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ABSTRACT 

In the ultimate larval instar of the corn eanvorm, Helicoverpa zea, the fat body 

becomes heterogeneous and separates into two structurally and functionally different 

tissues, namely peripheral and perivisceral fat body. Cells of the peripheral fat body 

which is attached to the cuticle throughout all larval stages have well developed rough 

endoplasmic reticulum, Golgi apparatum and mitochondria to support its biosynthetic 

functions. In contrast, the perivisceral fat body is located around the gut and becomes 

prominent in the prepupal stage when it sequesters storage proteins and forms protein 

storage granules. During metamorphosis, the perivisceral fat body is remodeled to 

form the adult fat body, while the peripheral fat body becomes totally degraded in the 

pupal stage. 

The uptake of two storage proteins, very high density lipoprotein (VHDL) and 

arylphorin, into the perivisceral fat body was studied with biochemical and 

ultrastructural methods. The selective sequestration of storage proteins is mediated by 

a membrane receptor protein that is present only in the perivisceral fat body. The 

receptor for VHDL was identified, purified and characterized. It is a glycosylated basic 

protein (PI 8.2, Mr = 80,000) which binds both storage proteins with high affinity (Kd 

= 7.66 x for VHDL, Kd = 9.02 x for arylphorin). The binding requires the 

presence of ca2+  and has a pH-optimum of 7.0. Electron micrographs of immunogold 

labeled sections show that the receptor is located in the plasma membrane of the 

perivisceral fat body cells. 

The fate of VHDL and arylphorin during development was studied with 

electron microscopy and indirect immunogold labeling and direct gold labeling 

techniques. Both storage proteins are synthesized by the peripheral fat body and 

secreted into the hemolymph during the last larval instar, and both are sequestered by 

the perivisceral fat body by receptor mediated endocytosis. The receptor-storage 
. . . 
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protein complex forms coated pits that pinch off the plasma membrane to form 

isolated coated vesicles. The newly formed endosomes fuse to form multivesicular 

bodies which finally, after membrane components have been digested, become protein 

granules. 

Initially, both storage proteins are present together in protein granules. 

During pupal development, however, VHDL is rapidly digested, while arylphorin 

appears to crystallize in the storage granules. In the middle of the pupal stage, VHDL 

disappeares completely, and all granules are crystalline. Crystalline protein granules 

are broken down only partly in the pupal stage, and many of these are present in the 

adult fat body. The main function of storage protein is the supply of amino acids as 

building blocks for adult structures. Thus, the differential proteolysis of VHDL and 

arylphorin may indicate that the proteins are needed for different biosynthetic 

processes. The detailed knowledge of the mechanisms and processes involved in 

storage protein uptake and metabolism may provide novel targets for biorational 

conk01 strategies aimed at disrupting normal development of H. zea. 



ACKNOWLEDGMENTS 

My Ph.D. thesis required much work and I am grateful to many people for 

their help. I thank Dr. Norbert H. Haunerland, my indefatigable senior supervisor, for 

patiently guiding me and encouraging me through this project. I greatly appreciate the 

freedom he gave me as I pursue graduate studies. I would like to thank Dr. Karun K. 

Nair and Dr. Brian A. McKeown, my committee supervisors, for their invaluable 

advice. 

I wish to express my genuine appreciation to Dr. William H. Telfer and Dr. 

Peter Belton for their kindness in reading my dissertation and their willingness to 

evaluate my dissertation defence. 

I also wish to express my sincere gratitude to Dr. Victor L. Bourne, his 

friendship and technical assistance on electron microscope helped finish my thesis in 

important ways. I would like to thank Loekie van der Wal for her assistance in raising 

the antibodies. 

Special thanks to my wife, Xinmei, not only for her continuous encouragement 

and suggestions, but also for her direct involvement in my experiments. Thanks also go 

to my parents who support me all the way through my Ph.D. program. 



TABLE OF CONTENTS 

APPROVAL 

ABSTRACT 

ACKNOWLEDGMENTS 

TABLE OF CONTENTS 

LIST OF FIGURES 

CHAPTER 1. GENERAL INTRODUCTION 

CHAPTER 2. MATERIALS AND METHODS 

2.1. Chemicals 

2.2. Insect rearing 

2.3. Proteins and Antibodies 
2.3.1. Storage protein preparation 

2.3.2. Antibody preparation 

2.3.3. Iodination 

2.3.4. Gold labeling of proteins 
2.3.5. Protein determination 

2.3.6. Dialysis and concentration 

2.4. Receptor identification 
2.4.1. Preparation and solubilization of fat body membrane 

2.4.2. Receptor binding assay 

2.5. Chromatography 
2.5.1. Ion exchange chromatography 

2.5.2. Affinity chromatography on Concanavalin-A sepharose 

2.5.3. Affinity chromatography on VHDL agarose 

2.6. Electrophoretic techniques 
2.6.1. Polyacrylamide Gel Electrophoresis 

2.6.2. Isoelectric focusing 

2.6.3. Western blotting 

2.6.4. Ligand blotting 

2.6.5. Carbohydrates analysis vi 



2.7. Light microscopy 16 

2.8. Electron microscopy 17 

2.8.1. Electron microscopy of proteins 17 
2.8.2. Protein sequestration by periviscerai fat body 17 
2.8.3. Tissue preparation and embedding 18 
2.8.4. Single imrnunogold labeling 18 
2.8.5. Double immunogold labeling 19 

2.8.6. Controls 19 

CHAPTER 3. FATE OF DIFFERENTIATED FAT BODY TISSUES DURING 
METAMORPHOSIS 2 1 

3.1. Introduction 21 

3.2. Results 22 
3.2.1. Localization of the perivisceral and peripheral fat body 22 

3.2.2. Ultrastructure of the peripheral fat body 24 
3.2.3. Ultrastructure of the perivisceral fat body 27 

3.3. Discussion 3 1 

CHAPTER 4. ULTRASTRUCTURAL LOCALIZATION OF STORAGE 
PROTEINS IN THE FAT BODY 3 8 

4.1. Introduction 38 

4.2. Results 
4.2.1. Ultrastructure of protein storage granules 

4.2.2. Localization of storage proteins 

4.2.3. Developmental changes of storage proteins 

4.3. Discussion 45 

CHAPTER 5. STORAGE PROTEIN UPTAKE: PURIFICATION OF THE 
VHDL RECEPTOR FROM THE PERIVISCERAL FAT BODY 50 

5.1. Introduction 50 

5.2. Results 
5.2.1. Receptor identification 

5.2.2. Receptor purification 

5.2.3. Immunological analysis 

5.3. Discussion 
vii 



CHAPTER 6. IDENTIFICATION AND CHARACTERIZATION OF THE 
ARYLPHORIN RECEPTOR 

6.1. Introduction 

6.2. Results 
6.2.1. Identification of the receptor for arylphorin 
6.2.2. Characterization of the arylphorin receptor 
6.2.3. Comparison of the arylphorin- and VHDL-receptor 
6.2.4. Developmental profile of the storage protein receptor 

6.3. Discussion 

CHAPTER 7. STORAGE PROTEIN UPTAKE: ULTRASTRUCTURAL 
STUDIES OF RECEPTOR MEDIATED ENDOCYTOSIS 

7.1. Introduction 

7.2. Results 
7.2.1. Protein-gold conjugates 
7.2.2. Endocytosis of VHDL 
7.2.3. Endocytosis of VHDL and arylphorin 
7.2.4. Selectivity of storage protein endocytosis 

7.3. Discussion 

CHAPTER 8. GENERAL DISCUSSION 

REFERENCES 

ABBREVIATIONS 

. . . 
Vll l  



LIST OF FIGURES 

Fig. 3-1 Cross sections of paraffin embedded corn earworm 23 

Fig. 3-2 Fat body in pupae and adults 25 

Fig. 3-3 Peripheral fat body of last instar larvae 26 

Fig. 3-4 Peripheral fat body of late last instar larvae and pupae 28 

Fig. 3-5 Perivisceral fat body of last instar larvae 29 

Fig. 3-6 Perivisceral fat body in late last instar larvae 3 0 

Fig. 3-7 Perivisceral fat body in pupae 3 2 

Fig. 3-8 Perivisceral fat body in pupae 33 

Fig. 3-9 Perivisceral fat body of newly emerged adults 34 

Fig. 4-1 Perivisceral fat body and protein granules of last instar larvae at day 7 40 

Fig. 4-2 Perivisceral fat body of larvae and pupae 4 1 

Fig. 4-3 Immunocytochemical detection of storage proteins in amorphous granules 42 

Fig. 4-4 Immunocytochemical detection of storage proteins in crystalline granules 43 

Fig. 4-5 Immunocytochemical detection of storage proteins in different stages 46 

Fig. 5-1 Binding of VHDL to membrane fractions 52 

Fig. 5-2 Competitive displacement of 1 2 5 1 - ~ ~ ~ ~  53 

Fig. 5-3 pH dependency of VHDL binding 54 

Fig. 5-4 ca2+ requirement for VHDL binding 55 

Fig. 5-5 Binding saturation curve and Scatchard plot 56 

Fig. 5-6 Purification scheme for the isolation of the VHDL-receptor 58 

Fig. 5-7 SDS-PAGE and Western blotting 59 

Fig. 5-8 Isoelectric focusing of purified VHDL-receptor 60 

Fig. 5-9 Irnmunoblot of VHDL-receptor 6 1 

Fig. 5-10 Electron microscopic detection of VHDL-receptor 63 

Fig. 6-1 Binding of arylphorin to membrane fractions 69 

ix 



Fig. 6-2 Competitive displacement of 1251-arylphorin 

Fig. 6-3 pH dependency of arylphorin binding 

Fig. 6-4 ca2+ requirement for arylphorin binding 

Fig. 6-5 Binding saturation curve and Scatchard plot 

Fig. 6-6 SDS-PAGE and ligand blotting 

Fig. 6-7 Competitive displacement of 125~-arylphorin 

Fig. 6-8 Irnmunoblot of storage protein receptor 

Fig. 7-1 Proteins conjugated with colloid gold of different size 

Fig. 7-2 Distribution of 5 nm gold-VHDL in perivisceral fat body 

Fig. 7-3 The endocytosis of 5 nm gold-VHDL 

Fig. 7-4 The endocytosis of 5 nm gold-VHDL 

Fig. 7-5 The endocytosis of 5 nrn gold-VHDL and 10 nm gold-arylphorin 

Fig. 7-6 The endocytosis of 5 nm gold-VHDL and 10 nm gold-goat IgG 



CHAPTER 1. GENERAL INTRODUCTION 

The insect fat body is a multifunctional tissue which carries out a variety of 

different metabolic activities. It is the place of intense biosynthetic activity 

throughout the insect life and is the main source for the hemolymph proteins. An 

equally important function of the fat body is the storage of nutrients, most 

dominantly proteins, lipids and carbohydrates (Keeley, 1985). The fat body 

undergoes growth and development along with the other insect tissues, and its 

functions change in accordance with the developmental stage of the insect (Locke, 

1984). 

The fat body in holometabolous insects is present in all developmental 

stages and consists of sheets or ribbons of cells "slung" in the hemocoel between the 

gut and the integument by elastic extensions of the basal lamina and by tracheae. 

The fat body is typically located in two body regions that reflect its embryonic origin: 

close to or around the gut, and adjacent to the integument. In most insect orders, 

segmentally arranged somites with a central coelomic cavity appear in the embryo. 

As the coelomic cavity becomes continuous with the hemocoel the splanchnic 

mesoderm of the somite grows around the gut and some cells differentiate to form 

the perivisceral fat body. The somatic mesoderm of the somite contributes cells 

which form the peripheral fat body next to the integument (Anderson, 1972a, b). The 

fat body cells are united by desmosomes and gap junctions and are often separated 

from one another by lymph spaces. The fat body is totally dependent on the 

surrounding hemolymph for its informational signals and for all its raw materials. 

The composition of the hemolymph is to a very large degree a reflection of fat body 

syntheses and secretions. The loose texture and elasticity of the fat body encourage 

interchanges with the hemolymph (Locke, 1954). Although regional differences in 

structure and function of the fat body have been reported (Wigglesworth, 1967a, b; 
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Labour, 1974; Lauverjat, 1977; Schin et al., 1977; Tysell and Butterworth, 1978; Dean 

et al., 1985; Shirk and Malone, 1989), these are generally insignificant (Locke, 1984). 

Metamorphosis involves a series of events that result in significant changes 

in cell and tissue structure of the fat body. Several characteristic processes have been 

described in the Holometabola, though not all of these occur in every species. The 

main events are: heterophagy and storage of hemolymph proteins; autophagy of 

some cell organelles; cell separation followed by tissue and cell remodelling and 

histolysis of the larval tissue and replacement by a new adult tissue. Two mechanisms 

have been described for the origin of the adult fat body (Dean et a/., 1985). It may 

develop by reorganization of the larval tissue or differentiate from stem cells carried 

in the pupa. Since no food can be taken in by pupae, all required nutrients have to be 

stored beforehand, including amino acids necessary for protein biosynthesis. Amino 

acids are stored as polypeptides called storage proteins, which accumulate in the fat 

body shortly before pupation. These proteins are synthesized in the fat body during 

the last larval stadium and released immediately into the hemolymph, where their 

concentration may reach 60 mg/ml or more. Prior to pupation, the proteins are 

reabsorbed by the fat body and stored in protein granules. This allows the 

accumulation of vast amounts of biosynthetic precursors (Levenbook, 1985). 

The first observation that a protein component of insect hemolymph could 

have a molecular weight of half a million appears to be that of Lauffer (1943) on the 

silk worm Bombyx mori. Later, similar-sized proteins were found by many other 

researchers (see review by Wyatt, 1961). However, it was not until the seminal 

publications of M u m  and co-workers (Munn et al., 1967, 1969, 1971; Munn and 

Greville, 1969) that the concept of such high molecular weight hemolymph proteins 

being larval storage proteins was first proposed. Proteins which meet the following 

criteria were defined as the storage proteins: these proteins are synthesized in the fat 

body and secreted into the hemolymph in late larval life; they are often utilized 
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during development of theadult, and therefore are considered to be depots of amino 

acids for future protein synthesis; just prior to or during the pupal stage, they are 

taken up by the fat body and stored in large protein storage granules (Levenbook, 

1985; Telfer and Kunkel, 1991; Law et al., 1992). 

Although the majority of the storage proteins are hexamers with six 

homologous subunits of 80,000 Da, now referred to as "hexamerins" (Telfer and 

Kunkel, 1991), some storage proteins with a different number of subunits have been 

reported in Noctuids (Haunerland and Bowers, 1986a; Jones et al., 1988). The 

hexamerins can be classified into four groups (Telfer and Kunkel, 1991). One group 

of storage proteins found in dipteran species is rich in both methionine and aromatic 

amino acids. This dipteran protein was first isolated from extracts of Calliphora 

erythrocephala (Munn and Greville, 1969) and given the name calliphorin. Proteins 

with very similar composition and developmental profiles have been identified in 

many dipteran species (Munn and Greville, 1969; Kinnear and Thomson, 1975; Ueno 

and Natori, 1982; Brock and Roberts, 1983; deBianchi and Marinotti, 1984; 

Marinotti and deBianchi, 1986). Many dipteran insects also contain a second 

hexamerin with much lower contents of methionine and aromatic amino acids (Munn 

and Greville, 1969; Kinnear and Thomson, 1975; Brock and Roberts, 1983). The 

most common storage protein found in Lepidoptera has been called arylphorin since 

it is very rich in aromatic amino acids but not methionine (Kramer et al, 1980; Tojo 

et al, 1980; Telfer et al., 1983; Haunerland and Bowers, 1986b; Karpells et al., 1990; 

Kunkel et al., 1990). Most lepidopteran species also possess a methionine rich 

hexamerin (Tojo et al., 1980; Ryan et al., 1985; Bean and Silhacek, 1989). Other 

hexameric storage proteins have been characterized in some species, such as 

additional methionine rich proteins from Hyalophora cecropia (Tojo et a!., 1978) and 

Calpodes ethlius (Palli and Locke, 1987), a riboflavin binding protein from H. 
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cecropia (Telfer and Massey, 1987), and a juvenile hormone suppressible hexarneric 

protein from Trichoplusia ni (Jones et al, 1988). 

The uptake of storage proteins is normally selective; only specific proteins 

are sequestered and deposited in protein granules (Dean et al., 1985). Tojo and co- 

workers (1978) isolated storage granules from last-instar larvae and pupae of H. 

cecropia, and identified their content as the two major protein fractions of the 

hernolymph of the last instar. The existence of storage proteins and their 

accumulation in granules in the fat body are widespread phenomena, but little is 

known of the cellular processes involved in their recognition, uptake, and fate. It was 

found that the chromatographic, electrophoretic and immunological properties, as 

well as the amino acid composition, of arylphorin from Manduca sexta were identical 

whether isolated from hernolymph or fat body. This suggests that the unprocessed 

protein is recognized by fat body and that no significant molecular changes occur 

during uptake (Kramer et al., 1980). 

