A A 97

GGCCAGATACCTGCACTACCCCGAGGCGTATTATTAGTGTGTAACAAACCTAGCTCAGTC 538

G Q I P A L P R G v L L v c N K P s s v 117

ATTCACACCACGCAAGGCAGTTTGCAGGCTATCCAGATCAAACCAGAGCCGCACGTCGGC 598

I H T T Q G s L Q A I Q I K P E P H v G 137

AGCGGTGGCAGTATCATGACCGATA CAACAGTGACGATA GATGT CGATGACGAGGCC 658

s G G s I M T D N s D D M D n E A 157

   T GCCAAAGAAGCGAAGAGATTTACTAA CGACGACCCTCCTATCGTAAGATTCTGAGC 718

P K K R R D L L ’ ' ” R K I L S 177

GACCTCGGCGGAGCGGAAATTGCAAATGCCCATGGCGATGGCTCAGGACTGCATGCGTTA 778

D L G G A E I A N A H G D G S G L H A L 197

GCAGCGACCGGCGGTGGCGTAGTGCAATATACCCAGGCCCAGGATGGTCAAATTTACGTA 838

 

A A T G G G V V Q Y T Q A Q D G Q I Y V 217

CCTCATCTTTTTCCCAATGCAGTCATCGGCGGCAACGTGCAGCTAGAGGACCAGT C 898

P H L F P N A V I G G N V O L E D Q '2‘ 237

1‘ .IA AT TT ‘GAA AA .LLAAG ‘ A T T .L “ AA_ 958

K R E M R L Q K N R E A A R E C R R K K 257

-. I; I ; I: .1 I; : . It. : :: .; I; 4;; 1018

fK E Y I K C L E N R V A. V L E N Q N K A_‘ 277

 

. GAGCTCTACTGCCAGCAGAAGAACGATTGAGAT 1078

LIEVELKIRLKELYCQQKNDTIF 295

GCCGATTGAGAAGAAGAAGACGCAAGAAGACAATAGTCGGCGCTCGTCACGACTACCAAG 1138

TACCATTTCTTGAACTATTACGACTAGGACTTCAACCAACAAAAGCGATGCCGTGGATGT 1198

GGTTTGTTACCAACCAGGGTTCAAAAAAAATCCCCTAAAAGAACGGTAGAC 1249

Figure 41.WW8.

The 4 kb AaCREB cDNA was sequenced in its entirety; only the 1.25 kb Acc I

restriction fragment subcloned for in vitro expression is shown here. The PKA

phosphorylation site is boxed in black with the single letter abbreviations of the

amino acids in reverse phase. The bZIP domain is boxed in gray with the

leucines of the leucine zipper region underlined. Potential phosphorylation sites

are circled and were identified using the MOTIFS computer program (Wisconsin

Package, Genetics Computer Group). Numbers on the right represent nucleotide

and amino acid positions.
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Figure4.2, IIIMI 0| 0 A.-. K 3 ' I '10 HI: -.I0_ I II-.I s - 0 0 ‘l

(A) Alignment of the bZIP domains of mosquito (AaCREB), Drosophila

(DmCREB, Usui et al., 1993; Yin et al., 1995b), and human (HsCREB, Hoeffler et

al., 1988) CREB proteins. Vertical lines represent identical amino acids, colons

depict conservative substitutions. (8) Comparison of AaCREB with the

Drosophila isoform dCRE82-d. Alignment was generated by the GAP computer

program (Wisconsin Package, Genetics Computer Group) and adjusted by eye.

Dashes indicate gaps introduced to optimize alignment. Vertical lines and colons

are the same as in (A). Numbers on the right indicate amino acid positions.

(0) Alignment of the sequence surrounding the PKA phosphorylation site of

mosquito, Drosophila, and human CREB proteins. The PKA recognition site is

boxed in. The asterisks above the amino acids in the human CREB sequence

are residues shown to make contact with CBP (Parker et al., 1996;

Radhakrishnan et al., 1997). Vertical lines and colons are the same as in (A).
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A

