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ABSTRACf 

The hypothesis that Manduca sexta arylphorin is a storage protein that provide 

amino acids for adult protein synthesis was proposed based on its development 

profile. This study provided experimental evidence supporting this hypothesis. First, 

preparation of radiolabeled arylphorin of Manduca sexta was compared by in vivo and 

in vitro biosynthesis from 14C-phenylalanine. The latter procedure proved to be 

optimal for obtaining high specific activity. Then turnover of amino acid during adult 

development was analyzed for phenylalanine and alanine, which represent general 

patterns of amino acid utilization because of their different metabolic pathways. The 

pool size and turnover rate of phenylalanine and alanine differed but a similar 

pattern of changes occurred in rate, being maximum in early and late adult 

development while at a minimum during middle stage. The pool size was fairly 

constant with a slight decrease toward the end of development. The absolute values 

for alanine were consistently higher, varying between 2- to 3-fold higher for pool sizes 

and 4- to 8-fold for turnover rates. Finally the fate of labeled phenylalanine from 

free amino acid pool and from arylphorin was compared by injecting 14C_ 

phenylalanine or 14C-phe-arylphorin into pupae. The proportion of radioactivity 

distributed into most tissues or organs of pupae injected with the different labels 
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during either middle or late adult development appeared to have no significant 

difference. It is suggested that arylphorin is hydrolyzed to free amino acids that mix 

with the free amino acid pool and are then used for adult development. A small 

difference in percentage of radioactivity occurred in some organs (i.e., thorax, and leg 

and wing) indicating that a small amount of aryl ph orin may be used as intact protein 

for cuticle formation. The hypothesis that Manduca sexta arylphorin is a storage form 

for replenishing the free amino acid pool is now confirmed by experimental evidence. 
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INTRODUCTION 

The most abundant proteins contained in larval insect hemolymph are storage 

proteins, a family of insect proteins with native molecular weight around 500,000. 

They appear as hexamers with subunits weighing between 70 and 85 Kd, therefore 

they were named storage hexamers. They are mainly synthesized by the fat body of 

feeding larvae and nymphs and secreted into the hemolymph, where they reach 

extraordinarily high concentrations prior to metamorphosis. In holometabolous 

insects, most storage hexamer proteins are recaptured by the fat body during the 

larval to pupal molt, while some others remain in the hemolymph of the pupae. 

They disappear from both reservoirs during adult development, possibly with their 

amino acids primarily incorporated into new tissues and proteins, or they may also 

be incorporated into cuticle as intact protein. Some storage hexamers may have 

ligand binding and transport capabilities. (see review by Kanost et a!., 1990; Telfer 

and Kunkel, 1991) 

In general, two ur three storage hexamer proteins occur in anyone insect 

species. Exceptions in Lepidoptera include four hexameric proteins in Hyalophora 

cecropia (Telfer et a!., 1983; Telfer and Massey, 1987; Tojo et aI., 1978) and Calpodes 

ethlius (Locke et a!., 1982; Palli and Locke, 1987b). Among those proteins, 
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arylphorin has been found to be the most abundant storage hexamer protein in 

Lepidoptera, and has been identified in all species that have been examined. 

Although it is the best studied storage hexamer and its biochemistry and molecular 

biological characteristics have been extensively studied, its physiological role is stilI 

not clear. Manduca sexta is one of the best studied insect species that has provided 

a large amount of information about arylphorin in its biochemical and molecular 

biological properties, but study of the functional role of arylphorin in Manduca sexta 

adult development has been almost completely neglected. This dissertation presents 

studies of the functional role of arylphorin in tobacco hornworm, Manduca sexta. 

The objective of the present study was to test the hypothesis that Manduca 

arylphorin functions as a storage protein that supplies amino acids for protein 

synthesis during adult development by replenishing the existing amino acid pool. 

Following review provide background knowledge of whether arylphorin, a hemolymph 

protein of Manduca sexta is a storage reservoir of amino acids for adult development. 

1. Nomenclature of Insect Storage Hexamers 

Based on pioneering studies, which focused almost exclusively on Diptera, 

these proteins were first named larval serum proteins (LSP) (Roberts and Brock, 

1981) or larval hemolymph proteins (LHP) (Levenbook, 1985). These proteins 
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were characterized as follows: "First, these proteins are few in number, and occur 

only in the larval stages where they accumulate in the hemolymph. Second, they are 

synthesized predominantly, if not exclusively, by the larval fat body. Third, their 

concentration increases enormously in later larval instars, especially in the last larval 

instar. Remnants of storage proteins may carry over into early adult life, but within 

a few days after adult eclosion no trace of these proteins can be detected." 