In many species, larval fat body takes up proteins from the hemolyrnph by 

pinocytosis. The proteins enter in small vesicles which fuse with each other to form 

larger granules (Dean et al., 1985). To explain the selectivity of the process, it has 

long been postulated that the uptake involves receptor mediated endocytosis. In 

search for storage protein receptors, two studies have reported evidence for the 

presence of such receptor proteins. Both studies have identified the fat body 

membrane receptors for a dipteran hexamerin: a receptor protein in flesh fly, 

Sarcophaga peregrina (Ueno et al., 1983) and three binding proteins for calliphorin in 

Calliphora vicina (Burmester and Scheller, 1992). However, neither receptor has 

been isolated and further characterized. 

Structural details of hemolymph protein uptake by the fat body cells were 

studied by tracing horse radish peroxidase (HRP) injected into last instar larvae of C. 

ethlius (Locke and Collins, 1968). The enzyme passed from the hemolymph into a 
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reticulum of spaces that contained a concentrate of extracellular materials and lay 

between fat body cells as well as in narrow channels extending deep into the 

cytoplasm of fat body cells. The enzyme was also visible in endocytotic vesicles 

formed at  the tips of these channels and, during feeding stages, in multivesicular 

bodies (MVB), which were interpreted as sites of digestion by lysosomal enzymes. It 

has been postulated that during metamorphosis the tissue switched from lysis to 

storage, and HRP was transferred instead to the newly forming protein storage 

granules. Pinocytosis of hemolymph proteins into granules also occurs during the 

pre-metamorphic phase of last instar of C. etyth-oceptzala (Collins, 1967) and 

Drosophila (Butterworth et al., 1979). 

Despite the above summarized studies on storage protein metabolism and 

uptake that have been done, many fundamental questions remain unanswered. These 

questions include: 

- Why does the fat body at first secrete storage proteins into hemolymph and 

then reabsorb them back? 

- How selective is the process of storage protein uptake? 

- What is the biochemical or ultrastructural basis of this selectivity? 

- Are all storage proteins processed in the same way? 

In order to answer these questions the uptake and metabolism of storage 

proteins in the corn eanvorm, Helicoverpa zea were studied in this research with 

various biochemical, immunochemical and ultrastructural methods. 

Helicoverpa zea was chosen as a model insect for a number of reasons. Most 

importantly, its physiology and biochemistry are well studied. Two kinds of very 

different storage proteins have been discovered in H. Lea: arylphorin and a very high 

density lipoprotein (VHDL) which is colored blue due to non-covalently bound 

biliverdin (Haunerland and Bowers, 1986a, b). Arylphorin is a hexameric protein 
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composed of subunits of-80,000 Da, which shares many properties with arylphorins 

found in other insect species. The VHDL, on the other hand, has a molecular weight 

of 560,000 and is composed of 4 subunits of around 150,000 Da. Due to its lipid 

content (8.4 %) it has a lower density (1.24 g/ml) than other soluble proteins. Both 

storage proteins accumulate in hemolymph of actively feeding last instar larvae, 

before they are sequestered by fat body prior to pupation. 

Secondly, it has been shown that late in the larval and pupal stadia, the fat 

body in H. zea is not homogeneous but two structurally and functionally distinct 

tissues. While such regional differences may exist in other insects as well, they are 

difficult to distinguish. In contrast, the two kinds of fat bodies in H. zea are easily 

distinguished by their color and location: the peripheral fat body is white and located 

near the cuticle, while the perivisceral fat body that surrounds the gut appears blue. 

This blue coloration originates from VHDL; the white peripheral fat body does not 

incorporate any storage proteins, while the blue perivisceral fat body contains both 

arylphorin and the VHDL in high concentration during the prepupal stage. Only the 

peripheral fat body has strong biosynthetic activity in the early and middle 5th instar 

larvae and only the perivisceral fat body contains a large amount of storage proteins 

in the prepupal stage (Haunerland et al., 1990). 

The third reason for choosing the corn eanvorm as a model animal is its 

economic importance. H. zea is a major pest in North America and the third most 

destructive insect pest in the United States, where monetary losses resulting from 

damage by H. zea to various crops have been estimated to amount to several 

hundred million dollars. The preferred food plant of H. zea is undoubtedly maize, 

although other crops to which damage by H. zea has been reported include cotton, 

okra, eggplant, peppers, sunflower, strawberry and lettuce (Hardwick, 1965). Storage 

proteins play important roles in metamorphosis and their coordinated uptake and 

metabolisms is necessary for normal development. Research aimed at understanding 
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the details of these processes may thus lead to novel strategies for biorational insect 

control. 



CHAPTER 2. MATERIALS AND METHODS 

2.1. Chemicals 

All buffer components and chemicals were obtained from Sigma (St. Louis, 

MO), unless otherwise indicated. Electron microscopy supplies came from J.B. EM 

services, (Pointe Claire Dorval, PQ). 

2.2. Insect rearing 

The larvae of H. zea were raised in plastic boxes using dry diet flakes as 

described by Patana and McAda (1973) on a 1623 light/dark cycle at 26 "C. Larvae 

remained approx. 7 days in their final stage. The pupal stadium lasted approx. 11 

days. Adults were raised in glass bottles and fed with a 10 96 aqueous solution of 

honey. Treated insects were kept separate in 50 ml plastic vial. In all experiments 

insects were randomly chosen regardless of their sex. 

2.3.-Proteins and Antibodies 

2.3.1. Storage protein preparation 

Very high density lipoprotein (VHDL) was isolated from fifth instar larvae 

of H. zea as described by Haunerland and Bowers (1986a). Hernolymph collected 

from larvae 5 days following the molt to the fifth instar was subjected to density- 

gradient ultracentrifugation in a 22-44 % KBr gradient. The blue band found in the 

upper half of the tube was withdrawn with a syringe and subjected to a second 

density-gradient ultracentrifugation (33-44 % KBr). The blue zone found at a density 

of 1.24 g/ml was withdrawn; this fraction contained only VHDL and was free of any 

contaminating protein. The fraction was dialyzed against phosphate buffered saline 

(PBS) and lyophilized or concentrated by ultrafiltration. 

Arylphorin was isolated by the methods described by Haunerland and 
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Bowers (1986b). Hemolymph was obtained from 5-day-old fifth instar larvae and the 

blood cells were removed by centrifugation (5 min, 12,500 x g). Saturated ammonium 

sulfate solution was added to obtain a 35 % saturated solution. After 2 h the 

precipitated protein was removed by centrifugation (30 min, 20,000 x g) and 

ammonium sulfate solution was added to a final concentration of 60 %. Twelve 

hours later the protein was again sedimented and redissolved in 0.1 M phosphate 

buffer, pH 7.2. An additional 12,500 x g spin removed irreversibly denatured 

proteins. The clear, green solution was fractionated on Sephacryl S-200 (80 x 0.7 cm) 

using 0.1 M phosphate buffer, pH 7.2 as eluent. The green fractions of the first 

protein peak was further separated by preparative isoelectric focusing (IEF) in a flat 

bed of Sephadex IEF. The proteins focusing at pH 6.0 were eluted, concentrated and 

applied to a phenylagarose column, equilibrated with 1 M potassium phosphate 

buffer, pH 7.2. After washing out unbound proteins and carrier ampholytes with the 

starting buffer, pure arylphorin was eluted with 0.5 M potassium phosphate buffer, 

pH 7.2. the protein was dialyzed against water and lyophilized or concentrated by 

ultrafiltration. 

2.3.2. Antibody preparation 

Monoclonal antibodies to VHDL were previously prepared in mouse 

hybridoma cultures (Greenstone et al. 1991). 

Polyclonal antibodies against arylphorin were prepared in rabbits. Four 

week old New Zealand white rabbits were immunized with 5 x 0.2 ml subcutaneous 

injections of 0.2 mg arylphorin mixed with ~ d j u ~ r i r n e ~ ~  Immune Modulator 

(Pierce, Rockford, IL) according to the manufacturer's instruction. After 4 weeks, the 

rabbits were boosted by the same procedure. Blood was obtained by exsanguination 

with anesthesia 6 weeks after the first immunization. The blood was rimed with a 

Pasteur pipet and left at room temperature for 4 h. The serum was then spun at 1,000 



10 

x g for 10 min after being decanted into the centrifuge tube. The supernatant was 

collected and stored at -80 "C as anti-arylphorin antiserum. 

Polyclonal antibodies were also raised against the purified VHDL receptor. 

The procedure was similar except that RIB1 adjuvant (Cedarlane Laboratories, 

Missisauga, ON) was used instead of ~ d j u ~ r i m e ~ ~  Immune Modulator. The 

antigenladjuvent mixture was made according to the manufacturer's instruction. 

The titer of antibodies was examined by double immunodiffusion which was 

carried out in 2 mm thick agarose gels (1 % in PBS) which had been poured onto 

GelBond Agarose film (FMC, Rockport, 11) placed in an Immunodiffusion Plate 

(ICN, Lisle, IL). Wells were punched out of the solidified gel. Normally, antiserum 

was added to the center well while different dilutions of antigen were added into the 

peripheral wells. After incubation at 37 "C overnight immunoprecipitation lines 

could either be seen directly or after staining with Coomassie brilliant blue R 250 

(0.2 % in methano1:acetic acid:water 4: l:5). 

2.3.3. Iodination 

Both VHDL and arylphorin were labeled with sodiurn[l*jI]iodide (17.4 

Cilmg, DuPont-New England Nulear, Willington, DE) using IODO-GEN (Pierce) 

following the manufacturer's instructions. The specific activities were adjusted to 1 x 

105 cpmlpg (VHDL) or 1 x 106cpm/,ug (arylphorin). 

2.3.4. Gold labeling of proteins 

Freshly purified arylphorin or VHDL was dissolved in 0.2 M Tris-HC1 

buffer, pH 6.5 to a final concentration of 2 mg/ml. Unconjugated colloidal gold 

particles of 5 or 10 nm (Biocell Laboratories, Carson, CA) were adjusted to pH 6.5 

with 0.2 M Tris buffer. For labeling VHDL, 0.5 rnl VHDL solution (1.08 x 

molecules) was added to 2 ml of 5 nm colloid gold solution (1 x 1014 gold particles) 

with vigorous stirring and then left to stand for 30 min at room temperature. After 



centrifugation at 45,000 x g for 45 min, the loose precipitate formed by gold/protein 

conjugate was diluted to the final VHDL concentration of 50 pg/ml (5.4 x 1013 

VHDL-gold particles/ml). For labeling arylphorin, 0.5 ml arylphorin solution (1.25 x 

1015 molecules) was added to 10 ml of 10 nm colloid gold solution (5.7 x 1013 gold 

particles) with vigorous stiring. The gold conjugate was left at room temperature for 

30 min and then centrifuged at 25,000 x g for 45 min. After removing the 

supernatant, the loose precipitate formed by gold/protein conjugate was diluted to a 

protein concentration of 50 pglml(6.25 x 1013 arylphorin-gold particles/ml). 

Goat IgG was labeled with 10 nm colloidal gold in a similar manner. 

However, the pH of the gold solution was adjusted to pH 9.2 and the concentration 

of IgG stock solution was 0.5 mg/ml (1 x 1015 IgG molecules in 0.5 ml). The final 

concentration of IgG-gold conjugate was adjusted to 12 pgjrnl (4.8 x 1013 IgG-gold 

particles/ml). 

2.3.5. Protein determination 

Total protein was determined by the colorimetric assay according to 

Bradford (1976) with bovine IgG as standard protein. Before the assay, samples 

containing Triton X-100 were diluted with water to a detergent concentration of 0.1 

%, and varying concentrations of IgG in 0.1 % Triton X-100 were used as standard. 

2.3.6. Dialysis and concentration 

Protein samples were dialyzed in Spectrapor 5 dialysis bags (Spectrum) and 

concentrated by ultrafiltration in a stirred cell over a PM-30 membrane (Arnicon 

Corp., Danvers, MA). 

2.4. Receptor identification 

2.4.1. Preparation and solubilization of fat body membrane 

The perivisceral and peripheral fat bodies from last instar larvae were 
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dissected out 6 days after their final molt and homogenized in ice cold extraction 

buffer (20 mM Tris-HC1, 150 mM NaCl, 1 mM CaC12, pH 8.0 containing 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and 1 mM 13-mercaptoethanol; 4 ml buffer/g 

tissue) with a Potter type glass homogenizer. The homogenate was centrifuged at 800 

x g for 10 min at 4 OC to remove cell debris; the resulting supernatant was then 

centrifuged at 30,000 x g for 1 h to collect a fraction that contained most of the 

plasma membranes. The pellet was washed once with the buffer and solubilized with 

2 % Triton X-100 in the same buffer overnight at 4 OC. Insoluble material was 

removed by centrifugation at 100,000 x g for 1 h. 

2.4.2. Receptor binding assay 

Binding assays were carried out at 4OC. Fixed amounts of membrane 

proteins (10 pg) were dissolved in 100 pl  of 20 mM Tris-HC1 buffer, pH 7.0, 

containing 150 mM NaC1, 8 mM CaC12, and 5 mg/ml bovine serum albumin. After 

addition of radioiodinated VHDL or arylphorin as specified, the mixture was 

incubated for 60 min. Then 0.5 ml of the buffer was added, and the tubes were 

centrifuged at 15,000 x g for 20 min. The pellet was washed once with 0.5 ml of the 

buffer, and its radioactivity was counted in a well-type Gamma-counter. Each data 

point in the figure is the mean of three determination from a typical experiment 

using one membrane preparation, though similar results are obtained by using 

different membrane preparation. 

2.5. Chromatography 

All chromatographic separations were carried out at 4 OC on a Bio-Rad 

Econo-system equipped with a UV monitor, conductivity cell, and an automated 

gradient mixer. 

2.5.1. Ion exchange chromatography 

Anion exchange chromatography was carried out on a prepacked column of 
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Macro-Prep 50Q (Econo-Q column, 5x1 cm, BioRad; flow rate 1 d /min ) .  The 

protein solution was dialyzed against 10 mM Tris-HC1, pH 8.5, containing 1 mM 

CaC12, 0.1 mM PMSF and 0.1 % Triton X-100, and applied to the column 

equilibrated with the buffer. The column was washed to elute unbound proteins 

before bound proteins were eluted with a linear gradient of 0-1 M NaCl in the same 

buffer. 

Cation exchange chromatography was carried out on a prepacked column of 

Macro-Prep 50s (Econo-S column, 5x1 cm, BioRad; flow rate 1 ml/min). The 

protein solution was dialyzed against 20 mM Mes buffer, pH 7.0, containing 50 mM 

NaC1, 0.1 mM PMSF, and 0.1 % Triton X-100, and loaded onto the column 

equilibrated with the same buffer. After washing off unbound proteins, the column 

was eluted with a linear gradient of 0.1-0.6 M NaCl in the same buffer. 

2.5.2. Affinity chromatography on Concanavalin A-sepharose 

Protein was applied to a column (1.5 x 7 cm) containing Concanavalin A- 

sepharose (Pharmacia) equilibrated with 10 mM Tris-HC1 buffer, pH 7.0, which also 

contained 150 mM NaCl, 1 mM CaCI2, 1 mM MnC12, 0.1 mM PMSF, and 0.5 % 

Triton X-100. After thoroughly washing the column with this buffer, proteins were 

eluted with a 0.2 M solution of cr -D-methylmannopyranoside in the same buffer with 

the flow rate of 0.5 ml/min. 

2.5.3 Affinity chromatography on VHDL agarose 

The affinity chromatography medium was prepared by coupling VHDL to an 

activated gel matrix (affi-gel 15, Bio-Rad). A solution of 30 mg VHDL in 1 ml 20 

mM Mes buffer, pH 7.0 was stirred overnight at 4 "C with 5 ml of the activated 

matrix. The affinity medium was then washed extensively in the same buffer to 

remove noncovalently bound VHDL. 

For affinity chromatography on VHDL agarose, the protein solution was 
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dialyzed against 20 mM Mes buffer, pH 7.0, containing 150 mM NaCl, 5 mM CaC12, 

0.1 mM PMSF and 0.1 % Triton X-100, and then mixed with 5 ml of the VHDL 

agarose. The suspension was gently stirred at 4 "C overnight, transferred to a column, 

and washed with the same buffer. Bound protein was eluted with 20 mM Tris-HCL 

buffer, pH 4.0, containing 150 mM NaC1, 0.1 mM PMSF and 0.1 % Triton X-100. 

The flow rate was 0.5 ml/min. 

2.6. Electrophoretic techniques 

2.6.1. Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

(5-15 % T, 2.6 % C, pH 8.9) was carried out in a small mini gel unit (8 cm x 15 cm x 

1.0 mm, Hoefer Scientific, San Francisco, CA) according to the method of Laemmli 

(1970). Samples were applied to wells in a stacking gel (2.5 95 T, 20 % C, pH 6.5). 

Samples from the fat body membranes were incubated at room temperature for 30 

min. in SDS sample buffer without a sulfhydryl reducing reagent (0.125 M Tris, 20 % 

v/v glycerol, 4 % w/v SDS, 0.002 % w/v bromophenol blue, pH 6.75) . 

Electrophoresis was carried out at 4 "C at 25 mA until the marker dye had reached 

the bottom of the gel (1.5 h). The gels were stained with Coomassie brilliant blue R 

250 in methanokacetic acid:water (4:1:5) for 3 h, and destained with the same 

solvent mixture. 