HSCREB: RKREVRLMKNREAARECRRKKKEYVKCLENRVAVLENQNKTLIEELKALKDLYCH—KSD

|||| II ||||||||||||||||=||||||||||||||| |||||| II III | I

AaCREB: RKREMRLQKNREAARECRRKKKEYIKCLENRVAVLENQNKALIEELKSLKELYCQQKND

|||| |||||||||||||||||||||l|||||||||||||||||||||||||||| Ill

dcasez: RKREIRLQKNREAARECRRKKKEYIKCLENRVAVLENQNKALIEELKSLKELYCQTKND

AaCREB: MDN-MVEENGSSS --------------------MDPLGASGGGSSDHQQQ 29

dCREBZ-d: NLNSIVAANGN;éAASGsNDVVDVVAQQAAAAVGGGGGGGGGGGGGGNPQ so

AaCREB: HQQQHSSSSSGAGPTSRLNNSSGPNVGENLTSSANVVQILPPSHTSSGSI 79

dCREBZ-d: QéQQNPQéTTAGGPIGATNNAQGGGVSSVLITTANCNIQYPIQTLAQHGL 100

AaCREB: QAQSVIQQNQQSVIQTAAG---QIPALP-----RGVLLVCNKP-SSVIHT 120

W... IVIIIIIAIPSGIIIIIIITQQIQQIIWAMQKIWIAKPINITIIII

AaCREB: TQGSLQAIQIKPEP----HVGSGGSIMTDTNSDDTMSDDEASPKKRRDLL 166

dCREBZ-d: IPGNAVQQRNKIPLTFPCKIKPEPNTQHPEDéLPSLsLLPS--QHHKSEL 198

AaCREB: TRRPSYRKILSDLGGAEIANAH---GDGSGLHALAAT-—GGGVVQYTQAQ 211

dCREBZ-d: IKKPéLNKIFTP;SGPPMSGASLPMSLéVLNSQLVGIGAGGNAANsSLMQ 248

AaCREB: DGQIYVPHLFPNAVIGGNVQLEDQSRKREMRLQKNREAARECRRKKKEYI 261

dCREBZ-d: LDPTKILSNRMSYNINNSGIAALQTKKAAIALQKNKAAAAAGKAKKKAKI 298

AaCREB: CLENRVAVLENQNKALIEELKSLKELYCQQKND 295

lllll||l||l||ll|Illlllllllllll lll

dCREBZ-d: KCLENRVAVLENQNKALIEELKSLKELYCQTKND 332

C

   

* * ** ** ** ***

HeCREB: QKRREIL ILNDLSSDAP

|||==| ||||||||| ||

AaCREB: KKRRDLLTRRPS KILSDLGGAEI

I ||||||| || |

dcnsez: QHHRSELTRRPS KIFTEISGPDM

Figure 4.2, Comparison of AaCREB with Drosophila and human CREB proteins.
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Northern blot hybridization was used to analyze the mRNA expression

profile of AaCREB. Messenger RNA was extracted from the fat bodies of female

mosquitoes at various time points post eclosion and post blood meal. After gel

electrophoresis and nucleic acid transfer to a nitrocellulose membrane, the blot

was hybridized with a single strand antisense DNA probe. Three transcripts of

approximately 5, 4, and 3.5 kb were detected (figure 4.3). The 4 and 3.5 kb

transcripts were detected at all time points tested, showing highest levels during

the previtellogenic (post eclosion) period and the first 12 hours after a blood

meal. The 5 kb transcript was of much lower abundance and was only seen at

the time points when the 4 and 3.5 kb messages were at their highest levels.

Failure to detect the 5 kb transcript at other time points is likely due to the

limitations of the sensitivity of the Northern analysis. For comparison, the blot

was also hybridized with probes for mosquito actin (Deitsch et al., 19953), a

constitutively expressed gene, and vitellogenic carboxypeptidase (Aavcp), an

ecdysteroid responsive yolk protein (YP) gene. It is interesting to note that

between 18 and 36 hours post-blood meal, a time when YP synthesis is at its

maximum in the fat body, the CREB mRNA is at its lowest levels (compare the

expression of CREB with Aavcp in figure 4.30).

El l I I' “I'll SI'EIE (EMS?)

In vitro expression of the AaCREB CDNA produces a 41 kDa protein when

resolved by sodium dodecyl sulfate - polyacrylamide gel electrophoresis

110



Figure 4.3.WWWNorthern blot

analysis of mRNA prepared from dissected fat bodies at the indicated times: d,

days; h, hours; PE, post eclosion; PBM, post blood meal. Panels A) and C) have

35 mosquito fat body equivalents loaded per lane. Panel B) has 25 mosquito fat

body equivalents loaded per lane. This blot had been previously hybridized with

probes for mosquito lipophorin, actin, and vitellogenic carboxypeptidase (VCP)

(Sun et al., 2000). The bands identified by an asterisk in panel B are a result of a

residual signal from the VCP hybridization. An RNA molecular weight marker (in

kilobases) is marked to the left of each panel.
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(SDS-PAGE) (figure 4.4A). Electrophoretic mobility shift assays (EMSAs) were

used to examine the DNA-binding ability of this protein. The consensus binding

site for CREB proteins is the sequence 5’-TGACGTCA-3’, known as the cyclic-

AMP response element (CRE). The CRE of the rat somatistatin gene (SomCRE;

Montminy at al., 1986) was used as a probe in EMSA experiments. As seen in

figure 4.48, lane 2, AaCREB was able to bind with the labeled SomCRE. This

binding could be competed away with an excess of unlabeled SomCRE DNA, but

not by a non-specific competitor (figure 4.4B, lanes 3 and 7). In addition, putative

CREs identified in the sequences flanking the YP genes Aavg and Aavcp were

also able to compete for binding (figure 4.48, lanes 4-6). This experiment

demonstrated that AaCREB is a DNA-binding protein and may have the potential

to regulate Aavg and Aavcp gene expression through binding to their CRES.

