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CHAPTER- |

INTRODUCTION

Insects are the most abundant form of animal life on the planet. One of the most
important characteristics of insects is their ability to fly. The fossil record indicates
that flying insects evolved at least 300 million years ago (Dalton 1977, Wootton
1986). Humans often consider insects as pests and as disease spreading bugs.
In fact, life as we know today would not be possible without insects. They play
very important role in plant pollination and play a critical role in removing dead
material from the biosphere-without insects we would soon be buried in debris.
Flight is a form of locomotion that is dependent on a high rate of energy
metabolism. The metabolic rate of flying insects can be 20-100 times that of
resting animals and are among the highest known in nature (Beenakkers et al.,
1984; Kammer and Heinrich, 1978). This massive metabolic rate of flying insects
provides an attractive model system to study regulation of metabolism during
physiological exercise. Insects and vertebrates share many common metabolic
pathways, thus are useful models that can assist our general understanding of

biology.



Flight fuels

Insects have been classified broadly in different categories according to their
usage of substrates as fuel for flight. Insects use carbohydrate, lipids, amino
acids or a combination of two or more of these as flight fuel. Each fuel has
advantages and disadvantages and insects have adopted particular substrates or
combinations of substrates for optimum fuel selection in order to suit particular
physiological requirements.

Carbohydrates are a sole source of energy for most of the short distance
flying insects including Diptera, Hymenoptera and some Lepidoptera.
Carbohydrate is stored in the form of glycogen in flight muscles, fat body and gut,
but the major carbohydrate pool in many insects is hemolymph trehalose (Rankin
and Burchsted, 1992). Use of carbohydrates for flight is advantageous in some
contexts because it is highly soluble in agueous medium and easily available for
immediate metabolism. The primary disadvantage of carbohydrates as a flight
fuel source is their bulky nature i.e hydration of stored glycogen makes it
approximately eight times heavier than isocaloric amounts of fat (Weis-Fogy,
1952).

The amino acid proline is used as a primary flight fuel in some insects. The
dipteran tsetse fly, Glossina morsitans and Colorado potato beetle, Leptinotarsa
decemlineata use partial oxidation of the amino acid, proline, as fuel for flight
(Weeda, 1980; Bursell, 1981, Gade and Auerswald, 2002). Alanine and
triglycerides (TG) are the major renewable source of proline synthesis from fat

body (Weeda et al., 1979). The physiological advantage of using proline rather



than diacylglycerols is that proline is water-soluble and avoids the metabolic
expense of lipoprotein carrier mechanisms (Wheeler 1989). However, the stored
fuel utilized for long distance flight is stored lipids.

Most of the long-distance flying insects, including Manduca sexta and
locust, mobilize both carbohydrates and lipid reserves as fuels for flight. The
initial short period of flight is powered mainly by carbohydrate; the flight fuel then
switches to lipids for sustained flight (Weis-Fogh, 1952; Beenakkers et al., 1984).
The majority of lipid is stored in masses and sheets of adipose tissue, collectively
called the fat body (Law and Wells, 1989). The lipids are stored primarily as
triacylglycerols, which comprise >90% of total fat body lipids (Bailey, 1975).
According to Brusell (1963) the yield of energy per unit mass of material oxidized
is 0.18 mol ATP/g for glucose and 0.52 for proline as compared with values of
0.65 mol ATP/g of fat. In addition to high energy value, for weight economic
reasons (since lipids do not require water for their storage), lipid appears to be by
far the more desirable substrate for insect flight energetics.

Fundamental endocrine regulation of energy homeostasis is observed
from lower invertebrates to higher organisms. For example, bomboyxin, insulin-
related peptide of insects, reduces hemolymph sugar concentrations in a dose-
dependent manner in the silkworm Bombyx mori (Satake, et al., 1997). In
addition, genes encoding Drosophila insulin-like peptides (dilp) have also been
identified (Brogiolo et al. 2001), and transgenic ablation of dilp-producing neurons
results in the elevation of total blood sugar (Rulifson et al. 2002). The most

studied insect hormone to play a central role in energy metabolism is a functional