2.6.2. Isoelectric focusing 

Isoelectric focusing was carried out on an LKB multiphore I1 IEF unit at 4 

"C. Ultrathin gels (0.5 mm x 8 cm x 10 cm) were cast onto GelBond PAG film (FMC 

corporation). The acrylamide gels (5.3 % T, 11.3 % C, 3 % ampholytes 6.5-9.0) were 

prefocused 10 min at 100 V and 10 min at 300 V. After applying the protein samples 

on filter paper, the gel was focused for 2,000 Vh at 4 W. Gel was fixed in 20 % 

trichloroacetic acid and stained with Coomassie brilliant blue R 250. 
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Preparative isoelectric focussing on Sephadex G-50 containing 5 % 

ampholytes was carried out as reported by Pharmacia (1982). The protein solution 

(500 pl) was applied to the prefocused gel (10 min at 100 V and 10 min at 300 V) and 

focused for 5,000 Vh at 4 W. Routinely a print was taken and stained with Coomassie 

brilliant blue R 250. Protein fractions were removed and eluted with 1 M potassium 

phosphate buffer, pH 7.2. 

2.6.3. Western blotting 

For Western blotting, proteins were transferred from non-stained SDS gels 

to nitrocellulose on a semi-dry blotting apparatus (LKB Nova Blot) according to 

Towbin et a1 (1979). The semi-dry transfer technique of the Nova Blot system uses 

filter papers soaked in transfer buffer (39 mM glycine, 48 mM Tris, 20 % v/v 

methanol, pH 8.9) as the only buffer reservoir; the transfer was carried out for 4 h at 

0.8 mA/cm2. 

The immuno-analysis was carried out with a detection kit for rabbit 

antibodies (Amersham) and modified from the manufactuer's instruction. Briefly, the 

nitrocellulose was incubated with blocking buffer (20 mM Tris-HC1, 150 mM NaC1, 

0.1 % Triton X-100, pH 7.6, containing 5 mg/ml bovine serum albumin and 0.3 % 

gelatin) for 1 h at room temperature. The nitrocellulose then was washed three times 

with 20 mM Tris-HC1, containing 150 mM NaCl and 0.1 96 Triton X-100, and 

incubated for 1 h at room temperature with 0.2 Q/c polyclonal anti-receptor 

antibodies in the same buffer. Following three washes (5 min each) with the same 

buffer, the membrane was incubated for 20 min each in solutions of biotinylated anti- 

rabbit antibody and streptavidin-alkaline phosphatase conjugate, and diluted in the 

buffer 1500 and 1:3000, respectively. Finally, the antigen bands were visualized by 

incubation with a solution of 1 drop each of NBT (Nitro-blue tetrazolium) and BCIP 

(5-Bromo-4-chloro-3-indolyl phosphate) in 10 ml of die thanolamine buffer (100 mM 
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diethanolamine, 5 mM MgC12, pH 9.5). The reaction was stopped by washing with 

distilled water. 

2.6.4. Ligand blotting 

After electrophoretic transfer, the nitrocellulose sheet was incubated with 

blocking buffer (20 mM Tris-HC1, 150 mM NaCl, 5 mM CaC12, 0.1 % Triton X-100, 

pH 7.0, containing 5 mg/ml bovine serum albumin and 0.3 95 gelatin) for 1 h at room 

temperature. The nitrocellulose then was washed three times with 20 mM Tris-HC1, 

pH 7.0, containing 150 mM NaC1, 5 mM CaC12, and 0.1 % Triton X-100, and 

incubated for 2 h at room temperature with solutions of varying amounts of 

radioiodinated and unlabeled VHDL and/or arylphorin in the buffer. Subsequently, 

the nitrocellulose was washed, dried and subjected to autoradiography on Kodak X- 

Omat-OR film (exposure time 48 h at -80 "C). 

2.6.5. Carbohydrate analysis 

Glycoproteins blotted onto nitrocellulose were visualized with fluorescent 

isothiocyanate conjugated concanavalin A (FITC-ConA) (Furlan et al., 1979). The 

nitrocellulose sheet was incubated for 30 min in 0.05 96 Tween 20 in 10 mM Tris- 

HCI buffer, pH 7.4, containing 0.05 M NaCI, 1 mM MgC12, and 1 mM CaC12, and 

subsequently placed for 1 h into the lectin solution. After washing the nitrocellulose 

twice with this buffer, fluorescent bands could be seen under ultraviolet light. 

2.7. Light microscopy 

Larvae and pupae at different stages of development were inflated with 

neutral buffered formalin solution (10 % formalin, v/v, 0.05 M phosphate buffer, pH 

7.0) for 10 min. After being cut transversely into approx. 0.5 cm long pieces, the 

tissue was refixed in the same fixative overnight. The tissue was embedded in 

paraffin and sections (7 pm) were stained with Ehrlich's hematoxylin (8 g 

hematoxylin, 240 ml alcohol, 240 g aluminium potassium sulphate, 120 ml distilled 
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water, 120 ml glycerol, 12 ml glacial acetic acid) and eosin (1 g eosin, 100 ml distilled 

water, 1 small crystal thymol). 

In order to distinguish the hematoxylin stained tissues from eosin stained 

tissues on black and white photographs, a green filter was used for pictures of the 

whole transverse section of the body. High magnification pictures-were taken without 

a filter. 

2.8. Electron microscopy 

2.8.1. Electron microscopy of proteins 

For the direct visualization of native or gold conjugated proteins, the protein 

solution was diluted to 0.001 pg/pl and 50 pl of the solution was added to formvar 

(0.25% solution of formvar in ethylene dichloride) coated copper grid (200 mesh). 

After drying the grid by blotting with filter paper 2 min later, one drop of 5 % uranyl 

acetate was added to the grid. After 5 min, the grid was blotted again and examined 

in the electron microscope. 

2.8.2. Protein sequestration by the perivisceral fat body 

For the in vivo incubation, 5-day-old fifth instar larvae were injected with 

200 p l  protein gold conjugate with different combination of VHDL, arylphorin and 

goat IgG. The insects were kept at 26 "C for 24 h and then the perivisceral fat body 

was dissected for fixation. For the in vitro incubation, the perivisceral fat body was 

dissected and incubated with different combination of gold-protein conjugates in 

Grace's medium at 26 "C for 4 h before being fixed. 

In order to study the selectivity of the uptake, equimolar amounts of 5 nm 

gold-VHDL and 10 nm gold-goat IgG were used. For the study of sequestration of 

both VHDL and arylphorin equimolar amounts of 5 nm gold-VHDL and 10 nm 

gold-arylphorin were used. In order to study the influence of temperature the 
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perivisceral fat body of 6-day-old fifth instar larvae were incubated for 4 h in vitro 

with 5 nm gold conjugated VHDL at 4 "C. 

2.8.3. Tissue preparation and embedding 

Insects were inflated with 2.5 % glutaraldehyde for 5 minutes; subsequently, 

the perivisceral or peripheral fat body was dissected under the same fixative at 4 "C. 

Following 2 hours of fixation at room temperature, the tissue was rinsed in 0.2 M 

phosphate buffer, pH 7.4 and post-fixed in 0 s 0 4  (1 % in phosphate buffer, w/v). The 

tissue was rinsed again in phosphate buffer and dehydrated in graded ethanol, 

transferred to propylene oxide and infiltrated and embedded in Epon/Araldite. Thin 

sections (80-100 nm) were cut with diamond knifes on a Reichert O M  U2 microtome 

and mounted on non-coated copper grids (200 mesh). The sections were stained in 5 

% Uranyl acetate for 20 min and then stained in 2.6 % lead citrate for 15 min after 

rinsing. 

For immunocytochernical processing, the fat body was embedded in 

Lowicryl K4M, modified from Altman et al. (1984). To retain antigenicity, insects 

were inflated with 8 % glutaraldehyde in 0.2 M phosphate buffer, pH 7.4 for 3 

minutes and then dissected in the buffer at 4 "C. Tissue was rinsed in the buffer, 

three times, 10 minutes each, followed by graded dehydration in 50 % , 70 % , 90 % 

ethanol for 10 minutes each, 100 95 ethanol twice for 10 minutes. For infiltration, 

increasing concentrations of Lowicryl K4M in ethanol were used, starting with 50 % 

K4M in ethanol (v/v) for 25 minutes, followed by 66 '3% K4M in ethanol for 30 

minutes, and finally twice 100 % K4M for 45 minutes. The infiltrated tissue was 

transferred to precooled K4M in gelatin capsules. Polymerization of the resin was 

achieved by UV irradiation (wavelength 360 nm, 20 W, distance 10 cm) at 4 "C for 30 

min. Semi-thin sections (150-200 nm) were cut with diamond knife on a Reichert 

OM U2 microtome and mounted on non-coated copper grids (200 mesh). 



2.8.4. Single immunogold labeling 

Attempts were made to increase immunoreactivity by etching the sections 

with 15 % H202 for 20 minutes, and/or digestion with 0.1 % trypsin for 30 or 45 

minutes. Since treatment did not improve the results, sections were normally 

incubated directly in 0.05 M phosphate buffer, pH 7.4, 0.154 M NaCl, with 1.0 % 

bovine serum albumin (=incubation buffer) for 5 min. The sections were then 

incubated with primary antibodies overnight a t  4 "C, with polyclonal antisera diluted 

1: 1,000 in incubation buffer; monoclonal hybridoma culture supernatant was diluted 

1:lO.  All incubations were carried out at room temperature except for the primary 

antibody treatment, which was done at 4 "C. 

After three rinses with the incubation buffer, the sections were incubated for 

1 hour either in 1 % goat anti-rabbit IgG labeled with 10 nm gold particles, or 2 5% 

goat anti-mouse IgG labeled with 20 nm gold particles (Biocell Laboratories, Carson, 

CA). Afterwards the grids were rinsed again three times in incubation buffer, twice 

in double distilled water, and then briefly counterstained with 5 % uranyl acetate for 

1 min. 

2.8.5. Double immunogold labeling 

The sections, fixed with 8 % ggltaraldehyde for 3 minutes and rapidly 

embedded in K4M at 4 "C, were floated on incubation buffer for 5 minutes and 

incubated with monoclonal anti-VHDL as described above. The sections were rinsed 

three times in incubation buffer, incubated for 1 h with 2 9% goat anti-mouse IgG 

labeled with 20 nm gold particles and rinsed three times with buffer. Subsequently, 

the sections were treated with rabbit polyclonal anti-arylphorin antiserum and 10 nm 

gold labeled anti-rabbit IgG antibodies as described above. The sections were 

counterstained with uranyl acetate for 1 min after three rinses in incubation buffer 

and two rinses in double distilled water. 
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2.8.6. Controls - 

Control experiments were performed under identical conditions except that 

pre-immune serum was used instead of polyclonal primary antiserum. For 

monoclonal antibodies, hybridoma culture supernatant was treated with excess of 

VHDL to preabsorb its antibody. After centrifugation, the treated hybridoma culture 

supernatant was used as control medium. 
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CHAPTER 3. FATE OF DIFFERENTIATED FAT BODY TISSUES DURING 

METAMORPHOSIS 

3.1. Introduction 

Fat body in holometabolous insects is typically located in two body regions 

that reflect its embryonic origin: around the gut and adjacent to the integument 

(Anderson, 1972). Nevertheless, fat body has long been considered as one 

homogeneous tissue, with identical structure and function throughout the whole 

insect body (Locke, 1984). However, several reports have suggested that regional 

diversity of structure and function occurs in some insect species (Shirk and Malone, 

1989; Tysell and Butterworth, 1978; Lauverjat, 1977; Schin et al., 1977; Labour, 1974; 

Wigglesworth, 1967a, b). Unfortunately, these regional variation have rarely been 

clearly illustrated by micrographs (Dean et al., 1985), and little is known about the 

significance of this diversity. 

The diversity of fat body tissue in H. zea is much better characterized. In 

fact, in this insect the fat body is not one homogeneous tissue but two structurally 

and functionally distinct tissues. The two kinds of fat bodies are easily distinguished 

by their color and location: white fat body is located peripherally near the cuticle, 

while the blue perivisceral fat body surrounds the gut. Biochemical studies have also 

established distinct functions of these tissues. While the peripheral fat body shows 

strong biosynthetic activity in the early and middle 5th instar it does not sequester 

any storage proteins upon pupation. In contrast, protein biosynthesis was not 

observed in the perivisceral fat body of larvae, but in the prepupal stage this tissue 

takes up large amounts of both arylphorin and VHDL (Haunerland et al., 1990). 

While it appears that both fat bodies have originated from the same tissue 

(Haunerland et al., 1990), the fate and functions of the perivisceral and peripheral fat 

body during metamorphosis remain unknown. In other insect species, many larval 



tissues are histolyzed and replaced by the new adult tissues during the 

metamorphosis; the fate of fat body, however, is very controversial. Storage proteins 

have been shown to be broken down in pupae, and some reports suggest complete 

histolysis of fat body, followed by the synthesis of new adult fat body. Other studies 

have suggested a "tissue remodeling" that involves dissolution of the fat body to 

isolated cells that subsequently rearrange to form adult fat body (Larsen, 1976; Dean 

et al., 1985). Since H zea possesses two fat bodies, it is conceivable that different 

changes occur in each of the tissues during metamorphosis. For example, one fat 

body might be broken down while the other persists as the adult fat body. These 

fundamental questions are important for the understanding of the different functions 

of these fat bodies. Therefore, the development of both the perivisceral and 

peripheral fat bodies of H. zea was followed by using light and electron microscopy 

from the beginning of the last larval instar through the pupal stadium up to adult 

ecdysis. 

3.2. Results 

3.2.1. Localization of the perivisceral and peripheral fat body 

Along the anterior-posterior gradient, four regions were distinguished: 

thorax, anterior region of abdomen, middle region of abdomen, and posterior region 

of abdomen. In random samples taken at the different stages, the distribution of fat 

body was similar in all four regions; therefore, the anterior region of the abdomen 

was chosen for a systematic ultrastructural study. 

The location of the two fat bodies was visible in cross sections through the 

anterior region of the abdomen of paraffin embedded insect tissues, stained with 

hematoxylin/eosin (Fig. 3-1). The perivisceral fat body generally was stained more 

darkly than the peripheral fat body, as one could expect from its higher protein 

content. Both fat bodies were often separated by some muscle tissue, therefore, they 
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could be easily distinguished in the larval stage and during the first few days of the 

pupal stadium. While the peripheral fat body predominated in the early days of the 

last larval stadium (Fig. 3-1 A), the perivisceral fat body increased in size towards 

day 5 (Fig. 3-1 B) and remained abundant through the remainder of the larval and 

the entire pupal stadium (Fig. 3-1 C,  D, E). Adult fat body appeared mostly in the 

same position as the perivisceral fat body in pupae, with some parts extending to the 

cuticle (Fig. 3-1 F). The peripheral fat body, however, diminished in size during the 

pupal stadium, until day 8 after pupal ecdysis, when it no longer could be identified 

(Fig. 3-1 E). 

Examination of sections of pupae and adults at higher magnification (Fig. 3- 

2) revealed distinctly shaped protein granules in the perivisceral fat body at all time 

points, while amorphous dark structures predominated the peripheral tissue in early 

pupae (Fig. 3-2 A, B). In pupae, the peripheral fat body gradually diminished in size 

and finally disappeared towards the end of the pupal stage; the perivisceral fat body 

however expanded towards the cuticle (Fig. 3-2 C, D). At day 10, no peripheral fat 

body was left below the cuticle; the remaining the perivisceral fat body still contained 

numerous protein granules and extended to the cuticle (Fig. 3-2 E). Although adult 

fat body can also be found below the cuticle, it appears homogeneous and still 

contains the protein granules characteristic for the perivisceral fat body. (Fig. 3-2 F). 

3.2.2. Ultrastructure of the peripheral fat body 

The ultrastructure of the peripheral fat body changed during development. 

At the beginning of the last larval stadium, the peripheral fat body contained 

numerous mitochondria, as well as much rough endoplasmic reticulum (RER) and 

glycogen between the lipid droplets (Fig. 3-3 A). The plasma membrane reticular 

system (PMRS) was very developed. The fat body cells were small and surrounded 

by a sac of the basal lamina. With the development of the insect into the middle 5th 



Fig. 3-2. Fat body in pupae and adults. 
Close up view of parallin sections prepared as in  Fig. 3-1. A: day 1, R: day 2. C: day 4, D: day 8, E: day 
10 after pupid ecdysis; F: day 1 after adult ecdysis. The arrow marks protein granules; other 
nhhrevii~tions as in Fig. 3-1. Size bar = 20pm. 



Fig. 3-3. Peripheral fat body of last instar larvae. 
Fat body was fixed, embedded and sectioned as  described in Materials and Methods (283). A: day 1; 
R: day 3; C,D: day 4 after last larval molting. RI: Basal lamina; GI: Glycogen; L: Lipid droplet; Mt: 
Mitwhondrium; N: Nucleus; PG: Protein granule; PCX: Crystalline protein granule; PMRS: Plasma 
membrane reticular system; RER: Rough cndoplasmic reticulum. Size bar = 1 p. 
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instar (day 3)(Fig. 3-3 B), the synthetic system, such as RER and mitochondria, was 

highly developed and mainly located around the nucleus and along the cell 

membrane. Although the synthetic system was still well developed, early stage 

autophagic vacuoles which contained the isolated organelles were detectable at day 4 

(Fig. 3-3 C, D). 