Next, nuclear extracts were used in EMSA experiments to examine at

what time points during Vitellogenesis AaCREB is actively bound to DNA. As

seen in figure 4.5, binding to the labeled probe was only detected at 24 and 36

hours post-blood meal; a time when YP synthesis in the fat body reaches its

peak levels then rapidly terminates. This binding could be super-shifted with

antibodies that recognize the phosphorylated form of CREB, indicating that the

proteins binding in the nuclear extracts are CREB related.

I 'II El' 'EII-l II

To examine whether AaCREB could act as an activator or repressor of

transcription, transient transfections were performed in the African green monkey
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Figure 4.4,WA) Expression of the AaCREB

cDNA in vitro The pBSAaCREB clone (see Materials and Methods; Chapter 2,

page 57) was expressed in vitro and labeled with35S-methionine; translation

products were resolved by electrophoresisIn a 10% SDS-polyacrylamide gel.

B) EMSA using in vitro excgressed AaCREB. EMSA was performed using in vitro

expressed AaCREB and 2P-labeled SomCRE as the probe. Lane 1, SomCRE

probe with unprogrammed TNT lysate; lane 2, SomCRE probe with AaCREB TNT

lysate; lanes 3-7, same as lane 2 plus the addition of unlabeled competitor DNA,

expressed in molar excess with respect to the labeled probe. Competitor DNA

sequences are: SomCRE: TGACGTCA; VgCRE: ATACGTCA (located 1.7 kb

upstream of the transcription start site); VCPCRE1, ATACGTCA (located 153 bp

downstream of the polyadenylation signal); VCPCRE2, TTCCGTCA (located 1.3

kb downstream of the polyadenylation signal); bZIP2, CTTGAGCAAT (Dittmer

and Raikhel, 1997), which binds the CCAAT/enhancer-binding protein (C/EBP)

was used as a nonspecific competitor. Bold type indicates matches to the

SomCRE.
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Figure 4.5.WWW

EMSA was performed with fat body nuclear extracts prepared from the time

points indicated (d PE, days post eclosion; h PBM, hours post blood meal) and

incubated with a 32P-labeled SomCRE as the probe. Ten mosquito fat body

equivalents were used per lane. In vitro expressed AaCREB was used as a

control for binding. The addition (1 :100 dilution), or omission, of anti-

phosphoCREB antibodies is indicated above each lane.
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kidney cell line (CV-1). Using a luciferase reporter gene containing 4 copies of

the consensus CRE, a 5-6 fold increase of luciferase activity was detected upon

induction of the cAMP pathway with a plasmid containing the catalytic subunit of

protein kinase A (PKA) (figure 4.6A). This activation was repressed by the

cotransfection of AaCREB in a dose dependent manner. This repression is likely

due to the competition for DNA-binding between the endogenous CREB and the

exogenous AaCREB. The repression is unlikely to be due to squelching of basal

transcription factors as the expression of a beta—galactosidase coreporter gene

was unaffected by the addition of AaCREB (figure 4.63). Surprisingly, the

addition of PKA in the transfections resulted in a 4 fold increase in beta-

galactosidase activity. However, within each group of samples were PKA was

either present or absent, beta-galactosidase activity remained constant

regardless of the amount of AaCREB cotransfected, indicating that this increase

in activity was due to the phosphorylation of factors other than AaCREB.

DISCUSSION

In order to begin to elucidate the role of the cyclic-AMP signal transduction

pathway on the regulation of gene expression in the fat body during

Vitellogenesis, l have cloned a mosquito homolog of the CREB/CREM

transcription factor. The mosquito clone, AaCREB, shares nearly perfect

homology with the Drosophila and mammalian CREB proteins in the DNA-

binding and protein dimerization (bZIP) domains, but much reduced homology
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Figure 4.6.W5.A)AaCREB

represses CREB-mediated transcriptional activation. Cells were cotransfected

with the reporter plasmid pCRE-Luc, which contains 4 copies of the CRE

consensus sequence upstream of a synthetic promoter fused to the luciferase

gene, and various amounts of pcAaCREB. Endogenous CREB activity was

stimulated by the addition of pFC—PKA, which encodes for the catalytic subunit of

protein kinase A. B) PKA-enhancement of B—gal expression is CREB

independent. Cells were cotransfected with the reporter plasmid pCMVB, which

contains the B-galactosidase gene fused to the human cytomegalovirus

immediate early promoter, various amounts of pcAaCREB, and either with or

without pFC-PKA.
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Figure 4.6, Transient transfections of AaCREB in CV-1 cells.
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outside of this region. Based on comparison with the several Drosophila

isoforms thus described, AaCREB is most related to dCREBZ-d; initial

characterization of dCREBZ-d reports this isoform not to be an activator of gene

transcription (Yin at al., 1995b). Transient transfection of the AaCREB cDNA into