homolog of mammalian glucagon, adipokinetic hormone (AKH). AKH was first
discovered as a lipid mobilizing hormone in migratory locusts (Beenakers, 1969;
Mayers and Candy, 1969). AKHs are a large family of 8-10 amino-acids peptides
secreted into hemolymph by the neurosecretory cells of the corpora cardiaca
(Orchard, 1987; Arrese et al., 1996). These peptide hormones form the largest
neuropeptide family in arthropods, including >30 isoforms identified in >80
species encompassing all major insect phyla and several crustacean species
(Gade et al., 1997). Since its discovery, several studies have shown that AKH not
only mobilizes lipids (Arrese et al., 1997; Gade et al., 1997), but also mobilizes
stored carbohydrate (Gade et al., 1997; Van der horst et al. 2001) and causes
hyperporlinaemia in the hemolymph of beetle species (Gade and Auerswald,
2002). Injection of AKH in adult M. sexta stimulates mobilization of stored TG by
activating TG-lipase (Ziegler et al., 1990; Arrese et al, 1996), whereas in the
larval stages the same hormone induces the mobilization of glycogen by
activating glycogen phosphorylase (Ziegler et al., 1990). Other studies have
reported similar effect of AKH in cockroaches (Bedford 1977), locusts (Gade et
al., 1997) and fruit fly, D. melanogaster (Lee and Park 2004). In some insects,
AKH has also been shown to mobilize one energy reserve and not another. For
example, in the horse fly (Tabanus atratus), injection of AKH causes hyperlipemia
but not hypertrehalosemia (Jaffe et al. 1989) and in the blow fly (Phormia
terraenovae), it causes hypertrehalosemia and not hyperlipemia (Gade et al.

1990).



Since lipid is a major fuel for flight for most of the long distance flying
insects, it is very important to understand lipid metabolism for; 1) advance
knowledge of insect physiology, 2) economical reasons, since insects are pest to
many crops, consume agriculture products and transmit diseases, 3) in many
ways, fat metabolism in insects is less complex than in vertebrates, so it could
serve as a simple model system to advance fundamental aspects of fat
metabolism. Most of the current information about lipid metabolism in insects
comes from studies carried out in L. migratoria and M. sexta. To advance the
understanding of lipid metabolism in insects, in this study, we are using M. sexta

as a model organism.

Manduca sexta life cycle:

The tobacco hornworm, M. sexta, is a moth with three different life stages, the
larva, pupa, and adult (Figure 1). During the larval period, ~20 days, insect feeds
constantly, and the content of fat body increases continuously until the end of
larval development. During the larval stage, the content of TG in the fat body
increases from a few pg to ~80 mg (Fernando-Warnakulasuriya et al., 1988).
During subsequent development, the lipid reserves are used to sustain the life of
the adult insect, which feeds occasionally (Fernando-Warnakulasuriya et al.,
1988; Ziegler, R., 1991; Arrese et al., 2001; Canavosa et al., 2001). Due to these
metabolic features, M. sexta represents an excellent model for studying the basic

mechanisms involved in the mobilization of TG in adult insects (moth).
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Figure 1: Manduca sexta life cycle
(Source: http://insected.arizona.edu/manduca/Mand_cycle.html)

Overview of lipid mobilization in M. sexta during flight activity

Triacylglycerol (TG) is stored in fat body adipocytes as cytosolic lipid droplets
(Willott et al., 1988). The mobilization of stored TG is induced by two kinds of
hormones: adipokinetic hormone (AKH) (Beenakkers, et al., 1985) and
octapamine (Orchard et al.,, 1982; Fields and Woodring, 1991). Unlike
vertebrates in which stored lipids are mobilized as free fatty acids (FFA), insects
mobilize lipids in the form of diacylglycerol (DG) (Chino and Gilbert, 1964;
Beenakkers et al., 1985; Arrese et al., 1997). During energy demanding
processes like flight and reproduction, AKH is secreted into hemolymph and

exerts its effects on lipid mobilization via signal transduction (Figure 2).
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Figure 2. Schematic overview of lipid mobilization and transport in M. sexta during flight activity:
Adipokinetic hormone (AKH) stimulates diacylglycerol (DAG) production and secretion from the
fat body. DAG is produced by the action of a lipase acting on the stored triacylglycerol (TAG) and
is transported to the plasma membrane via a DAG-binding protein (DAG-BP). Once in the
membrane, the DAG leaves the cell and is added to high-density lipophorin (HDLp) with the
assistance of lipid transfer particle (LTP) to produce LDLp. LDLp is stabilized by binding
apolipophorin-Ill (apoLp-Ill). LDLp moves to the muscle cell where the DAG is hydrolyzed by a
lipophorin lipase. After delipidation, apoLp-Ill dissociates and LDLp is converted back to HDLp.
HDLp then cycles back to the fat body to pick additional DAG and apoLp-lll. FA, Fatty acid; R,
receptor. (Source: Canavosa et al., 2001)