At day 5, the autophagic vacuoles appeared larger and more abundant while 

RER and mitochondria were reduced (Fig. 3-4 A). These changes became more 

pronounced at the end of the larval stage (Fig. 3-4 B), where the peripheral fat body 

was full of autophagic vacuoles and RER and mitochondria almost disappeared 

completely. Lipid droplets were reduced in size and the plasma membrane appeared 

partly destroyed. 

During the first 4 days after pupation, autophagic vacuoles had digested 

most of the membrane folds and changed to dark structures of higher density (Fig. 3- 

4 C). During the following days most lipid droplets, many autophagic vacuoles and 

large parts of the plasma membrane disappeared (Fig. 3-4 D). At this time, the 

peripheral fat body ceased to be a distinct tissue, but rather represented fragments 

of the cell remainders. In the last three days of the pupal stage only few remnants 

from the peripheral fat body could be detected, indicating its complete degradation 

(Fig. 3-4 E). 

3.2.3. Ultrastructure of the perivisceral fat body 

The perivisceral fat body is very similar in structure to the peripheral fat 

body in the early 5th larval instar (Fig. 3-5 A). During the following days, a slight 

increase in mitochondria and RER (Fig. 3-5 B) as well as some organelle autolysis 

could be seen, however to a much lower extent than in the peripheral fat body (Fig. 

3-5 C). In spite of the continuing autolysis of the organelles, the uptake of the storage 

proteins is the dominant process in the final days of the 5th instar. At day 5, protein 



Fig. 3-4. Peripheral fat body of late last instar larvae and pupae. 
Details as in Fig. 3-3. A,R: day 5 and 7 after last larval molt, respectivels CC,D,E: day 4,7 and 10 after 
pupal ecdysis. Size bar = 1 pn. 



Fig. 3-5. Perivisceral fat body of last instar larvae. Details as in Fig. 3-3. A: day 1, R: day 3, C: day 4 
after lest larval malting. Size bar = 1 v. 



Fig. 34. Perivisceral fat body in late last instar larvae. 
Details as in Fig. 3-3. A-C: day 5, D: day 7 after last larval molting. Size bar = 1 p. 
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granules were first detected; these were mostly small and noncrystalline (Fig. 3-6 A, 

B). Along the cell membrane, mitochondria, PMRS, and RER disappeared (Fig. 3-6 

A), while some RER and mitochondria were still present around the nucleus (Fig. 3- 

6 C). At day 7, the perivisceral fat body was filled with protein granules; many of 

these were partly or completely crystalline (Fig. 3-6 D). 

For the first 4 days of the pupal stage, the overall structure remained largely 

unchanged. The fat body cell was filled with crystalline and non-crystalline protein 

granules, autophagic vacuoles and lipid droplets (Fig. 3-7 A). Although many 

organelles had been digested in autophagic vacuoles, some RER and mitochondria 

were still present, mainly around the nucleus (Fig. 3-7 B). In the middle of the pupal 

stage (day 5-7), hydrolysis of non-crystalline protein granules began (Fig. 3-7 C); a 

partly dissolved protein granule is shown in Fig. 3-7 D. Towards the end of the pupal 

stage, only few non-crystalline granules remained, and many of the crystalline 

granules were also partly lysed (Fig. 3-8 A, B). At the same time, the number of 

mitochondria increased (Fig. 3-8 C) and RER appeared in many areas (Fig. 3-8 D). 

Fat body of newly emerged adults still contained numerous crystalline 

protein granules (Fig. 3-9 A). The number of mitochondria was increased, and RER 

was abundant (Fig. 3-9 B). 

3.3. Discussion 

The results of this ultrastructural study confirm the conclusions from 

previous biochemical experiments (Haunerland et al., 1990) that fat body in H. zea is 

not homogeneous but structurally and functionally distinct. In the first four larval 

instars, the fat body is almost exclusively found attached to the cuticle. This 

peripheral fat body remains also in place in the last larval instar, but is completely 

degraded during the pupal stadium. In contrast, the perivisceral fat body is not 



Fig. 3-7. Perivisccral fat body in pupae. 
Details as in Fig. 3-3. A,B: day 4, C-D: day 6 after pupal ecdysis. Size bar = 1 pm. 



Fig, 34. Perivisceral fat body in pupae. 
Details as in Fig. 3-3. A: day 8, R-D: day 10 after pupal ecdysis. Size bar = 1 pm. 



Fig. 3-9. Perivisceral fat body of newly emerged adults. 
Details as in Fig. 3-3. Size bar = 1 pm. 
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detectable before the last larval instar, when it rapidly increases in size to form the 

dominant fat body tissue; it remains a primary tissue in pupae and adults. 

These findings underline the early observations (Haunerland et al., 1990) 

that the two fat bodies carry out different functions in insect life; the peripheral fat 

body is predominantly a biosynthetic organ, while the perivisceral fat body in larvae 

and prepupae is important for the storage of nutrients needed for later development. 

The ultrastructural data presented here support the proposed biosynthetic function 

of the peripheral fat body in larvae: mitochondria, RER and PMRS are abundant in 

the peripheral fat body of actively feeding larva (day 1-5 of the last larval instar). 

After storage protein synthesis has ceased and the proteins have been released into 

the hemolymph, the peripheral fat body gradually disappears. Autophagic vacuoles 

dominate its structure at the end of the last larval instal-, and the cell membrane and 

other organelles are completely hydrolysed during the first 6 days of pupal life. The 

peripheral fat body therefore seems to be a larval specific tissue which is not needed 

in adult insects. 

The perivisceral fat body, on the other hand, appears to be the precursor of 

adult fat body. At the beginning of the last larval instar (day 1-3), its ultrastructure is 

indistinguishable from the peripheral fat body. Within the following three days 

storage proteins are sequestered by the perivisceral fat body, and protein granules 

accumulate rapidly. These granules are originally mostly unstructured, but appear to 

crystallize within a few days. Towards the end of the last larval instar, autolysis of cell 

structures can be seen in the perivisceral fat body as well, though to a much lesser 

extent than in the peripheral tissue. 

This study clearly shows that adult fat body is derived from the perivisceral 

fat body of larvae. Although this tissue appears to be mainly a storage organ, it seems 

to acquire mitochondria and RER during development of the pharate adult. Thus, 

adult fat body seems to combine both major functions of fat body that were 
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separated in late larvae, storage of proteins and protein biosynthesis. It contains 

numerous protein granules which may be hydrolyzed later in order to use the amino 

acids for the synthesis of required proteins. It should be noted that H. zea moths 

ingest only little nutrients and therefore rely on stored reserves for any protein 

biosynthesis, including the large amounts of proteins needed for vitellogenesis. 

Relatively little research has been done on ultrastructural changes in fat 

body during the pupal stadium of Lepidoptera (Ishizaki, 1965; Larsen, 1970, 1976; 

Locke, 1984). This may be due to the difficulties experienced by some investigators 

in obtaining adequate fixation of the tissue. Consequently, few reliable data are 

available, especially for the later pupal stage (Dean et al., 1985). Two mechanism 

have been described for the origin of the adult fat body; either it develops by 

reorganization of the larval tissue, or it differentiates in the pupal stadium out of 

undifferentiated stem cells. Evans (1935) and many subsequent authors (for example 

Evans, 1967; Butterworth, 1972; Thomsen and Thomsen, 1974) have claimed that 

complete destruction of the larval tissue occurs in the Cyclorrapha. However, this 

view has not been supported by microscopical evidence. As for the de novo synthesis 

of adult fat body in Dacus, Evans (1967) concluded that it develops from the adult 

epidermis; however, it is difficult to imagine how the adult tissue could arise from the 

epidermal discs, unless the concepts of classical embryology have no relevance to this 

group of insects. On the other hand, other investigators who support the 

reorganization mechanism (Trager, 1937; Krishnakumaran et al., 1967; Walters, 

1969; Larsen, 1970, 1976) suggested that the larval tissue persists in the adult. Larsen 

(1976) employed a variety of electron microscopic techniques to analyze the 

structural changes that occur in fat body of Calpodes etlzlius during the larval-adult 

metamorphosis. His study clearly demonstrated the destruction of larval fat body 

organelles before pupation and the regeneration of adult organelles prior to adult 

ecdysis. The results suggest that functional changes in fat body are mediated by the 
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breakdown and replacement of various organelles during metamorphosis in 

otherwise intact cells, a process termed "cell remodeling" (Larsen, 1976). Our study 

also indicates that cell remodeling is involved in functional changes of the 

perivisceral fat body during the pupal stadium. However, most functions of fat body 

in larvae are carried out by the peripheral fat body, which is not remodeled during 

metamorphosis but broken down. 

Although the perivisceral and the peripheral fat body have clearly distinct 

functions and fates, they appear to have common origin. Both fat bodies are 

polyploid at the same level of ploidy, which indicates identical age (Haunerland et 

al., 1990). The sequestration of storage proteins in the last larval instar is the most 

obvious discriminating event between the two fat bodies. It is well established that 

storage proteins were sequestered by fat body upon pupation and incorporated into 

protein granules. However, the storage protein content of any of these structures has 

never been shown directly. Therefore it is not known whether different storage 

proteins are stored in the same place and utilized the same way during 

metamorphosis or whether each storage protein is taken up and metabolized in a 

distinct way. The next chapter describes experiments that were carried out to localize 

the individual storage proteins, arylphorin and VHDL in the perivisceral fat body 

and follow their fate through the entire process of metamorphosis. 
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CHAPTER 4. LOCALIZATION OF STORAGE PROTEINS IN FAT BODY 

4.1. Introduction 

The most prominent hallmark in the ultrastructure of the perivisceral fat 

body is the abundance of electron-dense protein granules. It is generally believed 

that such granules are composed of the storage proteins that are taken up by the 

tissue from hemolymph shortly before pupation. Indeed, earlier biochemical 

experiments (Haunerland et al., 1990) indicated that the concentration of two storage 

proteins, arylphorin and VHDL, decreased rapidly in hemolymph and simultaneously 

accumulated in the perivisceral fat body during the prepupal stage . Thus it appears 

very likely that the granules are formed from sequestered storage proteins. 

It has been shown in other lepidopteran species that the proteins isolated 

from protein granules were identical to the hemolymph storage proteins (Tojo et al., 

1978, 1980; Kramer, 1980). It remains unclear, however, whether different storage 

proteins are incorporated into a single protein granule or whether a granule contains 

only one storage protein. Moreover, since co-crystallization of two structurally 

distinct proteins as VHDL and arylphorin is highly unlikely, one would expect that 

crystalline granules contain only one storage protein; it is however not immediately 

clear which of the two storage proteins forms crystalline structures. If protein 

granules originally contain different storage proteins, the composition of protein 

granules would have to change with the insect development to allow crystallization; 

only one storage protein would survive in crystalline areas of granules, as suggested 

by Dean et al. (1985). To address these questions, protein granules in the perivisceral 

fat body were analyzed by electron microscopy and immunocytochemical techniques. 



4.2. Results 

4.2.1. The ultrastructures of protein storage granules 

During the prepupal stage, protein granules were prominent in the 

perivisceral fat body (Fig 4-1 A). Among the protein granules, three structures could 

be distinguished: amorphous granules (Fig. 4-1 B), partially crystalline granules (Fig. 

4-1 C), and crystalline granules (Fig. 4-1 D). ~t day 5 of 5th instar when the proteins 

begin to be sequestered, most of the protein storage granules were amorphous ones 

and only few were partially crystalline granules (Fig. 4-2 A). But with further 

development more crystalline and partially crystalline granules were seen in the fat 

body cell (Fig. 4-2 B) and after pupation, the majority of the protein granules in the 

cell were crystalline (Fig. 4-2 C, D). These changes indicated that newly formed 

protein granules were amorphous, but quickly turned to the partially crystalline and 

crystalline granules. 

4.2.2. Localization of storage proteins 

In order to find out whether both storage proteins jointly form protein 

storage granules or whether there are different granules for each of the proteins, 

immunogold labeling was employed for storage protein detection in thin sections. 

Polyclonal antibodies against arylphorin, generated in rabbits, and monoclonal 

antibodies against the blue VHDL, obtained from mouse hybridoma culture, were 

used in this research. Bound primary antibodies were detected with colloidal gold 

labeled species specific secondary antibodies, which show up prominently in electron 

micrographs. Either anti-VHDL or anti-arylphorin antibodies labeled only protein 

granules, indicating that storage proteins are confined to these granules. In other 

subcellular structures none of the storage proteins was detectable. Figure 4-3 B and 

4-4 B show a representative amorphous and crystalline granule, respectively, from 

sections of the perivisceral fat body that have been incubated with rabbit anti- 



Fig. 4-1: Perivisceral fat body and protein granules of larvae at day 7 after last larval molting. 
Electron micrograph of glutaraldehyde and osmium tetroxide fixed tissue embedded in Epon/Araldite 
and stained with uranyl acetatellead citrate as described in Materials and Methods (2.83.). P<;: 
Protein granule; PCX: crystalline protein granule. A: overview, size bar = 1 pm; R: amorphous protein 
granule, C: partly crystalline protein granule, D: crystalline protein granule. R-D: size bar = 02 p. 



r rg. +&: renvrzmral rar m y  ur r a m  aou pupae, 
Details as in Fig. 4-1. k day 5, B: day 6 after last larval moulting, C,& day 1 after papal dysis. S i a  
bar = 1 p. 



Fig. 4-3: Immunoqtodmniarl detection of st- proteins in amorphous protein granules. 
Tissue was embedded in Lowicryl K4M and treated with primary antibodies o r  control serum followed 
by staining with colloidal gold labeled secondary antibodies a s  described in Materials and Methods 
(283-2.8.6.). Antibodies: A: Preimmune serum followed by 10 nm gold anti-rabbit IgG antiserum 
(control); R: anti-arylphorin antiserum followed by 10 nm gold anti-rabbit IgG antiserum; C: anti- 
VHDL antibody followed by 20 nm gold anti-mouse IgG antiserum. D: subsequent incubations with 
anti-VHDL antibody, 20 nm gold anti-mouse IgG antiserum, anti-arylphorin antiserum, 10 nm gold 
anti rabbit 1 6 1  antiserum. Size bar = 0 5  pm. 



Fig 44: Immunocytochemical detection of storage proteins in crystalline protein granules. 
Details see Fig. 4-3. Antibodies: A: hybridoma supernatant after preabsorbtion of anti-VHDL 
antibodies (control), R-D: sections treated as described in Fig. 4-3 R-D. Size bar = 0.5 pm 
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arylphorin antibodies, followed by anti-rabbit antibodies labeled with 10 nm gold 

particles. Arylphorin was detected in all granules. In contrast, no label was detected 

in control experiments that used control serum instead of the primary antibody (Fig. 

4-3 A). The same procedure, this time with the monoclonal antibody against the 

VHDL and 20 nm gold labeled goat anti-mouse secondary antibody, shows the 

presence of blue VHDL only in amorphous protein storage granules and the non- 

crystalline part of partially crystalline granules, however never in crystalline regions 

of the granules (Fig. 4-3 C, 4-4 C). Similarly, no significant number of gold particles 

was detected in control experiments (Fig. 4-4 A). In order to confirm the presence of 

both storage proteins in the same granules a double labeling technique was applied. 

Because the antibodies were prepared in different species, it was possible to 

distinguish between both storage proteins by using species-specific secondary 

antibodies labeled with colloidal gold of a different particle size. The results showed 

that amorphous protein granules contain both, arylphorin and VHDL (Fig. 4-3 D). In 

partly crystalline granules, arylphorin could be detected all over the granule, but 

VHDL was confined to the lighter uncrystallized areas (Fig. 4-4 D). Similarly, in 

completely crystalline granules, virtually no VHDL was detectable, except in the 

small area at the edge of the granule that remained amorphous, while arylphorin is 

present throughout the granule. To exclude the possibility that conformational 

changes in the VHDL prevented the monoclonal antibody to bind to its antigenic 

determinant, the sections were incubated with polyclonal antibodies raised against 

VHDL. Neither this nor pretreatment of section with trypsin or hydrogen peroxide to 

partially expose denatured protein gave any indication that blue protein is also 

present in crystalline areas. 

4.2.3. Developmental changes of storage proteins 

The fact that VHDL was never found in crystalline areas suggest selective 
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removal from protein granules. Since almost all storage granules become crystalline 

during development and all the non-crystalline granules were degraded with the 

development into middle pupal stage (Chapter 3), it is likely that VHDL is 

completely used before the middle pupal stage. Therefore, the presence of 

arylphorin and VHDL in protein granules was analyzed through the entire process of 

metamorphosis to trace the fate of these two storage proteins. Both arylphorin and 

VHDL were abundant in the late prepupal stage when the cell is full of the 

amorphous and crystalline protein storage granules (Fig. 4-5 A). In the pupal 

stadium, VHDL disappeared gradually from granules; towards the middle of the 

pupal stadium, when most amorphous protein storage granules have been degraded, 

VHDL was detectable only occasionally, while arylphorin remained abundant in all 

granules (Fig. 4-5 B). Fat body of newly emerged adults still contained numerous 

crystalline protein storage granules; arylphorin was also abundant in all granules 

(Fig. 4-5 C, D). In contrast, not even traces of the VHDL could be detected, which 

indicates that this protein has been broken down to fragments too small to be 

recognized by the antibodies. 