CV-1 cells likewise failed to activate gene transcription of a reporter construct

and instead acted as a potent inhibitor of PKA-mediated transcriptional

activation. Presumably, this repression was the result of competition between

the exogenous AaCREB and the endogenous CREB for binding to CREs.

However, because of the lack of homology outside of the bZIP domain between

AaCREB and its mammalian counterpart, it is possible that the failure of

AaCREB to activate gene transcription may be due to its inability to interact with

other cofactors in mammalian cells.

Further support for the role of AaCREB as a repressor is suggested by the

time at which active DNA-binding complexes are observed. When several time

points pre- and post-blood meal were examined by EMSA using fat body nuclear

extracts, protein/DNA complexes were detect only at 24 and 36 hours after a

blood meal; a time when Vitellogenesis is in the transition from synthesis to

termination of YP gene expression. The use of nuclear extracts collected at

more frequent time points during Vitellogenesis should provide a more detailed

analysis of the DNA-binding profile of AaCREB.

Northern blot analysis shows the Aacreb gene to be constitutively

expressed throughout vitellogenesis. Interestingly, when the expression of the

YP gene Aavcp is at its highest, AaCREB mRNA levels are at their lowest (figure
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4.3). As detection of DNA-binding by EMSA falls within this time frame, this

suggests a feedback mechanism whereby AaCREB may down regulate its own

expression. Three asymmetrical CREs have been identified in the promoter of

the human creb gene and it is postulated that this allows for transcriptional

regulation, both positive and negative, by CREB and/or CREM isoforms (Foulkes

et al., 1991; Meyer et al., 1993). The identification of putative CREs from the

flanking regions of the Aavg and Aavcp genes, and the binding to these

sequences by AaCREB in vitro, also suggests that these genes could be

regulated by AaCREB as well.

The exact role of AaCREB in Vitellogenesis is, as yet, unknown. However,

AaCREB could repress Aavg and Aavcp gene transcription by preventing other

transcription factors that recognize CREs, or overlapping response elements,

from binding at these sites. Interestingly, the putative mosquito CREs identified

also show strong sequence similarity to the binding sites of another group of

bZIP transcription factors, the PAR subfamily (Drolet et al., 1991; Johnson 1993;

Hurst 1994). When the flanking nucleotides are included in the analysis,

VCPCRE1 matches 7 of 10 nucleotides with RTTACGTAAY, the PAR binding

site consensus sequence (Haas at al., 1995; Falvey et al., 1996). VCPCRE2 and

VgCRE each match 8 of 10 nucleotides with this consensus. Significantly, one

member of the PAR family is the chicken vitellogenin binding protein (VBP),

which binds to a control element in the promoter of the chicken vitellogenin II

gene (lyer et al., 1991; Burch and Davis, 1994). When the amino acid sequence

of the basic (DNA-binding) region of the chicken VBP was used to search the
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Drosophila genome database (Adams et al., 2000), three matches were found.

One match was the previously identified giant gene, which binds to two

regulatory sequences in the upstream region of the Krr'ippel gene (Capovilla et

al., 1992) which show similarity to both CREB and PAR response elements.

However, the other two matches represent previously uncharacterized

Drosophila genes: CG17888 (GenBank accession number AAF50513) shares

82% identity and 91 % similarity with the basic region of VBP, while CG7786

(GenBank accession number AAF58037) shares 64% identity and 88% similarity

with VBP; both of which are greater then the homology between Giant and VBP.

Thus it is possible that mosquito members of the CREB and PAR subfamilies of

bZlP proteins may compete for binding to these elements; an AaVBP homolog

which acts as a transcriptional activator, and AaCREB which represses

transcription.