The sequence of events leading to the stimulation of lipolysis induced by AKH is
still not clear (Gade and Auerswald, 2003). Binding of AKH to its receptor (Ziegler
et al., 1995) causes a sustained increase in intracellular calcium influx and
activation of adenylate cycalse, giving rise to two intracellular messengers,
calcium and cAMP (Gade and Holwerda, 1976; Lum and Chino, 1990; Arrese et
al., 1999; Van der Horst et al., 1999). AKH has also been shown to increase
intracellular concentration of inositol (1, 4, 5)-triphosphate in two locusts,
Schistocerca gregaria (Stagg and Candy, 1996) and L. migratoria (Van Marrewijk

et al., 1996; Vroemen et al., 1998). Injection of AKH in adult M. sexta also



increases intracellular cAMP dependent protein kinase A (PKA) activity, which
confirms intracellular increase and involvement of cAMP in lipid metabolism
(Arrese et al., 1999). In addition to increase in PKA activity, in adult M. sexta,
AKH activates fat body TG-lipase and this activation precedes the appearance of
DG in hemolymph (Arrese et al., 1996b). AKH also has been shown to activate
fat body TG-lipase in locust Schistocerca gregaria (Ogoyi et al., 1998). Beyond
activation of TG-lipase, other roles of these intracellular messages have not been
characterized. Once DG is synthesized, it is exported out of the fat body cell by
an unknown mechanism, and loaded into high density lipophorin (HDLp), which
requires lipid transfer particle (LTP) (Van Heusden and Law, 1989). This causes
transformation of HDLp into low density lipophorin (LDLp), which transports DG
to the sites of utilization, e.g. the flight muscle, and ovaries, where it is
hydrolyzed to free fatty acids by a lipoprotein-lipase (Soulages and Wells, 1994).
Because the PKA activation by AKH precedes the activation of the TG-
lipase, which in turn precedes the appearance of DG in circulation, the
stimulation of lipolysis is presumably regulated by phosphorylation reactions.
Given the role of PKA in AKH-induced activation of the lipolysis, in this study, we
are investigating the role of PKA and the role of proteins targeted by PKA in the

activation of lipolysis in the insect fat body using in vivo and in vitro experiments.



CHAPTER-II
cAMP-DEPENDENT PROTEIN KINASE OF MANDUCA SEXTA
PHOSPHORYLATES BUT DOES NOT ACTIVATE THE FAT BODY
TRIGLYCERIDE LIPASE

INTRODUCTION

Fatty acids are the primary substrate used by insects to fuel long-term flight.
Fatty acids are stored as triacylglycerol (TG) and the vast majority of TG stores
are in the fat body (Bailey, 1975; Canavoso et al., 2001) in the form of lipid
droplets (Willott et al., 1988). In the tobacco hornworm, Manduca sexta, the
maximum content of fat body TG occurs at the end of larval development, as a
consequence of the accumulation of reserves during larval feeding (Fernando-
Warnakulasuriya et al., 1988). Afterwards, during the subsequent non-feeding
pupal and adult periods, the TG stores decline (Ziegler, 1991).

Utilization of the fatty acids stored in the fat body requires hydrolysis of TG
in a reaction catalyzed by a TG-lipase. Unlike vertebrates, in which stored fatty
acids are mobilized as free fatty acids (FFA), a great number of insects mobilize
fatty acids as diacylglycerol (DG) (Beenakkers et al., 1985). Lipolysis is regulated
by adipokinetic hormone (AKH) (Orchard, 1987; Van der Horst, 2003). The
sequence of events leading to the stimulation of lipolysis induced by AKH still is
not well understood (Gade and Auerswald, 2003). The AKH receptors from the