4.3. Discussion 

It is well established that storage proteins are sequestered by the fat body 

upon pupation and incorporated into protein granules. The formation of storage 

granules from sequestered hernolymph storage proteins was originally described in 

Calpodes (Locke and Collins, 1965; 1968; Locke et al. 1982; Leung et al., 1989). From 

the results, they proposed a mechanism of storage granule formation, in which 

storage proteins are endocytosed by the fat body cell and the endocytosed vesicles 

fuse together to form amorphous protein storage granules. Due to the attack of 

primary lysosomes, some components of the granules are hydrolyzed, allowing the 

granule to convert to a crystalline form (Locke, 1984). 



Fig. 4-5: Immunocytochemial detection of storage proteins in priviscenl fat body of diffemnt stages. 
Details see Fig. 4-3. A: day 7 after last lrrval moulting R: day 4 after pupal ecdysis; C-D: f ~ s h l y  
emerged adults. Size bar = 1 pm 
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Although the original demonstration of storage protein uptake involved the 

use of foreign protein injected into the hemolymph (Locke and Collins, 1968), some 

later researchers have shown that the proteins contained in storage granules are 

identical to the hemolymph storage proteins. Tojo and co-workers (1978) isolated the 

storage granules from last-instar larvae and pupae of Hyalophora cecropia and 

identified their contents as the two major proteins of the hemolymph of the last 

instar. Storage proteins have also been isolated from pupal fat body of Bombyx mori 

(Tojo et al., 1980), and are presumed to be contained in the protein granules of that 

tissue. Kramer and co-workers (1980) showed evidence that the chromatographic, 

electrophoretic and immunological properties, as well as the amino acid 

composition, of arylphorin are the same in larval hemolymph and pupal fat body of 

Manduca sexta. The electrophoretic and immunological properties of arylphorin and 

VHDL isolated from hemolymph and fat body of H. zea were also identical. In the 

current study, however, the storage protein content of storage granules was shown for 

the first time directly by electron microscopy and immunogold labeling techniques. 

The results clearly indicate that arylphorin and VHDL coexist in all newly formed 

amorphous protein storage granules, as well as in the non-crystalline part of partially 

crystalline protein storage granules. In crystalline areas of proteins granules, 

however, only arylphorin is present. From a variety of control experiments it can be 

excluded that conformational changes in VHDL due to crystallization prevented the 

detection by its antibodies. Instead, it appears that during the process of crystal 

formation VHDL is selectively removed from the granule. Since co-crystallization of 

two unrelated proteins is extremely unlikely, the removal of VHDL might actually be 

a prerequisite for the following crystallization of arylphorin. Excretion of VHDL 

from the granule can also be excluded since no VHDL is detectable in the cytosol of 

fat body cells. Thus, the data seem to support the above mentioned mechanism of 

crystal formation involving proteolytic removal of some storage proteins. Since the 
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staining for VHDL does not appear to be stronger in the noncrystalline parts of 

partly crystalline granules than that in amorphous granules, it would be indeed 

plausible to suspect selective elimination of VHDL through proteolytic degradation 

by enzymes contained in primary lysosomes. 

This study also indicates that amorphous protein storage granules were 

degraded much more rapidly than crystalline granules. With the disappearance of 

amorphous protein storage granules in the middle pupal stage VHDL was no longer 

detectable in the fat body cell. However, it appears that arylphorin is efficiently 

protected from hydrolysis, probably by its crystallization. Indeed, many crystalline 

granules were preserved well into the adult stage. These results are in agreement 

with the findings from biochemical experiments which indicate that VHDL 

completely disappears during the first few days of pupal life while arylphorin persists 

for a much longer time (Haunerland et al., 1990). 

The selective susceptibility of the two storage proteins to storage and 

elimination may be directly linked to possible functional differences. Because of its 

early elimination and unusual structural characteristics it is conceivable that the blue 

VHDL may have important functions besides supplying amino acids for the synthesis 

of adult structures. Particularly inspiring is the prospect that degradation of the 

VHDL and concomitant release of its lipid core could trigger pupal development. 

On  the other hand, arylphorin may be used as the main amino acid reserve for the 

synthesis of proteins not only in the pupal stage, but also in the adults. Clearly, a 

variety of biochemical and ultrastructural studies are needed to test this hypothesis 

and to enhance our understanding of the true functions of storage proteins in insect 

development. 

Both arylphorin and VHDL are taken up only by the perivisceral fat body 

during the prepupal stage; they coexist in the newly formed amorphous protein 

storage granules. It would be very interesting to see whether the uptake is mediated 
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by specific membrane receptors, as previously identified in dipteran species (Ueno et 

al., 1983; Ueno and Natori, 1984; Burmester and Scheller, 1992). Since the 

biochemical mechanisms of storage protein endocytosis may provide the key to the 

selectivity of the process, further research was initiated in search of storage protein 

receptors in H. tea. 



CHAPTER 5. STORAGE PROTEIN UPTAKE: PURIFICATION OF THE 

VHDL RECEPTOR FROM THE PERIVISCERAL FAT BODY 

5.1. Introduction 

Insect storage proteins are abundant in the hemolymph of larvae and are 

used as a source of amino acids for construction of adult structures during 

metamorphosis. The storage proteins are generally synthesized in the fat body of 

insects in their last larval stage and secreted into the hemolymph. Shortly before 

pupation, storage proteins are taken up by the fat body tissue and stored there, 

presumably as protein granules, until their final utilization for the biosynthesis of 

adult structures (Levenbook, 1985). Although little is known about the biochemical 

mechanisms by which storage proteins enter the fat body, it is postulated that specific 

receptors at  the membrane of the fat body cells are involved in this process. Indeed, 

such a storage protein receptor for calliphorin has been identified in two dipteran 

insects, Sarcophaga peregrina (Ueno et al., 1983; Ueno and Natori, 1984) and 

Calliphora vicina (Burmester and Scheller, 1992). 

The last two chapters have established the ultrastructural basis of the 

heterogeneity of the fat body tissues in H. zea. The studies clearly show that only 

specialized regions of the fat body that appear in prepupae around the gut sequester 

storage proteins; this perivisceral fat body is easily distinguished by the blue color it 

obtains from sequestered VHDL. However, the original peripheral fat body of 

larvae, located next to the cuticle, remains white and does not take up VHDL. The 

specificity and efficiency of storage protein uptake by the perivisceral fat body 

suggests a well defined endocytotic mechanism, which could involve a VHDL specific 

receptor that is present only in the perivisceral fat body membrane. The present 

study was carried out to identify, purify, and characterize this receptor. 



5.2. Results 

5.2.1. Receptor identification 

In order to identify the postulated VHDL receptor, the binding of VHDL to 

crude fat body membrane fractions was analyzed. Fixed amounts of membrane 

fraction obtained from the perivisceral fat body were incubated together with 

radioiodinated VHDL, and the bound radioactivity was measured at regular time 

intervals. The percentage of bound VHDL increased during the first hour, but 

remained constant afterwards, indicating saturation of VHDL-specific binding sites. 

In contrast, only very small amounts of VHDL were bound by the peripheral fat 

body (Fig. 5-1). Unlabeled VHDL competitively replaced the labeled protein. Large 

excess of unlabeled VHDL reduced the bound radioactivity to a low background 

level of approximately 10 % of the total activity, which appears to represent 

nonspecific interactions between membrane and radiolabeled protein. This 

replacement was specific for VHDL; addition of a large excess of bovine serum 

albumin did not affect VHDL binding (Fig. 5-2). 

VHDL binds to the membrane in a relatively narrow pH range, as shown in 

Fig. 5-3; optimal binding occurs at pH 7.0. Binding also requires the presence of 

ca2+  ions: without c a 2 +  essentially no binding was detectable, while increasing 

concentrations of the ion promoted binding (Fig. 5-4). Since optimal binding 

required at least 4 mM c a Z  + all subsequent binding experiments were carried out in 

presence of 4 mM ca2  + . 

The binding affinity between the membrane fraction and VHDL was further 

studied by Scatchard analysis (Fig. 5-5). To determine nonspecific binding, the bound 

radioactivity was measured in the presence of additional 200 pg unlabeled VHDL. 

The binding data indicate a single high affinity binding site with a Kd of 7.66 x 10- 8 
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Fig. 5-1. Binding of VHDL to membrane fractions. Membranes from perivisceral fat body and 

peripheral fat body of prepupae were incubated with 1 pg of 1 2 5 ~ - ~ ~ ~ ~  at 4 'C as described in 
Materials and Methods (2.4.). Membrane bound radioactivity was determined after the indicated 
incubation time. Each data point represents the mean of 3 determinations; the standard error is 
contained within the data symbol. 
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Fig. 5-2. Competitive displacement of 12'1-vI-I~~. Membrane fraction from perivisceral fat body was 
incubated with 1 pg of 1 2 5 ~ - ~ ~ ~ ~  at 4 "C in presence of the indicated excess of unlabeled protein, as 
described in Materials and Methods (2.4.). Each data represents the mean of 3 determinations: the 
standard error is contained within the data symbol. 



Fig. 5-3. pH dependency of VHDL binding. Membrane fraction from perivisceral fat body was 
incubated with 1 pg of 1 2 5 ~ - ~ ~ ~ ~  at 4 "C in 20 m M  Mes buffer (pH 5.0-6.0) or 20 rnM TristHCl 
buffer (pH 6.5-9.5) adjusted to the indicated pH. Binding was measured as described in Materials and 
Methods (2.4.). Each data point represents the mean of 3 determinations; the standard error is contained 
within the data symbol. 



Fig. 5-4. c$+ requirement for VHDL binding. Membrane fraction from perivisceral fat body was 
incubated with 1 pg of 1 2 5 ~ - ~ ~ ~ ~  at 4 "C in TrisfHCI buffer in presence of the indicated concentrations 
of CaC12. Binding was measured as described in Materials and Methods (2.4.). Each data represents the 
mean of 3 determinations; the standard error is contained within the data symbol. 
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Fig. 5-5. Binding saturation curve and Scatchard plot. Membrane fraction from perivisceral fat boly was 
incubated with increasing amounts of 125 I-VHDL at 4 "C, as indicated, in 20 mM TrisIHCl buffer. Total 
bound radiactivity was determined after 60 min, as described in Materials and Methods (2.4.). To 
determine nonspecific intereactions, the bound radioactivity in presence of additional 200 pg unlabeled 
VHDL was determined. Nonspecifically bound radioactivity was substracted from the total radioactivity 
bound to obtain the radioactivity of VHDL bound specifically to perivisceral fat body. Each data point is 
the mean of 3 determination; the standard error is contained within the data symbol. 
Inset: Scachard plot of the binding data. A dissociation constant of 7.8 x 10% M was calculated from these 
data. 
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M. It was calculated from these experiments, that 1 mg membrane protein from the 

perivisceral fat body can bind 152 pg (0.27 nmol) VHDL. 

5.2.2. Receptor purification 

For the purification of the VHDL receptor, membranes were solubilized 

with a Triton X-100 solution, and the extracted membrane proteins were 

fractionated by several chromatographic steps, carried out in the presence of the 

detergent. Receptor activity in each fraction was analyzed by ligand blotting. The 

purification scheme is shown in Fig. 5-6. Initial separation of proteins was achieved 

on a strong anion exchanger, Macro-Prep 50 Q. At pH 8, numerous proteins bound 

to the resin, but receptor activity was detected only in the unbound eluent, indicating 

that the receptor should be a very basic protein. The receptor bound to Concanavalin 

A sepharose and could then be eluted with methyl mannoside. Subsequently, an 

affinity chromatography step on VHDL-agarose was attempted to further purify the 

protein. Finally, cation exchange chromatography was used to eliminate traces of 

impurities, and the resulting protein fraction showed a single band in SDS PAGE 

(Fig. 5-7) and isoelectric focusing (Fig. 5-8). The electrophoretic analysis indicated 

that VHDL receptor has an apparent molecular weight of 80,000 and is a basic 

protein with the isoelectric point of pH 8.2. Carbohydrate analysis revealed that the 

receptor is a glycoprotein with a high mannose content (Fig. 5-7, lane 6). 

5.2.3. Immunological analysis 

Ligand blotting of membrane proteins from the perivisceral and peripheral 

fat body indicate that receptor activity is present only in the perivisceral fat body 

(Fig. 5-9). To  study whether the receptor is indeed absent from the peripheral fat 

body, polyclonal antibodies were raised against the purified VHDL receptor and 

used for the detection of the protein in the peripheral and perivisceral fat body. 

Western blots of membrane proteins from both tissues, separated by SDS-PAGE, 
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Fig.5-6. Purification scheme for the isolation of the VHDL-receptor. 
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Fig. 5-7. SDS-PAGE and Western blotting. Fractions of different purification steps were separated by 
SDS-PAGE and Rlotted onto nitrocellulose as described in Materials and methods (2.6.1. and 2.63.). 
Ligand blots were carried out by incubating the membranes with 10 pg12s I -VHDL (10 cpm) in 10 m l  
TrisIHCI buffer (Materials and Methods, 2.6.4.). For carbohydrate analysis, nitrocellulose was 
incubated i n  a solution of FITC-Con A, as described in Materials and Methods (2.6.5.). Appoximately 
1 0  pg o f  crude membrane protein and 20 pg of al l  other samples were applied. M: molecular weight 
mark protein; 1: crude membrane extract from perivisceral fat body; 2: receptor fraction after 
concanavalian A chromatography; 3: purified VHDL- receptor; 4: purified VHDL-receptor. 
incubated i n  presence of a 10-fold excess of unlabeled VHDL; 5: purified VHDL-receptor, incubated 
in presence of 100-fold excess of unlabeled VHDL; 6: purif ied VHDL-receptor incubated with FIT(' 
Con A. 



Fig. 5-8. Isoelectric focusing of purified WDL-receptor. Pure receptor (10 pg) was focused for 
2 0  Vh at 4 W, as described in Materials and Methods (2.62). M: marker proteins: R: 
purified VHDL-receptor. 
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Fig. 5-9. lmmunoblot of VHDL-receptor. Membrane proteins f rom perivisceral and 
peripheral fat  body were separated by SDS-PACE, blotted onto nitrocellulcae, and 
incubated wi th  ant i -VHDL receptor antibodies, as discribed in Materials and Methods 
(2.6.1. and 2.63.). Ant i -VHDL receptor labeled bands were visualized wi th  alkaline 
phosphatase-conjugated secondary antibodies. M: molecular weight ma rk  proteins; R 
puri f ied VHDL-receptor; PV: membrane proteins from perivisceral fat body: PI': 
membrane proteins from peripheral fat body. 
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revealed the presence o f  VHDL receptor in the perivisceral fat body only, while no 

cross-reacting protein was detectable in the peripheral fat body (Fig. 5-9). The 

antibodies were also used for electron-microscopic imrnunocytochemical detection of 

the VHDL receptor. These sections of the peripheral and the perivisceral fat body 

were successively incubated with anti-VHDL-receptor antibodies. and colloidal gold 

labeled anti-rabbit-IgG antibodies. Figure 5-10 shows that the VHDL receptor is 

clustered at the cell membrane of the perivisceral fat body and also can be detected 

in newly formed small protein storage granules; no label was detectable at the 

membrane or inside the peripheral fat body cells. 

5.3. Discussion 

A receptor protein for VHDL from a membrane fraction of the perivisceral 

fat body of H. zea prepupae has been identified and purified. The VHDL receptor is 

a basic protein (PI 8.2) with an apparent molecular weight of 80,000. Efficient 

binding of VHDL is observed in the neutral pH range; the pH optimum of 7.0 is 

nearly identical to the pH found under physiological conditions in hemolymph (pH 

=6.8). Binding requires the presence of more than 4 mM ca2+  ions; at lower 

concentrations only partial or no binding of VHDL at all was observed. Under 

optimal conditions, the receptor interacts with VHDL in a single binding site with a 

dissociation constant of 7.7 x 

While the action of storage protein receptors has long been postulated to 

explain the specific uptake of storage proteins by the fat body prior to pupation, only 

two studies have reported evidence for such receptor proteins, but no storage protein 

'>eptor has ever been purified. Both studies have identified the receptor for a 

dipteran hexamerin: Burmester and Scheller (1992) reported recently the existence 

of three binding proteins for calliphorin in the fat body membranes of Calliphora 

vicina pupae. Binding of calliphorin requires c a 2 +  and has a pH optimum of 7.0, 



Fig. 5-10. Electron microscopic detection d \'HDLteccptor. 
Tissue was embedded in h i c r y l  M h l  and treated with rabbit pnl.wlonal anti-receptor antibodies 
followed by staining with 10 nm colloidal goid hkld gnat anti-mhhit IgG as described in Materials 
and Methods (2.8-7. and 2.8.4.). Phl: plilsm:~ memhn~ne, 1%: protein gr;inule, L: lipid droplet. Size bnr 

= l pm. 
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and the strongest protein band detected in ligand blots had the apparent molecular 

weight of 130,000. These data are similar to those found earlier by Ueno et al. (1983) 

in the flesh fly, Sarcophaga peregrina. In this insect species the fat body membrane 

fractions bound iodinated storage protein with a Kd of 4 x10-~;  the putative receptor 

protein had a molecular weight of 120,000. Binding was detectable only in pupal but 

not in larval fat body tissue, but treatment of larvae with ecdysone induced the 

conversion of a cryptic receptor protein into the active receptor (Ueno and Natori, 

1984). The authors concluded that this receptor transformation may explain why 

storage protein uptake occurs only in the pupal stadium; ecdysone induces the 

functional switch of fat body from a synthetic to a storage tissue before pupal ecdysis. 