If AaCREB functions as a repressor, then post-translational modifications

that affect DNA-binding, either directly or through interference of protein

dimerization, could allow for additional regulation of its action. Phosphorylation

of transcription factors can affect DNA-binding either positively or negatively

(Hunter and Karin, 1992). For example, c-Jun (Lin et al., 1992), the vitamin D

receptor (VDR; Hsieh et al., 1993), NF-IL6 (Trautwein et al., 1994), Sp-1

(Armstrong at al., 1997), and HNF-4 (Viollet et al., 1997) all have reduced affinity

for their respective response elements when phosphorylated at specific residues,

while the serum response factor (SRF; Janknecht et al., 1992) and the

adenovirus E4 gene promoter binding protein (E4BP4; Chen et al., 1995) showed
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enhanced DNA-binding upon phosphorylation. How DNA-binding by CREB is

regulated is poorly understood and controversial. Some studies have

demonstrated that phosphorylation by PKA increases DNA-binding to

symmetrical and/or asymmetrical CREs (Nichols et al., 1992; Bullock and

Habener, 1998), while others have shown that DNA-binding is unaffected

(Richards et al., 1996; Wu et al., 1998). However, it should be noted that Nichols

et al. (1992) reported that the PKA-enhanced DNA-binding of CREB could be

attenuated by phosphorylation of serine 115 in CREB 327 (this corresponds to

serine 129 in CREB 341) by glucogen synthase kinase-3. In addition, in vivo

footprinting and in vivo crosslinking experiments have shown that CREB binding

to CREs is enhanced after stimulation of cells with forskolin, an adenylate

cyclase activator, though the mechanism by which this is achieved is unknown

and may be indirect (Boshart et al., 1991; wolfl at al., 1999). One possible

mechanism proposes that the phosphorylation of CREB by PKA allows for the

recruitment of CBP which remodels the chromatin at the CRE, via its intrinsic

histone acetylase (HAT) activity, thereby granting CREB access to the DNA

(wolfl et al., 1999). Nevertheless, CREB binding in vivo appears to be a signal-

mediated event. Since multiple kinase recognition motifs are present in the

CREB protein sequence, a complex pattern of phosphorylation that may affect

DNA-binding or protein dimerization is possible. Of significance, the Drosophila

dCREB2 protein when purified from head extracts, embryos, or Schneider cells,

fails to bind to a CRE in vitro unless first treated with phosphatases (J. Yin,

personal communication). A similar result was observed for c-Jun in human
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epithelial and fibroblastic cells; activation of protein kinase C results in the

dephosphorylation of c-Jun at specific residues and is concurrent with an

increase in AP-1 binding activity (Boyle et al., 1991). Interestingly, in AaCREB,

serine 236 (immediately amino terminal of the basic region) is a possible target

for protein kinase C, and serine 284 (in the leucine zipper region) can potentially

be phosphorylated by protein kinase C and casein kinase II (figure 4.1). Both of

these residues are alanines in mammalian CREB/CREM proteins and therefore

are not subject to phosphorylation (though threonine 324, located in the leucine

zipper, is a possible target for casein kinase II). Recently, Szilak et al. (1997)

 
have reported that phosphorylation within the leucine zipper of a bZIP protein I

destabilizes the alpha helix and results in a reduction of protein dimerization.

Thus, phosphorylation of these serines may present an additional mode of

regulation of insect CREB proteins either through direct interference of binding to

CREs, or by disrupting the formation of dimers. Mutational analysis of these and

other putative phosphorylation sites should help address the role of

phosphorylation in regulating AaCREB DNA-binding.
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CHAPTER 5

SUMMARY AND CONCLUSIONS
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SUMMARY AND CONCLUSIONS

HNF-4 is a liver-enriched transcription factor involved in a wide array of

liver gene expression. These include genes for serum proteins, blood

coagulation factors, metabolism of carbohydrates, lipids, steroids and amino

acids, and liver differentiation (reviewed in Sladek, 1994). Its high amino acid

sequence identity and tissue distribution in insects suggests that it plays a similar

role in invertebrates. Three isoforms of a mosquito homolog have been cloned

and characterized (Kapitskaya at al. (1998) and this dissertation). The AaHNF-

4a and 4b isoforms differ only at their amino terminus, while AaHNF-4c is

missing a greater portion of the NB domain and all of the DNA binding domain.

The three isoforms show differential expression of their mRNA throughout the

first vitellogenic cycle.

.o: OIOA.«_-k . ..I no . no, I: b "--.--I :

During the first day post-eclosion, AaHNF-4a and 4b transcripts are

approximately equally abundant, but AaHNF-4b clearly becomes the

predominant transcript for the rest of the previtellogenic period (see figure 3.6,

page 78). This pattern remains the same for the first 18 hours PBM. From 24 to

33 hours PBM, the two are again in approximately equal proportion, and then

AaHNF-4a becomes the more abundant of the two. Similar to AaHNF-4a, the

AaHNF-4c isoform appears to be absent for most of the previtellogenic period

and during the synthesis stage of the YPs. It is only during the peak of YP
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synthesis just prior to termination of these genes that AaHNF-4c transcripts are

detected, and remain during the termination stage of vitellogenesis.

I‘ no ‘ 0| 0 Ant ‘0 o ‘l 'I I‘ -. on ‘II-.I o 9‘ : o ‘0.