(Levenbook, 1985) 

Subsequent studies in different orders revealed that this terminology was too 

restricted. In Lepidoptera, storage hexamers found in pupal serum and fat body 

seemed inappropriate to use this definition. It appears even less suitable to 

Dictyoptera and Orthoptera, in which two hexamerins become prominent after dorsal 

closure in embryos, and one remains as a major hemolymph protein of adults. To 

avoid improper restriction, a second term, storage protein, was used (Kanost et al., 

1990; Thomson, 1981). This applies to any of the major larval hemolymph proteins 

that has a molecular weight around 500,000 and achieves high concentrations during 

larval life, then diminishes during adult development. This definition, however, was 

unable to exclude some structurally and evolutionarily unrelated proteins, such as the 

chromoprotein in Heliothis zea (Haunerland and Bowers, 1986c). 

Recently, molecular biology and antibody studies (Jones et al,1990; Markl and 



17 

Winter 1989; Telfer and Massey, 1987; Willott et al., 1989) have provided evidence 

that the storage hexamers of insects are structurally and evolutionarily related to the 

hemocyanins that function in oxygen transport in arthropods lacking tracheal systems 

(Lin zen et al., 1985; VanHolde and Miller 1982). To point out these relationships, 

Telfer and Kunkel (1991) suggested a descriptive and generic term, hexamerin, that 

covers all of the 500 kd hexamers of insects and arthropods. In addition to insect 

storage hexamers and hemocyanins, the most prominent members of the family, the 

nonrespiratory hexamers in the hemolymph of Crustacea (Markl et al., 1976) are also 

considered to belong to the hexamerin family. 

The nomenclature of individual insect storage proteins is chaotic. Initially 

storage hexamers were named after the insect genus from which they are derived [e.g. 

calliphorin from Calliphora (Munn and Greville, 1969) and manducin from Manduca 

sexta (Kramer et al., 1980)]. However, it then became impossible to properly identify 

subsequent storage hexamers in the same species. The most uniform name was 

arylphorin which describes a class of insect storage hexamers containing high amount 

of aromatic amino acid such as manducin and calliphorin (Telfer et al., 1983). 

2. Classification and Properties of Insect Storage Hexamers 

In the most recent review of storage hexamers, Telfer and Kunkel (1991) 
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analyzed amino acid compositions of thirty eight storage hexamers in twenty four 

species from six orders of insect. These were compared with the average 

compositions of nine arthropod hemocyanins and three nonrespiratory hexamers of 

Crustaceans. Unlike most proteins that conform closely to the average amino acid 

composition described by King and Jukes (1969), the storage hexamers have 

unusually high aromatic amino acid content which appears to be one of the selective 

features that govern their evolution. 

By plotting the combined mole-percent of tyrosine and phenylalanine against 

that of methionine (Telfer and Kunkel, 1991) , four major groups of insect storage 

hexamers were defined that depart markedly from the noninsect hemocyanins and 

from the King and Jukes (1969) polypeptide average. Within each group, insect 

hexamers share similarity in amino acid composition as well as in phyletic and 

developmental characteristics. In this section the classification of storage hexamers 

will be described mainly based on the amino acid composition. 

The first group includes a storage hexamer protein of Diptera, the only one 

with both high aromatic amino acid and methionine contents. It was suggested to 

name it arylphorin in a later study (Telfer et aI., 1983). Since first purified from 

Calliphora elythrocephala and named as calliphorin (Munn and Greville, 1969); 

proteins with very similar composition have been identified in many species within the 
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order, and named according to the species. Up until now, calliphorin homology has 

been confirmed immunochemically in suborders Cyclorrhapha (Brock and Roberts, 

1983; deBianchi et al., 1983; Katsoris and Marmaras, 1979; Kefaliakou-Bourdopoulou 

et al., 1981; Kinnear and Thomson, 1975; Marinotti and deBiancchi, 1986a; Mintzas 

et al., 1983; Roberts, et al., 1977), and Brachycera (Munn and Greville, 1969) and 

biochemically in Nematocera (deBianchi and Marinotti, 1984). 

The second group includes another Dipteran hexamerin, which is antigenically 

distinct from calliphorin. Unlike calliphorin, this protein has much lower methionine 

and aromatic amino acid contents, and occurs in smaller amounts (Brock and 

Roberts, 1983; Kinnear and Thomson, 1975; Mintzas and Reboutsicas, 1984; Munn 

and Greville, 1969; Roberts, et al., 1977). 