These molecular and physiological characteristics are very different from our results; 

thus, it appears that the mode of hexamerin uptake is different in Diptera and 

Lepidoptera, and that the dipteran storage protein receptor is unrelated to the 

protein we have purified. In H. zea, no such functional switch of fat body exists. 

Rather, the peripheral fat body that is responsible for biosynthesis of storage 

proteins is degraded during the pupal stadium, and the perivisceral fat body is the 

only fat body which contains VHDL and remodels to form the adult fat body (see 

chapter 3). The perivisceral fat body sequesters storage proteins, and this tissue also 

contains the VHDL-receptor. The peripheral fat body however never incorporates 

storage proteins either in vivo or in vitro, and no receptor activity was detectable in 

ligand blots, suggesting that this tissue does not contain active VHDL receptor. Since 

antibodies to the purified receptor also failed to detect a crossreacting protein in the 

peripheral fat body, we can exclude the presence of a cryptic receptor as found in 

Diptera. Rather, it appears that the VHDL receptor is specifically expressed in the 

perivisceral fat body only. 

At this time, little information is available to suggest a mechanism for 

VHDL recognition and uptake. Electrostatic interactions may be involved in binding, 
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since at physiological pH values the receptor is positively charged (PI = 8.2) while 

VHDL carries a negative net charge (PI = 6.0). A similar effect has been suggested 

for the recognition of vitellogenin by its receptor (PI = 3.55) in locust oocytes 

(Ferenz, 1990). One would expect that receptor molecules then aggregate and form a 

coated vesicle, as observed for the well studied processes of receptor mediated 

endocytosis of vitellogenin in oocytes (Roth and Porter, 1964). The electron 

microscopic results presented in the last chapter show evidence that VHDL loaded 

vesicles fuse within the fat body and form protein granules; eventually, all membrane 

constituents are digested and the granules become dense and crystalline. 

It is estimated that 1 mg membrane protein of the perivisceral fat body from 

prepupae can bind 0.27 nmol VHDL (152 pg). Thus, the perivisceral fat body should 

contain 0.27 nmol receptorlmg membrane protein (21.7 pg, 2.2 % of the total 

membrane protein), which is equivalent to about 400 pg (5 nmol) of VHDL receptor 

per gram wet weight. Earlier studies have shown that the total amount of VHDL 

sequestered before pupation is approx. 5 mg (9 nmol) (Haunerland et al., 1990). 

Since the amount of membrane bound receptor was determined in 6 day old last 

instar larvae, when VHDL uptake already has begun, enough VHDL receptor may 

be available to incorporate all VHDL. It is not known whether VHDL receptor is 

digested or recycled; its large concentration however makes recycling unnecessary. 

Moreover, the high amount of VHDL receptor may explain the rapid clearance of 

VHDL from hemolymph in the prepupal stage. 

Since the results have shown that the uptake of VHDL is via receptor 

mediated endocytosis, it would be of particular interest to determine how other 

storage proteins enter the fat body cells, such as arylphorin, the major lepidopteran 

storage protein. Arylphorin is also synthesized in the peripheral fat body and 

sequestered by the perivisceral fat body (Haunerland et al., 1990); within the 

perivisceral fat body, arylphorin is found together with VHDL in protein granules 
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(see chapter 4). Thus, -one would expect that the process of recognition and 

sequestration is similar for these two storage proteins. It is now necessary to identify 

and isolate the receptor protein responsible for arylphorin uptake and determine the 

role of these receptors in protein granule formation. 
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CHAPTER 6. IDENTIFICATION AND CHARACTERIZATION OF THE 

ARYLPHORIN RECEPTOR 

6.1. Introduction 

In addition to VHDL, Helicoverpa zea possesses a second major storage 

protein, arylphorin (Haunerland and Bowers, 1986b). Arylphorin is also synthesized 

by the peripheral fat body mainly in the 5th larval instar and secreted into the 

hemolymph. Shortly before pupation both arylphorin and VHDL are sequestered by 

the perivisceral fat body and stored there until utilized (Haunerland et al., 1990). As 

shown in the previous chapters of this thesis, the accumulation of arylphorin and 

VHDL in the perivisceral fat body of prepupae results in the formation of protein 

storage granules that initially contain both arylphorin and VHDL. These results 

suggest that both storage proteins are taken up from the hemolymph in a similar way 

by receptor mediated endocytosis. 

The selective sequestration of VHDL is mediated by a membrane receptor 

protein that is present only in the perivisceral fat body. The VHDL receptor is a 

glycosylated integral membrane protein with a molecular weight of 80,000 and the pI 

of 8.2. The purpose of the research described here was to identify and characterize 

the arylphorin receptor and investigate its substrate specificity. 

6.2. Results 

6.2.1. Identification of the receptor for arylphorin 

In order to examine the presence of an arylphorin receptor, the binding of 

arylphorin to crude fat body membrane fractions was analyzed. Fixed amounts of 

membrane fraction obtained from the perivisceral or peripheral fat body was 

incubated together with radioiodinated arylphorin, and the bound radioactivity was 

measured at regular time intervals. The percentage of arylphorin bound to the 
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perivisceral fat body membrane increased during the first hour, but remained 

constant afterwards, indicating saturation of arylphorin-specific binding sites. In 

contrast, only very small amounts of arylphorin were bound by the peripheral fat 

body (Fig. 6-1). Unlabeled arylphorin competitively replaced the labeled protein. 

Large excess of unlabeled arylphorin reduced the amount of bound radioactive 

protein to a low background level of approximately 10 % of the initial activity, 

apparently due to unspecific interactions between membrane and radiolabeled 

protein. Radiolabeled arylphorin could only be replaced with arylphorin; addition of 

large excess of bovine serum albumin did not affect arylphorin binding (Fig. 6-2). 

6.2.2. Characterization of the arylphorin receptor 

Arylphorin was bound to the membrane over a relatively narrow pH range, 

as shown in Fig. 6-3; optimal binding occurred at pH 7.0. Binding required the 

presence of c a 2 +  ions; without ca2+ essentially no binding was detectable, while 

increasing concentrations of the ion promoted binding (Fig. 6-4). Since optimal 

binding required at least 4 mM ca2+  all subsequent binding experiments were 

carried out in presence of 4 mM ca2+ .  

The binding affinity between the membrane fraction and arylphorin was 

further studied by Scatchard analysis (Fig. 6-5). To determine nonspecific binding, 

the bound radioactivity was measured in the presence of 200 pg unlabeled 

arylphorin. The binding data indicate a single high affinity binding site with a ISd of 

8 9.02 x 10- M. From these experiments it was calculated that 1 mg membrane protein 

from the perivisceral fat body could bind 151.2 pg (0.315 nmol) arylphorin. 

The arylphorin receptor was further analyzed by SDS-PAGE and ligand 

blotting. The membranes of the perivisceral fat body contained a 80 kDa protein that 

was strongly labeled in ligand blots (Fig. 6-6). The binding of radiolabeled arylphorin 

was competitively inhibited in presence of a 100-fold excess of unlabeled arylphorin. 



perivisceral fat body 

peripheral fat body 

4 20 40 60 80 100 120 
time [min] 

Fig. 6-1. Binding of arylphorin to membrane fractions. Membranes from perivisceral fat body and 
peripheral fat body of prepupae were incubated with 1 pg of 125~-arylphorin at 4 "C as described in 
Materials and Methods (2.4.). Membrane bound radioactivity was determined after the indicated 
incubation time. Each data point represents the mean of 3 determinations; the standard error is 
contained within the data symbol. 
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Fig. 6-2. Competitive displacement of 1 2 5 ~ - ~ l p h o r i n .  Membrane fraction from perivisceral fat body 
was incubated with 1 pg of 125~-arylphorin at 4 "C in presence of the indicated excess of unlabeled 
protein, as described in Materials and Methods (2.4.). Each data represents the mcan or 3 determinadons: 
the standard error is contained within the data symbol. 



Fig. 6-3. pH dependency of arylphorin binding. Membrane fraction from perivisceral fat body was incubated 
with 1 pg of 125~-arylphorin at 4 'C in 20 mM Mes buffer (pH 5.0-6.0) or 20 mM Tris/HC1 buffer (pH 6.5-9.5) 
adjusted to the indicated pH. Binding was measured as described in Materials and Methods (2.4.). Each data 
point represents the mean of 3 determinations; the standard error is contained within the data symbol. 



Fig. 6-4. c$+requirement for arylphorin binding. Membrane fraction from perivisceral fat body was 
incubated with 1 yg of 125~-arylphorin at 4 "C in Tris/HCl buffer in presence of the indicated 
concentrations of CaCI2. Binding was measured as described in Materials and Methods (2.4.). Each d a u  
represents the mean of 3 determinations; the standard error is contained within the data symbol. 



- 

0.4 - - 

a, 
a, 
,L 0.3 - 
1 

P 

0 10 20 30 
1251- arylphorin added [n 

specific binding 

nonspecific binding 

125~-arylphorin added [kg] 

Fig. 6-5. Binding saturation curve and Scatchard plot. Membrane fraction from perivisceral fat boly was 
incubated with increasing amounts of 125~-arylphorin at 4 "C, as indicated, in 20 mM Tris/HCI buffer. 
Total bound radiactivity was determined after 60 min, as described in Materials and Methods (2.4.). To 
determine nonspecific intereactions, the bound radioactivity in presence of additional 200 pg unlabeled 
arylphorin was determined. Nonspecifically bound radioactivity was substracted from the total 
radioactivity bound to obtain the radioactivity of arylphorin bound specif:cally to perivisceral fat body. 
Each data point is the mean of 3 determination; the standard error is contained within the data symbol. 
Inset: Scachard plot of the binding data. A dissociation constant of 9.0 x 1 0 - ' ~  was calculated from these 
data. 
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M PP PV R PPPV A R R C 

Fig. 6-6. SDS-PACE and ligand blotting. Solubilizcd membrane proteins from peripheral and 
perivisceral fat body, as well as purified VHDL-receptor, were separated by SDS-PACE and Rbtted 
onto nitrocellulose as described in Materials and methods (2.6.1. and 2.63.). Ligand blots were 
carried out by incubating the membranes with 10 pg "%arylphorin (lO'cpm) in 10 m l  Tris/HCI 
buffer (Materials and Methcds, 2.6.4.). Appoximately 100 pg of crude membrane protein and 20 pg 
of all other samples were applied. M: molecular weight mark pmtein; PP: crude membrane extract 
from peripheral fat M y ;  PV: crude membrane extract from perivisceral fat W p ;  R: pur i f i d  
VHDL-receptor; A: PV incubated in presence of a 10-fold excess of unlabeled arylphorin: n: R 
incubated in  presence of 10-fold excess of unlabeled arylphorin: C: R i ncuh i~ td  in prt?ilhncr 01. 

100-fold excess of unlabeled VHDL. 
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In contrast, SDS gels of the peripheral fat body did not show a protein band 

at 80 kDa, and no protein could be labeled with 1251-arylphorin in ligand blots. 

6.2.3. Comparison of the arylphorin- and VHDL-receptor 

Since SDS-PAGE and ligand blotting showed that the arylphorin receptor is 

of identical molecular weight as the VHDL receptor, as described in chapter 5 ,  

experiments were carried out to examine whether both storage proteins share a 

common receptor. 

Ligand blotting indicated that the binding of arylphorin to its receptor could 

be completely inhibited by unlabeled VHDL (Fig. 6-6). In ligand blotting, the 

purified VHDL receptor also had high binding affinity to arylphorin; this binding 

could be inhibited by unlabeled arylphorin or VHDL (Fig. 6-6). Moreover, the 

binding of radioiodinated arylphorin to the perivisceral fat body membranes was 

inhibited by unlabeled VHDL in a similar way as by unlabeled arylphorin (Fig. 6-7). 

Therefore, it was concluded that arylphorin and VHDL are internalized by the same 

storage protein receptor. 

6.2.4. Developmental profile of the storage protein receptor 

SDS-PAGE and immunoblotting of membrane proteins from the 

perivisceral fat body of larvae and pupae revealed that the storage protein receptor 

is a stage specific protein. The receptor first was detectable on day 5 of 5th larval 

instar; it was present in maximal amount at day 6 of 5th instar and diminished slowly 

thereafter. While still present at the beginning of the pupal stadium, it had 

completely disappeared within 8 days (Fig. 6-8). 

6.3. Discussion 

Storage protein receptors have long been postulated as a means to explain 

the specific uptake of storage proteins, particularly arylphorin, by the fat body prior 

to pupation. Several storage protein receptors have been identified, but up to now 



0 200 400 600 800 1000 

unlabeled protein added [pg] 

Fig. 6-7. Competitive displacement of 125~-arylphorin, Membrane fraction from perivisceral fat body 
was incubated with 1 pg of 125~-arylphorin at 4 'C in presence of the indicated excess of unlabeled 
protein, as described in Materials and Methods (2.4.). Each data represents the mean of 3 determinations; 
the standard error is contained within the data symbol. 



Pr
ot

ei
n 

st
ai

n 
Im

m
un

ob
lo

t 

F
i
 M

. I
m

m
d

lo
t o
f s

to
ra

ge
 p

ro
te

in
 re

ce
pt

ar
. M

em
br

an
e p

.a
tc

h
s 
fh

m
 p

cr
M

sc
ar

l fb
t b

od
y 

d
d

i
W

c
c

c
.

1
~

 
w

en
 se

pa
ra

te
d 

by
 S

D
S-

PA
C

E
, b

lo
tt

ed
 a

at
o 

ni
tr

ac
cl

lu
lo

sc
, a

nd
 in

cu
ba

te
d 

w
ith

 a
nt

i-V
H

D
L

 -@
or

 
m
b- 

rs
 d

h
i

 
in

 
M

at
er

ia
ls

 an
d 

M
et

bo
ds

 (2
.6

.1
. a

nd
 2

.6
3.

). 
A

nt
i-V

H
D

L
 re

ce
pt

or
 h

b
ek

d
 h

a
&

 w
er

e 
vi

su
al

kd
 w

ith
 a

lh
li

m
 

ph
os

ph
at

as
eu

m
ja

ga
te

d 
se

co
nd

ar
y 

an
tib

od
ie

s. 
M

: 
m

o
b

la
r

 w
ei

gh
t m

ar
k 

pr
ot

ei
ns

; L
c4
: h

st
 in

st
ar

 b
rv

8e
 at
 &

y 
W

: I
rr

t b
 

la
rv

ae
 a

t d
ay

 5
; M
:
 l

as
t i

ns
ta

r 
la

rv
ae

 a
t d

ay
 6

; L
7:

 la
st

 in
st

ar
 la

rv
ae

 a
t d

ay
 7

; P
I:
 p

up
ae

 a
t d

ay
 1

; P
3:
 p

ap
m

e 
at
 d

ay
 33

 P
S:
 p

p
w

 
at

 d
ay

 5
. 

3
 



78 

only from dipteran species. While a single receptor protein for calliphorin has been 

identified in the fleshfly, Sarcophaga pere@na (Ueno et a/., 1983; Ueno and Natori, 

1984), three binding proteins for this protein have been reported for the bowfly, 

Calliphora vicina (Burrnester and Scheller, 1992). Since none of these proteins has 

been obtained in purified form, conclusive data about storage protein receptors do 

not exist. In chapter 5 of this thesis, a lepidopteran storage protein receptor was first 

identified and purified to homogeneity. This receptor binds to VHDL, a special 

storage protein found only in Noctuids that is structurally distinct from all other 

known classes of storage proteins. Therefore, the VHDL receptor could be equally 

specialized and structurally distinct form other storage protein receptors. However, 

the experiments reported in this chapter demonstrate conclusively that the receptor 

for arylphorin of H. zea, a storage protein that is well conserved in many 

holometabolous species, is identical to the VHDL receptor. The binding affinities of 

the receptor for arylphorin and VHDL are very similar, as is the Ca2+ requirement 

and the p H  optimum. Excess of either storage protein inhibits binding of the other 

protein. 

Arylphorin and VHDL are structurally very different storage proteins. 

Arylphorin is a hexameric protein that is rich in aromatic amino acids, while VHDL 

is a tetrameric protein that contains significant amounts of lipid, but not an unusual 

amino acid composition. Antibodies raised against either of the proteins never cross- 

react with the other storage proteins, making similarities in large regions of their 

secondary structure rather unlikely. However, since the primary structure of VHDL 

is not known, homologous parts in the primary structure cannot be excluded. 

Considering their distinct properties and structures it is very surprising that both 

proteins share the same receptor. While it is very difficult to predict which elements 

of the proteins are recognized by the receptor, two common properties should be 

considered: arylphorin and VHDL both have the same isoelectric points of pH 6, and 
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both proteins are glycasylated with high mannose structures. The carbohydrate 

structure for VHDL has not yet been identified, but arylphorin contains the typical 

unprocessed triantennary Mang-N-AcGln3 structure (Haunerland, personal 

communication) that is found in other insect proteins as well (Ryan et al., 1985; Osir 

et al, 1986). Both, the similar net charge and the carbohydrate moiety may contribute 

to the binding to the receptor. 