While the mRNA profile of AaHNF-4 suggests that each isoform may be

involved in different aspects of the first vitellogenic cycle in the fat body, the

expression of the proteins may not necessarily mirror that of the mRNA and thus

it is critical to determine the protein profiles of the isoforms. The specificity of the

a-GSTHNF-4(Com) antibodies was demonstrated by both Western analysis of in

vitro synthesized proteins, and EMSA experiments with nuclear extracts (figures

3.12 and 3.13, pages 93 and 95). However, in Western analysis with nuclear

extracts, these antibodies were unable to detect the AaHNF-4 proteins. This can

likely be attributed to the relatively low amount of the antibodies with respect to

the total amount of protein in the antisera. As detailed in the Chapter 2

(Materials and Methods), the antibodies were purified by ammonium sulfate

precipitation. Since this method serves to enrich the lgG component of the

serum, the resulting fraction is a heterogeneous mixture of antibodies. Thus, at

dilutions low enough to be able to identify AaHNF-4 proteins, nonspecific binding

by the other antibodies in the mixture resulted in high background when detected

by chemiluminescence. This problem was very prevalent with the antibodies

specific to AaHNF-4a [a-GSTHNF-4a(NH2)]. even when used against in vitro

synthesized proteins (not shown). Since the GST-HNF-4a fusion construct

contained only the first 33 amino acids of AaHNF-4a, it can be expected that
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fewer epitopes were presented to the rabbit’s immune system as compared to

the GST-HNF-4(Com) which encompassed 300 amino acids, and thus fewer

antibodies were produced. Therefore, affinity chromatography should be used to

further purify the AaHNF-4 specific antibodies. A general scheme for purification

is discussed below.

Alll\ 0.l .10]. 0.‘ IL ‘ 0“ -_I° O.‘ IL ‘all «1.0”;

In the first step, a bacterial culture expressing GST will be lysed by

sonication and the cellular proteins immobilized on a CNBr—activated Sepharose

43 matrix. The antisera will be incubated with the matrix to remove antibodies

against GST and bacterial proteins that may be present. Having removed the

antiGST antibodies, the GSTHNF-4 fusion proteins will then be coupled to the

matrix and used to bind the a-GSTHNF-4 antibodies. After extensive washing to

remove unbound proteins, the a-GSTHNF-4 antibodies can be eluted from the

matrix. Once purified, these antibodies should allow for Western analysis to be

performed with nuclear extracts. Because the AaHNF-4a and -4b proteins are of

such similar size (see figure 3.12), it is unlikely that it will be possible to

differentiate between them by SDS-PAGE and Western analysis with the (1-

GSTHNF-4(Com) antibodies. Thus, analysis using the two antibodies in parallel

will be invaluable in deducing the profile of AaHNF-4b. In addition, Western

analysis should be able to determine when and at what levels (with respect to the

other isoforms) AaHNF-4c is expressed.
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The combination of EMSA with nuclear extracts and HNF-4 specific

antibodies indicates that HNF-4 binding activity is highest during the

previtellogenic and termination stages in the fat body (figure 3.14, page 97). This

suggests that the main role of AaHNF-4 is to regulate the developmental events

occurring in the fat body prior to and after YP gene expression. With respect to

the types of genes known to be regulated by HNF-4 in mammals, perhaps those

most relevant here are genes involved in the metabolism of lipids. Most of the

apolipoproteins synthesized in the vertebrate liver are regulated at least in part

by HNF-4. A direct role has been demonstrated for HNF-4 in the regulation of

apoAII, apoB, apoCII, and apoClII (Sladek et al., 1990; Ladias et al., 1992;

Mietus—Snyder et al., 1992; Metzger et al., 1993; Kardassis et al., 1998; Vorgia at

al., 1998). In addition, mouse embryos generated from HNF—4a4' embryonic

stem cells failed to express apoAI and apoAIV (Duncan et al., 1997; List al.,

2000). The striking conservation of the tissue distribution of HNF-4 between

vertebrates and invertebrates suggests that HNF-4 likely regulates many of the

same classes of genes in insects as well. Thus a probable candidate in

mosquitoes is the Iipophon'n (Aalp) gene. Aalp could also prove to be an

excellent example for studying tissue and hormonal regulation. In addition to its

normal levels of expression, Aalp is up regulated by 20E during Vitellogenesis

(Van Heusden et al., 1998; Sun et al., 2000). As both AaHNF-4 and

AaEcR/AaUSP can bind to a DR1 (figure 3.13), it would be interesting to

examine if the same binding site is used for hormonal and tissue specific
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regulation, or if separate elements are required. Since AaHNF-4b appears to be

constitutively expressed in the fat body, I would hypothesize that it is the isoform

more likely to regulate lipophorin gene expression. The recent cloning of a

partial cDNA for AaLp (Van Heusden et al., 1998) should allow for the isolation of

the gene and the subsequent characterization of its promoter.