fruit fly Drosophila melanogaster and the silkworm Bombyx mori have been



recently identified (Hauser et al., 1997; Staubli et al., 2002). These receptors are
related to the mammalian gonadotropin releasing hormone receptors (GnRHR),
which is a G protein-coupled receptor that activates both inositol phosphate and
cAMP signaling responses. This includes the activation of phospholipase C,
adenylyl cyclase, and ion channels that regulate the intracellular levels of inositol
phosphate, calcium, cAMP, and other second messengers (Arora et al., 1998).
The present data supports a model in which binding of AKH to its receptor leads
to a Gs-coupled activation of adenylyl cyclase. Besides the involvement of cAMP,
the lipolytic response of AKH in M. sexta also induces a sustained increase in
calcium influx but the processes mediated by Ca*? remain unknown (Arrese et
al., 1999). The influx of extracellular Ca*? is also essential for lipid release from
fat body of locust, Locusta migratory (Lum and Chino, 1990; Wang et al., 1990).
Fat body TG-lipase catalyzes the hydrolysis of TG and it is expected to
play a central role in the regulation of lipolysis in M. sexta (Arrese et al., 19963a;
Arrese et al., 1997). The TG-lipase that has been purified from the fat body of
adult M. sexta (Arrese and Wells, 1994) is the only purified lipase from insects.
The enzyme is a single polypeptide of 76 kDa that has several properties in
common with the vertebrate hormone-sensitive lipase (HSL), which catalyzes the
rate-limiting step in mobilization of adipose tissue fatty acids (Kraemer and Shen,
2002). In adult M. sexta, AKH activates the fat body TG-lipase and this activation
precedes the appearance of DG in the hemolymph (Arrese et al., 1996Db).
Likewise, AKH rapidly activates cAMP-dependent protein kinase from the fat

body of M. sexta (Arrese et al., 1999). Because the kinase activation precedes
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the activation of the lipase, which in turn precedes the appearance of DG in
circulation, the stimulation of lipolysis induced by AKH is presumably regulated
by phosphorylation reactions. In this context, cAMP-dependent protein kinase
emerges as a central player of the transduction of the stimulus that controls the
mobilization of stored lipids in the fat body.

AKH stimulation of the lipolysis promotes a rapid two-fold increase in the
content of hemolymph lipids. DG comprises 95% of the total hemolymph lipids
(Arrese and Wells, 1997) in adult M. sexta. Concomitant to the increase in
hemolymph lipids, stimulation of lipolysis promotes an increase in the DG content
of lipid droplets and the cytosolic fraction (Arrese et al., 2001).

Given the apparent role of cAMP in AKH-induced activation of the
lipolysis, we are investigating the role of PKA and the reversible phosphorylation
of the TG-lipase on the lipolytic activity of the insect fat body. In order to
investigate this issue, the catalytic subunit of the cAMP-dependent kinase was
purified from the fat body of adult M. sexta insects. The properties of PKA and its

role on the direct activation of purified lipase are described here.

EXPERIMENTAL PROCEDURES

Insects: M. sexta eggs were purchased from Carolina Biological Supplies (NC),
and larvae were reared on artificial diet (Bell and Joachim, 1976). Adults were
kept at room temperature without food. Two- or three-day-old adults M. sexta

were used as experimental insects.

11



Materials: [y->?P]JATP was purchased from ICN Biomedical (Irvine, CA). cAMP,
leupeptin, aprotonin, Triton X-100, benzamidine, bovine PKA catalytic subunit,
histone Il AS, all peptide substrates and inhibitors were obtained from Sigma (St
Louis, MO). DEAE-cellulose (DE-52) and P81 phosphocellulose filter paper were
purchased from Whatman (Hillsboro, OR). Q-Sepharose was purchased from
Amersham Pharmacia (Piscataway, NJ). Anti-human catalytic subunit of PKA
antibody was obtained from Upstate Biotechnology (Lake Placid, NY). All other

chemicals were of analytical grades.

Measurement of A-kinase activity: A-kinase activity was measured as
described previously (Arrese et al., 1999). The final assay volume of 0.1 ml
contained 50 mM MOPS (3-(N-morpholino)propane-sulfonic acid), pH 7.0,
10 mM magnesium acetate, 0.5 mM EDTA (ethylenediaminetetraacetic acid),
600 pM histone 1l AS, 0.2 mM [y->?P]ATP (1.5x10° cpm/nmole) and 10 pM cAMP
when required. After incubation at room temperature for 15 min, the reaction was
terminated by the addition of 5 ul of 6 N HCI. Seventy pl of the reaction mixture
was spotted onto a disc of phosphocellulose filter paper (2.5 cm), and the filters
were washed for 20 min in 50 mM NaCl four times (Roskoski, 1983). The
radioactivity associated with the dried filters was counted by liquid scintillation
counter using a Packard Tricarb 1900 TR. Under these conditions the kinase
activity was linear up to the addition of 0.5 mg of total protein in the incubation
mixture. Kinase activity was expressed in nanomol of phosphate transferred to

histone per minute.
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When synthetic peptide was used as phosphate acceptor for the purified kinase,
the reaction mixture contained 50 uM peptide substrate, 50 mM MOPS, pH 7.0,
0.5mM magnesium acetate, 0.25mM EDTA, and 0.2mM [y-*P]ATP

(0.5x10° cpm/nmole).