As revealed earlier, at the physiological pH of larval hemolymph (pH 6.8) 

the storage proteins have an opposite charge to their receptor (PI 8.2). Thus, 

electrostatic interactions may be involved in the binding as suggested for the 

recognition of vitellogenin by its receptor in locust oocytes (Ferenz, 1990). It is also 

possible that the receptor can recognize specifically the carbohydrate complex linked 

to the protein; in this case, other proteins with similar carbohydrate moieties should 

also bind to the receptor. Further experiments are needed to confirm or exclude this 

possibility. 

While difficult to understand from a structural point of view, a common 

receptor for both storage proteins is not unexpected from the similar physiological 

function and fate of arylphorin and VHDL. Both proteins are synthesized by the 

peripheral fat body in the early 5th instar, accumulate in the hemolymph in the 

middle of the 5th instar, and are finally sequestered by the perivisceral fat body 

during the prepupal stage (Haunerland et al., 1990). Furthermore, arylphorin and 

VHDL coexist in newly formed noncrystalline protein storage granules (Chapter 4). 

A common receptor can explain why both storage proteins are sequestered at the 

same time and accumulated in the same protein storage granules after being 

endocytosed. 

The storage protein receptor is present only in the perivisceral fat body and 

only when storage protein is sequestered. It is absent before the fourth day of the last 

larval instar; at this time storage proteins cannot be found in the perivisceral fat body 
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(Haunerland et al., 1990). Following its first appearance in day 5, the receptor 

content reaches its maximum a day later, simultaneously with the sharp increase in 

storage protein concentration in the perivisceral fat body (Haunerland et al., 1990). 

Within the following days the receptor content decreased gradually and eventually 

disappeared in the middle of the pupal stadium. It is well established that proteases 

are abundant in the pupal stadium. It should be noted that at the middle of pupal 

stadium most membrane proteins visible in the gel are very small, raising the 

possibility of proteolytic breakdown. This could be a physiological mechanism of 

receptor degradation. Proteolysis during membrane preparation and protein analysis, 

however, is rather unlikely, since the arylphorin bands remain unchanged from day 4 

of the 5th instar larvae to day 5 of pupae. In absence of (3-mercaptoethanol, 

arylphorin does not completely separate into its subunits, but forms 2 trimers 

(molecular weight of 230,000). This profile of the receptor content during the 

development is consistent with its proposed function as mediator of storage protein 

uptake. 

While the properties of the storage protein receptor and its temporal and 

spatial distribution strongly suggest that storage proteins are taken up by a process of 

receptor mediated endocytosis, conclusive evidence for this mechanism requires 

ultrastructural analysis. Of particular interest is to follow the endocytosis process 

from the recognition of storage proteins at the cell membrane to their final 

deposition in protein storage granules. 
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CHAPTER 7. STORAGE PROTEIN UPTAKE: ULTRASTRUCTURAL 

STUDIES OF RECEPTOR MEDIATED ENDOCYTOSIS 

7.1. Introduction 

The fat body of many holometabolous insect species takes up proteins from 

the hemolymph prior to pupation by pinocytosis. The proteins enter the fat body in 

small vesicles which fuse with each other to form larger granules (Dean et aL, 1985). 

The process of hemolymph protein uptake by the fat body cells of Calpodes ethlius 

was analyzed by tracing horse radish peroxidase (HRP) which had been injected into 

last instar larvae of Calpodes ettslius (Locke and Collins, 1968). Pinocytosis of 

hemolymph proteins and subsequent deposition in- protein granules has also been 

demonstrated in the pre-metamorphic phase of Calliphora vicina (Marx, 1983) and 

Drosophila (Butterworth et al., 1979). 

It has long been postulated that this process obtains its specificity through 

membrane bound receptor proteins. Evidence for the presence of such fat body 

membrane receptors has been found in two dipteran species. In fat body membrane 

preparations of flesh fly, Sarcophaga perepina, larvae, Natori and coworkers (Ueno 

et al., 1983; Ueno and Natori, 1984) detected a single protein that strongly bound a 

hexameric storage protein, and Scheller's group reported three binding proteins for 

calliphorin in Calliphora vicina fat body (Burmester and Scheller, 1991). A receptor 

protein of lepidopteran storage proteins is first described in the present thesis. In 

Helicoverpa zea, a single receptor binds both major storage proteins of this species, 

the hexameric arylphorin and the tetrameric VHDL (Chapter 5 and 6). 

Both storage proteins are synthesized by the peripheral fat body and 

secreted into hemolymph of actively feeding last instar larvae, and they are 

sequestered by the perivisceral fat body prior to pupation (Haunerland et a!., 1990). 

Two days before pupation, when large amounts of the storage proteins are taken up 



82 

by the fat body, the concentration of receptor is at its maximum (Chapter 6). Soon 

after that most of the storage protein granules are formed which contain both 

arylphorin and VHDL (Chapter 4). All these results provide a strong body of 

evidence for storage protein uptake by receptor mediated endocytosis, as suggested 

already many years ago. The goal of the research presented in this chapter was to 

directly demonstrate this process and thus unambiguously prove the proposed uptake 

mechanisms. 

7.2. Results 

7.2.1. Protein-gold conjugates 

In order to follow the specific uptake process of storage proteins and to 

distinguish it from nonspecific uptake of any other protein, arylphorin, VHDL and 

goat IgG were conjugated with colloidal gold particles. Gold particles of different 

sizes were used to simultaneously trace the two proteins. Arylphorin and IgG were 

labeled with 10 nm gold particles, while VHDL was conjugated with 5 nm gold 

particles. In all cases, each protein molecule was labeled with a single gold particle 

(Fig. 7-1 A, B, C). Before incubation or injection, equimolar amounts of VHDL and 

arylphorin as well as of VHDL and goat IgG were prepared. These mixtures 

contained indeed two proteins in a 1:l ratio (Fig. 7-1 D, E). 

7.2.2. Endocytosis of VHDL 

The perivisceral fat body of larvae was incubated with gold conjugated 

VHDL in vitro at 26 OC. Gold particles were visible in several different organelles 

(fig 7-2) which appear to represent different stages of endocytosis. Similar results 

were obtained after injection of labeled VHDL into living larvae. From these 

pictures representative areas were selected that depict the individual steps of 

receptor mediated endocytosis. The micrographs in figure 7-3 and 7-4 represent an 

attempt to reconstruct sequence of events involved in storage protein uptake and 



Fig. 7-1. Proteins conjugated with colloid gold o f  different size. Arylphorin, V H D L  and goat IgG were 
conjugated with colloid gold particles of difrerent size, as described i n  Materials itnd Methods (22.4.). 
The gold conjugated proteins were negative stitined and visualized by electron microscop its descr ihd  
i n  Materials and Methods (2.9.1.). A: 5 n m  gold-VHIIL; B: 10 n m  gold- iqlphorin;  C: 10 n m  gold-goitt 
I& I): mixture o f  ecluimoli~r amounts o f  5 n m  gold-VHIIL and 10 n m  gold-iwylphorin; E: miv t l j r r  of 
rquimolar amounts 01'5 n m  gold-VHIIL and 10 n m  gold-goitt Ig(;. Size birr = 0.1 pm. 



Fig. 7-2. Distribution of 5 nm gold-VHDL in perivisceral fat body. 
Perivisceral fat body of last instar larvae at day S was incubated with S nm gold-VHDL as described in 
Materials and Methods (2.82.), then the tissue was fixed, embedded and sectioned as described in 
Materials and Methods (2.83.). Cp: coated pit; Cv: coated vesicle; Ed: endosome: L: lipid droplet; hlt: 
mitc)chondrium; PG: protein granule. Size birr = 0.1 pm. 



Fig, 7-3. Elmron  micrographs showing representative stages in  the mdoqtosis of 5 nm gold-VHDL. 
Details see Fig. 7-2. k. coated pit with h n d  gold-VHDL; H,C,D: coated pits being transformed into 
endoqtotic coated vesicles with gold-VHDL included; E,F: coated vesicles are about to form; C.,H: fully 
formed coated vesicles. Size bar = 0.1 p. 



Fig. 7-4. Electron micrographs showing representative stages in the endwytosis of 5 nrn gold-VHDL. 
I)etails see Fig. 7-2. A$: fusion of two endwytotic vesicles; C: an irregular shaped endoqintic vesicle 
with increased electron density within the lumen; D: an endosome; E: two mrrltivesicular bodies: F: a 

protein granule; G: a larger protein gntnele. Size bar = 0.1 prn. 
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protein granule formation. First, gold labeled VHDL is located on the side of 

indented, coated regions of the membrane, which has generally been referred to as 

coated pits (Fig, 7-3 A). Then, the indentation of the coated region became more 

prominent (Fig. 7-3 B, C), and the'two portions of the membrane at the opening of 

the pit moved closer together (Fig. 7-3 D, E). Finally the membranes fused (Fig. 7-3 

F) to form a coated vesicle (Fig. 7-3 G). In these vesicles the gold labeled VHDL 

that was originally bound to the coated membrane remained on the peripheral 

regions of the vesicle (Fig. 7-3 H). Several small vesicles fused to form larger ones 

(Fig. 7-4 A, B, C) which soon begin to lose their cytoplasmic coat, resulting in the 

release of VHDL into the lumen of the vesicles (fig 7-4 D). Several of these vesicles, 

also called endosomes, fused to form multivesicular bodies (Fig. 7-4 E). Finally, the 

proteins that accumulated in the lumen of the multivesicular bodies condense, giving 

rise to prominent protein storage granules (Fig. 7-4 G). This process occurred 

spontaneously in similar ways at 26 "C and 4 "C. 

7.2.3. Endocytosis of VHDL and arylphorin 

When fat body tissue was incubated with a mixture of arylphorin and 

VHDL, it was found that both proteins were taken up together. Gold-labeled VHDL 

(5 nm) and gold-labeled arylphorin (10 nm) were found together in coated pits (Fig. 

7-5 A, B) and in newly formed coated vesicles (Fig. 7-5 C). They also appeared 

together in endosomes (Fig. 7-5 D, E), multivesicular bodies (Fig. 7-5 F) and protein 

granules (Fig. 7-5 G). After counting the number of both, the 5 nm- and 10 nm- gold 

particles contained in protein granules, the ratio of arylphorin to VHDL was 

calculated as 1.06 & 0.05 (means of 20 determinations 2 standard error). 

7.2.4. Selectivity of storage protein endocytosis 

In order to study the specificity of the uptake, the fat body was incubated 

with a mixture of equimolar amounts of 5 nm-gold-labeled VHDL and 10 nm-gold 



Fig. 7-5. Electron micrographs showing representative stages in the endocytosis o f 5  nm gold-VHDL 
and 10 nm gold-arylphorin. 
PerivisceraI fat body of last instar larvae at day 5 was incubated with the mixture of equimolar 
amounts of 5 nm gold-VHDL and 10 n m  gold-arylphorin as described i n  Materials and Methods 
(2.8.2.), then the tissue was fixed, embedded and sectioned as described i n  Materials and Methods 
(2.83.). A: a coated pit; R: a coated vesicle is about to form; C: A fully formed coated vesicle; I): fusion 

of endwytotic vesicles; E: an endosome; F: a rnultivesicular body; G: protein granule. Size bar = 
0.1 prn. 



Ftg, 7 4  Electron mieragaphs showing representative stages in the endocytosis of 5 nm gold-VHDL 
and 10 nm gold-goat IgG. 
Perivisccral fat body of last instar l a m  at  day 5 was incubated with the mixture of cquimolar 
amounts of 5 nm gold-VHDL and 10 nm goldgoat IgC as described in Materials and Methods (2.82.), 
then the tissue was fixed, embedded and sectioned as described in Materials and Methods (2.83.). A: a 
coated pit; B: a coated vesicle is about to form; C,D: fully formed coated vesicles; E,F: endosome; G: 
protein granule. Size bar = 0.1 p. 
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labeled IgG. While several IgG molecules were seen in coated pits (Fig. 7-6 A, B), 

coated vesicles (Fig. 7-6 C), endosomes (Fig. 7-6 D, E), multivesicular bodies (Fig. 7- 

6 F), and protein granules (Fig. 7-6 G), their number is far less than that of the 

VHDL molecules. The ratio of IgG/VHDL in protein granules was calculated as 

0.124 2 0.07 (means of 20 determinations + standard error). 

7.3. Discussion 

Following the first observation of coated pits and coated vesicles in the 

endocytosis of yolk protein by mosquito oocytes (Roth and Potter, 1964), the role of 

these structures in receptor mediated endocytosis of proteins has been well 

established (Goldstein et al., 1979). However, the study of receptor mediated 

endocytosis in insects has been limited to the uptake of vitellogenin into oocytes, and 

the mechanism of the storage protein uptake is largely unclear. Although it has been 

proposed that the selective uptake of storage proteins is the result of specific binding 

to- a plasma membrane receptor, no convincing electron microscopic support has 

been published. Locke and coworkers have demonstrated protein storage granules 

formation from pinocytosis (Locke and Collins, 1967; Locke, 1984), but these studies 

were done with horse radish peroxidase (HRP), a foreign protein that should not be 

specifically recognized by insect fat body. Thus, Telfer and Kunkel (1991) suggested 

that the fine structure of the fat body's brief endocytotic phase requires a closer 

examination. 

In this thesis the endocytotic pathway of the storage proteins was analyzed 

by electron microscopy and the use of gold labeled VHDL. All of the structures that 

are normally involved in receptor mediated endocytosis were also detected in the 

endocytosis of VHDL. These organelles include coated pits, coated vesicles, 

endosomes, multivesicular bodies and protein storage granules; in all of these 

organelles gold labeled VHDL was found. From numerous electron micrographs it 
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appears that VHDL first binds to coated pits that contain the VHDL receptor; these 

coated pits indent further and eventually pinch off from the plasma membrane to 

form isolated coated vesicles. While a coat of clathrin or an analogous protein is not 

as clearly visible as in mammalian systems, the micrographs nevertheless suggest its 

presence; it should be noted that the coating found here is comparable to that found 

in oocytes. After the coating has been removed, several of the newly formed 

endosomes fuse to form multivesicular bodies (MVB). With the digestion of the 

membrane components after attack by a primary lysosome, MVBs finally condense 

to give rise to distinct protein storage granules. This uptake process is similar at 4 OC 

and 26 OC. While endocytosis in mammals is frequently inhibited at lower 

temperatures, the broad range observed here is probably necessary for an 

ectothermic insect that experiences wide temperature fluctuations. 

The sequestration of both storage proteins of H. zeq arylphorin and VHDL, 

follow the same pathway. These proteins coexist along the coated pits, in coated 

vesicles, endosomes, MVBs and protein granules. This finding is consistent with my 

earlier results that the uptake of arylphorin and VHDL is mediated by the same 

receptor that directs the proteins to the same storage granules (Chapter 4, 5 and 6). 

Arylphorin and VHDL are utilized differently only after incorporation into the 

granules; VHDL is subject to early proteolytic degradation, while arylphorin tends to 

crystallize in the granule and remains present well into the adult stage. 

Unambiguous evidence for the selectivity of storage protein deposition in 

the fat body has only rarely been presented (Telfer and Kunkel, 1991); instead, 

several studies demonstrated nonselective uptake of foreign proteins such as horse 

radish peroxidase (Locke and Collins, 1968) and bovine serum albumin (Thomasson 

and Mitchell, 1972; Butterworth et al., 1979). To distinguish between specific and 

non-specific uptake the fat body was incubated with VHDL and IgG, labeled with 

colloidal gold particles of different sizes, and the number of protein molecules 
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incorporated into subcellular organelles was determined. Only 12 % of the 

incorporated protein was IgG, indicating that more than three quarters of the protein 

has been taken up by a selective mechanism. ~ l though the gold labels of VHDL and 

IgG were of different size, this had no influence on their incorporation; when 

arylphorin was labeled like IgG and presented to the fat body together with 

equimolar amounts of VHDL, identical amounts of both storage proteins were 

incorporated. Nonselective uptake is always observed in receptor mediated 

endocytosis, since the aqueous medium surrounding the cell, in this case the protein- 

rich hemolymph, is incorporated into the lumen of the coated vesicles when they 

form. The larger the coated vesicle is, the more the nonselective components are 

contained in the coated vesicle. It is not known what happens to non-selectively 

sequestered components, but they may be subject to rapid proteolytic degradation. 

Two models for membrane traffic in endocytosis have been considered 

(Helenius et al., 1983) and still remain under debate (Gruenberg and Howell, 1989), 

vesicular traffic and maturation. Vesicular traffic, as originally proposed by Palade 

(1975) for the secretory pathway of proteins, predicts that early and late endosomes 

as well as lysosomes are pre-existing organelles. Exchange between these organelles 

is achieved by carrier vesicles that bud from one compartment and fuse with another. 

In this model, early and late endosomes are expected to contain resident proteins in 

addition to the molecules in transit. In contrast, in the maturation model early 

endosomes are constantly formed by the fusion of incoming vesicles with each other. 