Another candidate gene for HNF-4 regulation is the lipophorin receptor

(Aalpr). As mentioned in Chapter 3, a putative AaLpR was cloned from a

mosquito fat body cDNA library. Northern hybridization has shown this transcript

to be expressed only between 30 and 48 hours PBM, a time when the fat body is

increasing storage of lipid reserves. EMSA with nuclear extracts prepared from

fat bodies at 36 hours PBM detected strong binding with the DR1 probe (figure

3.14A). The abolishing of the shift complex with a-GSTHNF—4(Com) antibodies

indicates that this complex contains mostly, if not entirely, AaHNF-4 proteins

(figure 3.14B). This correlation between Aalpr gene expression and AaHNF-4

binding activity in the fat body strongly suggests that AaHNF-4 may be involved

in its regulation. Given that Aalpr expression was detected only during the

termination period, AaHNF-4a would seem to be the more likely of the two to be

involved in its regulation. The (potential) identification of two genes showing

differential expression but both being regulated by HNF-4 would present an

excellent opportunity to study isoform specific gene regulation.
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The complete amino acid identity of the AaHNF-4 isoforms, with the

exception of their amino terminus, suggests that they are the products of

differential splicing and/or alternative promoter usage of a single gene. A logical

question is to ask what is responsible for the differential expression of these

isoforms during vitellogenesis. The mRNA expression profile of AaHNF-4a bears

a striking resemblance to that of AaUSPa. Since 20E was shown to regulate the

expression of AaUSPa (Wang et al., 2000a), and BmHNF-4a (Swevers and

latrou, 1998), similar experiments should be carried out for AaHNF-4. In these

experiments, mosquito fat bodies are cultured in vitro either continuously in the

presence of 20E, or for only a short time followed by culturing in media without

20E. At various time points during incubation, mosquito fat bodies are collected

and RNA is isolated from the tissue. The RNA is reverse transcribed, and the

synthesized cDNA is used as template for PCR (RT-PCR) with isoform specific

primers. Following amplification, the products are separated by gel

electrophoresis and transferred to a nitrocellulose membrane for Southern

hybridization. Phosphorimaging can then be used to quantitate the activity of

each sample. In parallel, PCR can be performed with primers specific for

AaUSPa, AaVCP, and actin as controls. AaUSPa should only show stimulation

in samples where 20E was exposed and then withdrawn from the fat body.

AaVCP should show activation only in the presence of 20E. Actin levels should

remain constant regardless of the presence or absence of 20E.
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Though it is believed that 20E is the main regulator of YP gene

expression, it is likely that peptide hormones also play an important role. This is

further supported by the affect stimulators of the cAMP pathway have on

vitellogenin accumulation by the ovaries (Sappington et al., 1998) and the

secretion of salts and water from the Malphigian tubules after a blood meal

(Petzel at al., 1987). Because the cAMP pathway is a very common signal

transduction cascade utilized by cells and a link has already been established

with other vitellogenic events, I was interested in the possible role this pathway

may play in regulating YP gene expression. Towards this goal, a cAMP

response element binding protein (CREB) transcription factor was cloned. As

described in Chapter 4, the mosquito homolog contains the characteristic

domains of the CREB family of transcription factors; mainly a putative KID region

and a highly conserved bZIP domain responsible for DNA binding and protein

dimerization. The gene is constitutively expressed and produces two major

transcripts of 3.5 and 4 kb, and a minor transcript of 5 kb (figure 4.3, page 113).

Functional analysis in cell culture indicates that AaCREB can be a potent

repressor of transcription. Activation of a CRE-responsive luciferase reporter

gene by endogenous CREB in CV-1 cells could be blocked by coexpression with

AaCREB (see figure 4.6, page 119). Presumably, this repression is by

competition for binding to response elements in the DNA. However, as negative

results can be misleading, AaCREB expression should be tried in another cell

line. The Drosophila dCREB2-a transfections were performed in F9 cells,
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demonstrating that an insect CREB protein can work in mammalian cells. Since

CREB is a ubiquitous protein, it seems unlikely that cell specific accessory

factors would allow for an insect homolog to function as an activator in one cell

line but not in another, and at the same time show no such discrimination

towards the mammalian protein. Nevertheless, transfections should be tried in

F9 cells since this cell line was shown to support dCREB2-a mediated

transcription (Yin et al., 1995b).