The third group is represented by a Lepidopteran glycoprotein characterized 

by high aromatic amino acid and low methionine contents (Haunerland and Bowers, 

1986a; Karpells, et al., 1990; Kramer, et al., 1980; Kunkel, et al., 1990; Palli and 

Locke, 1987b; Ryan, et al., 1985a; Telfer, et al., 1983; Tojo, et al., 1980) and named 

as arylphorin (Telfer, et al., 1983). It is the most abundant storage hexamerin and 

has been identified in all insect species that have been carefully examined. 

Arylphorin is often assumed to be the interordinal homolog to calliphorin, the 

Dipteran arylphorin. 
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The fourth group also comprises a Lepidopteran protein but contains high 

methionine and low aromatic amino acid contents (Bean and Silhacek, 1989; Ryan 

et aI., 1985b, 1986; Tamura et aI., 1983; Tojo, et aI., 1980) and lacks covalently bound 

carbohydrate. It differs from the other three groups in that it exhibits a special 

developmental profile and sexual dimorphism that wi]] be described in a later section. 

It was named female-specific protein or methionine-rich protein or high methionine 

hexamer. 

Besides these four groups, more storage hexamerins have been found although 

not classified. Arylphorin in the Hymenopteran Apis melli/era, which cross-reacts 

with antibodies to Manduca sexta arylphorin, contains high methionine as we]] as 

tyrosine contents, so its amino acid composition appears more similar to ca11iphorin 

(Ryan et aI., 1984). In Dictyoptera two hexamers with high aromatic amino acid 

content were identified in Blattella germallica (Duhamel and Kunkel, 1983; Kunkel 

and Lawler, 1974; Kunkel and Pan, 1976), and one of these was found to cross-react 

immunochemica]]y throughout the order of Dictyoptera. Low methionine hexamers 

with intermediate aromatic amino acid content were also isolated from Orthopteran 

Locllsta migratoria (Anksin, 1990; deKort and Koopmanschap, 1987) and Hemipteran 

Triatoma in/estans (Rimoldi et aI., 1989). 

In some Lepidoptera, more then two storage hexamers were found. Four 



21 

storage hexamers have been identified in Hyaloplzora cecropia (Telfer and Massey, 

1987; Telfer et at, 1983; Tojo et at, 1978) and Calpodes etlzlius (Locke et at, 1982; 

Palli and Locke, 1987b). Within each species, one has been identified as an 

aryl ph orin (Palli and Locke, 1987; Telfer et aI., 1983), two others belonged to the 

high-methionine group, but the fourth remains undefined (Telfer and Kunkel, 1991). 

In Hyalophora cecropia, the fourth hexamer is a riboflavin binding protein and its 

antibodies showed no homology with other Lepidoptera suggesting that it may have 

evolved more recently (Telfer and Massey, 1987). 

In addition to arylphorin, an acidic and two basic storage proteins were 

identified from Triclzoplusia ni larvae (Jones et aI., 1987, 1990). Those proteins differ 

from other insect storage proteins described in terms of the encoded sequences and 

their physiological regulations. 

In contrast to the large amount of information about amino acid composition, 

limited studies have been conducted to examine the other constituents of storage 

hexamers. In some Lepidoptera, arylphorin is the only hexamer which appears to be 

a glycoprotein. Quantitative studies showed that covalently bound oligosaccharide 

moieties contained in arylphorin is 3.5% (w/w) in Manduca sexta (Kramer et at, 

1980), 4% in Hyaloplzora cecropia (Telfer et aI., 1983), and 2.5% in Heliothis zea 

(Haunerland and Bowers, 1986a). While in Galleria mellonella, three of the four 
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storage proteins were found to contain conjugated carbohydrate (Miller and Silhacek, 

1982). 

Carbohydrate in Mallduca sexta arylphorin consists of mannose and 

glucosamine in a molar ratio of 9:2, linked to each polypeptide through an N

glycosidic linkage between N-acetylglucosamine and asparagine (Kramer et aI., 1980; 

Ryan et aI., 1985a). In Diptera, both storage hexamers can be glycosylated (Kinnear 

and Thomson, 1975; Munn et aI., 1971). However, in certain Diptera such as Musca 

domestica and Cera titus capitata storage hexamers can be glycosylated only on certain 

subunits (Marinotti et aI., 1988; Mintzas and Rina, 1986). 