These early endosomes then mature while being translocated in the cell. They 

receive Golgi components and become late endosomes or multivesicular bodies, 

which eventually fuse with lysosomes. No resident proteins are expected to be 

present in early or late endosomes. Although protein components other than gold 

labeled storage proteins were not analysed in the current study, the morphological 

data seem to favor the maturation model for a number of reasons. Firstly, the 
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endocytosis of storage proteins is a stage specific event. Within a two day period the 

cell is filled with protein granules (Chapter 3) that may be as large as 6 pm (Chapter 

4). Nevertheless, very few, if any, preexisting organelles like endosomes, MVBs and 

large lysosomes were found before the endocytosis. Secondly, protein storage 

granules are also found along the plasma membrane. This indicates that the ligand 

containing structures mature there after endocytosis and do not deliver their 

components to a different preexisting compartment. 

While receptor mediated endocytosis in all species appears to involve the 

uptake from coated pits and the formation of endosomes, the receptor-ligand 

complex may follow different routes due to the sorting process in endosomes 

(Goldstein et al., 1985). Frequently, the ligand separates form the receptor, for 

example due to pH changes, and is released from the endosome. The membrane 

bound receptor may then return to the cell surface. In H. zea, both the receptor- 

bound proteins and nonselective included proteins were destined to the same protein 

granules, and receptors also were found in newly formed small protein granules 

(Chapter 5). It therefore appears that the endocytosis of storage proteins is a rather 

simple process that does not involve extensive protein sorting. This simple but 

selective process may be advantageous to assure the rapid sequestration of large 

amounts of storage proteins and their accumulation in protein granules as amino 

acid reserves for later utilization. 



CHAPTER 8: GENERAL DISCUSSION 

Although storage proteins are among the most widely distributed proteins of 

holometabolous insects, many aspects of their function in insect development are 

poorly understood. It is generally believed that fat body is the primary site of storage 

protein synthesis; during larval growth and feeding the newly synthesized proteins 

are secreted into the surrounding hemolymph. Following the cessation of feeding, a 

dramatic change in the fat body function occurs, characterized by this tissue's 

resorption of hemolymph storage proteins which are deposited in the fat body cells in 

the form of protein storage granules (Levenbook, 1985). The uptake of storage 

proteins is normally selective and only specific proteins are sequestered (Dean et al., 

1985). However, little is known about the process by which protein is sequestered by 

the fat body, the ultimate fate of protein granules, or how their constituent storage 

proteins are released during metamorphosis (Levenbook, 1985). Moreover, the 

selectivity of storage protein deposition in the fat body and the mechanism of storage 

protein uptake have not been unambiguously demonstrated (Telfer and Kunkel, 

1991). 

In this thesis, many of these questions were addressed in various 

experiments with Helicoverpa zea, employing biochemical methods, electron 

microscopy and immunocytochemical techniques. A particular advantage of this 

Noctuid species is the clear distinction of the perivisceral and peripheral fat bodies, 

which reflects the different functions that these tissues carry out. The peripheral fat 

body has well developed rough endoplasmic reticulum, Golgi apparatus and 

mitochondria to support its synthetic function in the early and middle fifth-instar 

larva; in contrast, the perivisceral fat body sequesters storage proteins shortly before 

pupation that are deposited in storage protein granules. The perivisceral fat body 

survives metamorphosis and eventually forms the adult fat body, while the peripheral 



fat body is completely degraded during the pupal stadium. These ultrastructural data 

clearly support the proposed heterogeneity of the fat body tissues that were based 

mainly on the biochemical and cytochemical data (Haunerland et al., 1990). 

Such obvious structural and functional differences have not been reported in 

other insects. In fact, insect fat body tissues have generally been considered as 

homogeneous. Some evidence, however, of the regional differences in the fat body 

structure and function has been published before, suggesting either differences 

between the perivisceral and peripheral tissues (Labour, 1974; Schin et al., 1977; 

Lauverjat, 1977) or between anterior and posterior tissues (Tysell and Butterworth, 

1978; Shirk and Malone, 1989). However, these reports are largely descriptive; the 

regional differences were neither analyzed through nor linked to insect development. 

Many aspects of storage protein metabolism are difficult to explain when 

one assumes a single fat body. Thus, the question why the fat body first synthesizes 

and secretes storage proteins to the hemolymph, before reabsorbing it just a couple 

of days later has frequently been asked. However, the presence of two structurally 

and functionally different kinds of fat body provides a logical explanation for the 

observed secretion and uptake of storage proteins. After synthesis and release of 

proteins by the peripheral fat body no reabsorption occurs, but sequestration by a 

different tissue, the perivisceral fat body. 

This perivisceral fat body links larval and adult metabolisms. It carries large 

amounts of storage proteins that were sequestered in the prepupal stage into the 

adult stadium to provide large amount of biosynthetic precursors. Since biosynthetic 

activity requires mitochondria, RER and other organelles, many of these structures 

are produced in the late pupal and early adult stadium. However, despite the 

breakdown and synthesis of intracellular structures the perivisceral fat body of H. zea 

remains largely intact through metamorphosis, while the peripheral fat body 

completely disappears. This clear developmental pattern provides a stark contrast to 
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the complex mechanisms that have been proposed to explain changes in the fat body 

structure in other insects (See review, Dean et al., 1985). It has been suggested that 

the adult fat body develops by reorganization of the larval tissue (Trager, 1937; 

Labour, 1974; Krishna-Kumaran, 1967; Larsen, 1976), or differentiates from stem 

cells carried in the pupa (Evans, 1935; Whitten, 1962; Evans, 1967; Buttenvorth, 

1972). Extensive studies in Calpodes supported a "cell remodeling" process that 

involved three characteristic stages (Larsen, 1976). First cells lose their intercellular 

connections shortly before pupation, but they remain as a tissue enclosed by a basal 

lamina. Later, they become clumped around tracheoles, losing their sheet-like 

arrangement by 2 days before adult ecdysis. Finally, the reorganized cells re-establish 

intercellular connections. These changes in cell and tissue reorganization do not 

involve cell death or cell division. 

While it is certainly possible that fundamentally different mechanisms of the 

fat body development exist in different insect species, one should also consider that a 

clear differentiation between the perivisceral and peripheral fat body may have been 

overlooked in other studies. This would be easily possible since only H. zea and other 

noctuids possess a colored storage protein that has led to the discovery of the 

heterogeneous fat bodies. A distinction between tissues in other species would 

require more complete analysis. 

In H. zea, both major storage proteins, arylphorin and VHDL, disappear 

rapidly from hemolymph and accumulates in the perivisceral fat body during the 

prepupal stage (Haunerland et al., 1990), and large numbers of protein storage 

granules are formed shortly afterwards. A similar correlation between the 

disappearance of hemolymph storage proteins and the appearance of fat body 

protein granules has also been demonstrated in C. ethlius. (Locke and Collins, 1965, 

1968). Moreover, the protein granules from last-instar larvae and pupae of 

Hyalophora cecropia have been isolated and their contents identified as the two 
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major storage proteins of the hemolymph (Tojo et al., 1978). These studies, however, 

could not determine whether different storage proteins are incorporated into a single 

protein granule or whether a granule contains only one kind of storage protein. The 

immuno-cytochemical results presented in this thesis clearly reveal the composition 

of protein storage granules at different developmental stages. Arylphorin and VHDL 

do not form the separate protein storage granules; instead, they stay together in all of 

the newly formed protein granules. However, VHDL which is never present in 

crystalline regions of the protein granules is apparently gradually eliminated from 

the perivisceral fat body. The removal of VHDL might actually be a prerequisite for 

the following crystallization of arylphorin. 

Despite their different fate in the pupa, both storage proteins are taken up 

by the same mechanism of receptor mediated endocytosis. A single storage protein 

receptor is present only in the plasma membrane of the perivisceral fat body. The 

receptor is a basic glycoprotein with an apparent molecular weight of 80,000 that 

binds to both VHDL and arylphorin strongly with similar binding affinity. The 

binding is ca2+ dependent and with optimum pH at pH 7. The high PI, 

carbohydrate components and high affinity to the storage proteins are key properties 

of the receptor that were useful for its purification. 

Although it has long been proposed that the uptake of storage proteins is 

due to the specific binding to the plasma membrane surface, little is known about 

receptors which are responsible for the specific binding to the storage proteins. So 

far, only two studies have reported evidence for such receptor proteins. Both studies 

have identified the receptor for a dipteran hexamerin: Burmester and Scheller 

(1992) recently reported the existence of three binding proteins for calliphorin in the 

fat body membranes of Calliptzora vicina pupae. Binding of calliphorin requires 

ca2+  and has a pH optimum of 7.0, and the strongest protein band detected in 

ligand blots had the apparent molecular weight of 130,000. These data are similar to 
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those found earlier by Ueno et al. (1983) in the flesh fly, Sarcophaga peregrina. In this 

insect species the fat body membrane fractions bound iodinated storage protein with 

a Kd of 4 XIO-~ ;  the putative receptor protein had a molecular weight of 120,000. 

However, none of these receptors has been purified. This thesis describes for the first 

time a storage protein receptor in Lepidotera; moreover, the receptor isolated here 

is the only storage protein receptor ever purified to homogeneity. 

The most surprising property of the receptor is its equal specificity for both 

arylphorin and VHDL. Although the proteins are synthesized, secreted and 

sequestrated similarly during the development, arylphorin and VHDL are 

structurally very distinct. Arylphorin is a hexameric protein and is very rich in 

aromatic amino acids, while VHDL is a tetramer of average amino acid composition 

that contains significant amounts of lipid. Antibodies for these proteins never cross- 

react. It is therefore very difficult to envision which structural features are recognized 

by the receptor. However, since both proteins are glycosylated with a high mannose 

structure (Haunerland and Bowers, 1986a, b) the involvement of carbohydrates in 

storage protein recognition should be considered. It is interesting to note that most 

storage proteins are glycosylated in a similar way. The carbohydrate structure of M. 

sexta arylphorin has been determined (Ryan et al., 1985). Each subunit contains a 

triantennary MangNAcGln2 chain. This structure is also present in H. zea arylphorin 

(Haunerland, unpublished observation). It is therefore conceivable that all storage 

proteins are sequestered in similar ways due to identical carbohydrate recognition 

marks, but further experiments are required to strengthen this hypothesis. 

The storage protein receptor is present only when needed: it is first 

detectable at day 5 of fifth-instar larvae when the sequestration of storage protein 

just begins, and it reaches its maximum a day later. These results suggest that the 

uptake of storage proteins is a spontaneous process that is mainly controlled by the 

presence of their receptor. 
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uptake of storage proteins is a spontaneous process that is mainly controlled by the 

presence of their receptor. 

My discovery of the storage protein receptor immediately suggested a 

receptor mediated endocytosis as the mechanism of storage protein uptake. The 

concept of receptor mediated endocytosis was introduced to describe a coupled 

process by which selected extracellular proteins or peptides are first bound to 

specific cell surface receptors and then rapidly internalized by the cell (Goldstein et 

al., 1979). In a typical receptor mediated endocytosis, internalization follows 

clustering of the receptors in specialized regions of the cell surface called coated pits 

that invaginate to form intracellular coated vesicles. The internalized proteins are 

usually delivered to lysosomes where they are degraded completely; occasionally 

processing of the internalized protein involves delivery to cellular structures other 

than lysosomes. Although coated pits and vesicles were first discovered in the 

endocytosis of yolk protein of mosquito oocytes (Roth and Potter, 1964), the process 

of receptor mediated endocytosis of any protein, including the extensively studied 

yolk protein, was never directly demonstrated in insects. Ultrastructural data of 

storage protein endocytosis are even less conclusive, since a foreign protein was 

followed instead of a storage protein (Locke, 1984), 

In the present research project the ultrastructural details of the endocytotic 

pathway of the storage proteins were clearly shown by following the sequestration of 

gold labeled VHDL. Numerous micrographs reflect the different steps in the 

sequestration of VHDL. All of the organelles which are believed to be involved in 

receptor mediated endocytosis were also found for VHDL endocytosis. These 

organelles include coated pits, coated vesicles, endosomes, multivesicular bodies and 

protein storage granules. It appears that VHDL first binds to coated pits by reacting 

with the receptor; these coated pits indent and pinch off from plasma membrane to 

form isolated coated vesicles. After uncoating, the newly formed endosomes fuse 
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each other to form multivesicular bodies (MVB). With the digestion of the 

membrane fold, the MVBs condense to form protein storage granules. 

The ultrastructure of receptor mediated endocytosis has been studied 

intensively, but many aspects still remain unsettled. Several reports claim that no 

isolated vesicle exist, and that the so-called coated vesicles are really the coated pits, 

because coated vesicles shown as isolated particles in one section were frequently 

connected with plasma membranes in sequential sections (Fan et al., 1982; Petersen 

and Van Deurs, 1983; Willingham and Pastan, 1983; Pastan and Willingham, 1985). 

However, in agreement with many other reports (Roth and Porter, 1964; Anderson et 

al., 1977; Helenius et al., 1980; Wall et al., 1980; Pearse, 1987), isolated coated 

vesicles were found in this research, and in sequential sections non of these was 

found to be connected to plasma membrane. Some coated vesicles presented here 

clearly showed the outer coat, the inner lining of adsorbed storage proteins and the 

clear central lumen, which are similar to the coated vesicles found in insect oocytes 

(Roth and Porter, 1964; Anderson, 1964; Stay, 1965) and in many other mammalian 

cells (Fawcett, 1965; Friend and Farquhar, 1967; Bennett, 1969; Korn, 1975; 

Anderson et al., 1977). 

It has been assumed that the process of storage protein uptake is selective 

and only specific proteins are sequestered (Dean et al., 1985). This assumption has 

been based on the predominance of the storage proteins as constituents of the 

protein granules; this hypothesis, however, overlooks the fact that storage proteins 

predominate equally as constituents of the hemolymph at the time of uptake (Telfer 

and Kunkel, 1991). Thus, it has been discussed that the uptake into the fat body 

could in fact be nonspecifical. The evidence gathered in H. zea strongly contradicts 

this possibility. In fact, all the VHDL is rapidly and selectively removed from the 

hemolymph in a two day period, and large amounts of arylphorin are removed, while 

the hemolymph concentrations of other proteins appear unaffected. The discovery of 



the membrane receptor for the storage proteins in H. zea strongly supports the 

assumption of selectivity. Moreover, selectivity was demonstrated in vitro by the 

different uptake of colloidal gold labeled VHDL and IgG. Protein granules 

contained more than eight times as much of the storage protein than of the foreign 

protein. Some nonspecific incorporation, however, should be expected due to the 

inclusion of hemolymph into the endocytotic vesicles. 

The remarkable concentrations of storage proteins during larval life and 

their subsequent decline during adult development has inspired several hypotheses 

about the function of these proteins (See review, Kanost et al., 1990; Levenbook, 

1985). Storage proteins may have some functions at the time of synthesis, and their 

decrease during adult development and maturation may simply imply that this 

function has been fulfilled and they are no longer required. Alternatively, subunits or 

major fragments of the storage proteins may be incorporated into the protein fabric 

of developing adult structures. Storage proteins could also simply act as true storage 

proteins in the sense that they accumulate in the organism at a time of abundant 

dietary intake and then act as protein reserves during the developmental period 

when feeding is no longer possible. 

In this research, arylphorin was found to form the crystalline protein 

granules; some of these granules were hydrolyzed in the late pupal stage, but many 

remained in the fat body well into the adult stadium. Thus, arylphorin could be a 

major amino acid reserve for protein biosynthesis not only in pupae but also in 

adults. It should be noted that H. zea moths ingest only little nutrients and therefore 

rely on stored reserves for any protein biosynthesis, including the large amounts of 

proteins needed for vitellogenesis. The function of VHDL is not clear either, but it 

may function differently from arylphorin since it has a different fate from arylphorin 

after being incorporated into the protein granules together with arylphorin. 

Hydrolysis of VHDL begins immediately after its incorporation into the granules, 
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and the protein is completely eliminated from the fat body by the middle of the 

pupal stage. Because of its early elimination and unusual structural characteristics it 

is conceivable that the VHDL may have important functions besides supplying amino 

acids for the synthesis of adult structures. Particularly inspiring is the prospect that 

degradation of the VHDL and concomitant release of its lipid. core could trigger 

pupal development. 

With the results from this thesis, the process of storage protein uptake and 

utilization in the fat body of H. zea is now well understood. It should now be possible 

to carry out advanced experiments that study functional aspects of these storage 

proteins. Particularly promising could be approaches that aim to prevent storage 

protein uptake by either inhibiting receptor binding or by suppressing the synthesis 

of the receptor itself. The physiological consequences of a drastic reduction in the 

uptake of storage proteins should point to the metabolic events for which these 

proteins are needed. If adult development cannot be completed without sequestered 

storage proteins, the storage protein receptor would be an obvious target for insect 

control strategies. With the rapid advancement in biotechnological tools, one can 

envision the use of a genetically altered baculovirus (King and Possee, 1992) that 

expresses in high amounts DNA sequences complementary to the receptor mRNA. 

Spontaneous base pairing would then prevent the translation of the receptor mRNA. 

Ultimately, the research here may thus lead to novel insect control measures that 

may be applicable to all other lepidopteran species in which storage protein are 

utilized in similar ways. 
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ABBREVIATION 

FITC-Conk fluorescent isothiocyanate conjugated concanavalin A 

IEF: isoelectric focusing 

MVB: multivesicular body 

PBS: phosphate buffered saline 

PMRS: plasma membrane reticular system 

PMSF: phenylmethylsulfonyl fluoride 

RER: rough endoplasmic reticulum 

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

VHDL: very high density lipoprotein 