Purification of M. sexta PKA catalytic subunit: All steps were carried out on
ice or at 4 °C. Fat body tissue from 100 insects was collected in homogenizing
buffer (20 mM Tris, pH 7.4, 0.25 M sucrose, 1 mM EDTA, 0.1 mM benzamidine,
10 mg/l leupeptine, 1 mg/l aprotonin and 0.1% (v/v) 2-mercaptoethanol). The
tissue was homogenized at a ratio of 3 ml per fat body using a Potter-Elvehjem
homogenizer with a Teflon pestle. The homogenate was subjected to
ultracentrifugation at 100,000%g for 1 h and the soluble extract was collected.
The soluble extract was loaded onto a DE-52 column (3%10 cm) equilibrated with
buffer A (50 mM Tris-HCI, pH-7.4, 1 mM EDTA, 0.1% 2-mercaptoethanol). The
column was washed with 5 volumes of buffer A and developed with a linear salt
gradient from 0-400 mM NaCl in buffer A. Fractions of 8 ml were collected and
those containing PKA activity (eluted between 110-200 mM NaCl) were pooled,
dialyzed against buffer A containing 30 mM NaCl and subjected to a second DE-
52 column (2x5 cm) equilibrated with buffer A containing 30 mM NaCl. After
extensive wash of the column with equilibration buffer, a solution of 1 mM cAMP
in buffer A was passed through the column. Fractions containing kinase activity
were pooled and the concentration of NaCl was increased to 50 mM and loaded
onto a Q-sepharose anion exchanger column (2x1 cm) equilibrated with buffer A

containing 50 mM NaCl. Under this condition the majority of kinase activity did
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not bind to the resin and was found in the flow trough. These fractions were
collected, pooled and stored on ice until further use. For prolonged storage, the
enzyme activity was preserved for several months at —20 °C in the presence of

50% glycerol.

Other methods: Protein concentrations were determined by the Bradford dye-
binding assay (Bradford, 1976) using bovine serum albumin as standard. SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to
Laemmli (1970) and proteins were visualized by Coomassie Brilliant Blue R

staining.

For Western analysis, proteins were transferred to nitrocellulose
membrane in a Hoeffer transfer unit (Amersham Pharmacia). Immunoblot
analysis was performed using 1 ug/ml of anti-catalytic subunit of human PKA
(rabbit polyclonal). The positive signal recognized by anti-PKAc was detected
using HRP-conjugated anti-rabbit secondary antibody (1:5000). Immunoreactive
protein was visualized by autoradiography using chemiluminescence

(Chemilucent detection system from Chemicon, Temecula, CA).

For the Peptide Mass Fingerprinting, purified PKA catalytic subunit was
separated on 10% SDS-PAGE and the band that was visualized by Coomassie
staining was excised, minced and destained using 100% acetonitrile, followed by
four washes in 1 ml water. The gel pieces were incubated for 20 min in 500 pl of
100 mM ammonium bicarbonate followed by 20 min incubation with 500 pl of

50% acetonitrile in 50 mM ammonium bicarbonate. Gel pieces were dried under
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vacuum, rehydrated and digested with 50 ng/pl trypsin (sequencing grade,
Promega, Madison, WI) in 25 mM ammonium bicarbonate at 4 °C overnight.
Peptides were extracted and analyzed by MALDI-TOF mass spectrometry at the
Department of Biochemistry, Oklahoma State University. Mass characterizations
were performed using a-cyano-4-hydroxycinnamic acid as matrix, using external
standards as calibrants. MSDB database was used to identify the peptides

shown in Figure 5.

Phosphorylation of TG-lipase by PKAc: Fat body TG-lipase was purified
as described previously (Arrese and Wells, 1994). TG-lipase (7 ug) was
incubated in a final volume of 0.1 ml containing 50 mM MOPS, 1 mM magnesium
acetate, 0.5 mM EDTA, 1 mM dithiothretiol, purified PKAc (0.25 units) and
0.2mM [y-*P]JATP (5x10° cpm/nmol). After 15min incubation at room
temperature, the reaction was stopped by addition of electrophoresis sample
buffer and the sample was analyzed by SDS-PAGE. Dried gels 