Additionally, current work has demonstrated that the B-galactosidase

reporter construct used to normalize transfection efficiency is affected by PKA

(figure 4.6B). Since this activation was consistent, regardless of the presence or

absence of AaCREB, it can be concluded that the affect of PKA was due to its

phosphorylation of factors other than CREB. Nevertheless, it is less than ideal to

have a “control” vector affected by the treatment. Therefore, a vector utilizing a

different promoter to drive B—galactosidase gene expression should be used. The

CMVB plasmid used in the experiments reported here contains the

cytomegalovirus (hence CMV) immediate early gene promoter. Alternatively,

luciferase reporter activity can be normalized against total protein content of the

cells. However, since this does not directly reflect the efficiency of transfection, it

will require several more repetitions to be performed to reduce the variation

caused by differences in transfection efficiency of independent experiments.
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Transient transfection in CV-1 cells demonstrates that AaCREB can

function as a transcriptional repressor. This notion is further supported by the

detection of shift complexes only at 24 and 36 hours PBM, when YP gene

expression is terminated, by EMSA with nuclear extracts (figure 4.5, page 116).

Examination of the regulatory regions flanking the Aavg and Aavcp genes

identified putative CREs (figure 4.4, page 115). EMSA has established that

these are indeed functional CREB-binding sites. I proposed that AaCREB may

function as a repressor by competing with transcriptional activators for binding to

the Aavg and Aavcp CREs. I believe that shifted complexes were only detected

at 24 and 36 hours PBM with nuclear extracts because the consensus CRE was

used as a probe. In such a case, the Aavg and Aavcp CREs may serve as

response elements for other transcription factors during the synthesis stage of

vitellogenesis. As discussed in Chapter 4 (page 121), the Aavg and Aavcp

CREs also share strong sequence homology with the consensus sequence for

the PAR family of bZIP proteins. As shown in figure 5.1, the SomCRE matches

only 6 of 10 nucleotides with the PAR consensus sequence. Thus it could be

expected that PAR family proteins would not recognize the CRE consensus

sequence. I propose the EMSA experiments utilizing nuclear extracts and the

Aavg and Aavcp CREs as probes should be performed. If these CREs were to

bind proteins from nuclear extracts during the YP synthesis stage of

Vitellogenesis, and these complexes were shown not to contain CREB by the use

of anti-CREB antibodies in the binding reaction, this would strengthen the
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hypothesis that AaCREB acts as a repressor to terminate vitellogenesis.

Regardless, EMSA with nuclear extracts covering more time points than was

used in previous experiments, for example every 6 hours as opposed to every 12

hours PBM, should be performed to get a more accurate profile of AaCREB

binding activity.

PAR Consensus: RTl’AYGTAAY

VgCRE: AATACGTCAT

VCPCRE2: ATI'CCGTCAT

VCPCRE1: AATACGTCAG

SomCRE: CTGACGTCAG

Figure 5.1.NWThe

mosquito V9 and VCP CREs , and the SomCRE used as a probe in EMSA

experiments, with the PAR family consensus sequence (Haas at al., 1995;

Falvey et al., 1996). Matches to the PAR sequence are shown in bold.

E I' I EBEB II I

EMSA with nuclear extracts detected binding with the SomCRE probe only

between 24 and 36 hours PBM. However, it should be remembered that this is

more accurately an indication on the functional ability of DNA-binding and not a

true reflection of the protein expression profile. In addition, EMSA was not able

to conclusively establish the identity of the proteins in the complex, though the

use of anti-PhosphoCREB antibodies indicates that the proteins are CREB

related. the antibodies used in this study were purchased commercially.

Western analysis showed that they recognized in vitro expressed AaCREB with

high specificity (figure 4.5 and data not shown). However, several additional

higher molecular weight bands were detected when nuclear extracts were used.
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There was no correlation between these bands and the binding detected with

nuclear extracts. Since EMSA utilized two methods for detecting CREB proteins,

recognition of the DNA probe by the binding proteins and recognition of these

proteins by the antibody, I believe that the shifts accurately reflect binding by

CREB and not other unrelated proteins. A comparison of the protein profile

during Vitellogenesis with DNA-binding ability by EMSA may provide further

insights on the regulation of CREB activity. For example, identification of CREB

proteins by Western analysis during the previtellogenic and YP synthesis stages

of Vitellogenesis when DNA-binding activity is absent further strengthens the

hypothesis that DNA-binding is regulated by post translational modification (i.e.

phosphorylation) of the protein. Furthermore, Western analysis with nuclear

extracts using anti-AaCREB antibodies may reveal if other CREB isoforms are

present (the higher molecular weight proteins detected with the anti-

PhosphoCREB antibodies are much larger than any other CREB isoforms

described). Additionally, these antibodies, being specific for AaCREB, would be

more conclusive in the identification of proteins in the EMSA complexes.

Therefore I propose that a GST-AaCREB fusion protein should be constructed

for the purpose of antibody production.
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