In both Lepidoptera and Diptera, arylphorins possess non-covalently 

associated lipids in the range of 1-2% (Kramer et aI., 1980; Levenbook, 1985; Palli 

and Locke, 1987b; Ryan et aI., 1985a). In Mallduca sexta arylphorin, both 

phospholipids and neutral lipids were identified (Kramer et aI., 1980). Due to the 

limited studies, the role of carbohydrates and lipids in the storage of hexamers is not 

known. 

Insect storage hexamers share a common characteristic of native molecular 

weights around 500,000 existing as either homo or hetero hexamers. Their subunit 

composition, however, may differ considerably within single, as well as different, 

insect species. In Drosophila meiallogaster (Roberts and Brock, 1981), Cera titus 
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capitata (Mintzas and Rina, 1986) and Musca domestica (deBianchi et aI., 1983; 

Marinotti and deBeanchi, 1986a) arylphorin (LSP-1) is comprised of a random 

association of three subunits that are immunologically related. In Sarcophaga 

peregrina (Natori, 1986), Lucilia stygia (Thomson et aI., 1976) and Calliphora vicina 

(Levenbooks, 1983), a single major subunit with additional heterogeneous minor 

subunit types is present in both storage hexamers. 

In some Lepidopteran species such as Calpodes ethlius (PalIi and Locke, 

1987b), Hyalop/zora cecropia (Telfer et aI., 1983), and Papilio polyxenes (Ryan et aI., 

1986), arylphorins exist as a single subunit. However, in other Lepidopteran, Bombyx 

mori (Tojo et aI., 1980), Galleria mellon ella (Ray et aI., 1987b), and Manduca sexta 

(Kramer et aI., 1980; Ryan et aI., 1985a), arylphorins consist of two types of subunits 

that can be separated by SDS-PAGE with a ratio of approximately 1:1. 

All the high methionine hexamers identified in Lepidopteran species, 

Hyalophora cecropia (Tojo et aI., 1978), Bombyx mori (Tojo et aI., 1980), Spodoptera 

lilllra (Tojo et aI., 1985), Manduca sexta (Ryan et aI., 1985b), Calpodes ethlius (Palli 

and Locke, 1987b), Papilio polyxenes (Ryan at aI., 1986), appear as homo-hexamers 

of a single subunit type. 

Specific subunit interactions in the storage hexamers of various species 

appears to be physically different. It was first indicated from early studies using 
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PAGE and ultracentrifugation, that calliphorin in Calliphora vicina (Munn and 

Greville, 1969) and the two storage hexamers in Calliphora stygia (Kinnear and 

Thomson, 1975) are pH-sensitive for their integrity. Following a systematic study, it 

was demonstrated that the pH of the PAGE buffer was critical for estimating 

molecular weight. Calli ph orin appears as a hexamer at pH 6, but a progressively 

increasing pH leads to a decrease in the apparent Mr until the monomeric form is 

attained at pH 9. In Drosophila melallogaster (Akam et al., 1978; Wolfe et al., 1977), 

Hya/ophora cecropia (Telfer et al., 1983) and Bombyx mori (Tojo et al., 1980), 

dissociation of storage hexamers also occurs at alkaline pH. However, in Mallduca 

sexta, arylphorin does not dissociate at pH 8 (Kramer et al., 1980). 

3. The Life Cycle of Holometabolous Insects and Functional Change of 

Their Fat Body. 

Holometabolous insect development, in general, includes egg, larva, pupa and 

adult stages. When the larva is fully developed within the egg, it escapes from the 

egg membranes. After hatching, the larva begins to feed and grow. Larval growth 

is characterized by periodic molting which is initiated by the growth and molting 

hormone. The number of larval instars, cycles of feeding, and molting, vary with 

insect species. For example, Lepidoptera larvae have five larval instars, while some 
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diptera have only three larval instars. The transformation of the larva to the adult 

is completed during the pupal period in which reconstruction of the tissues takes 

place, particularly involving the eversion and growth of the wings and legs and the 

development of the flight muscles. In addition, functional change of fat body cells 

and the fluctuation of storage hexamer profiles take place. 

Insect fat body, which in some ways is functionally similar to mammalian liver, 

synthesizes, stores and mobilizes glycogen, lipid and protein in a single cell type. 

During the larval-pupal transformation, the fat body diminishes its activity of 

intermediary metabolism and protein synthesis, and changes to function chiefly in 

storing materials for adult development. This functional change is closely associated 

with morphological transition which includes the loss of the endoplasmic reticulum, 

ribosomes and other subcellular organelles involved in protein synthesis and the 

appearance of lipid and protein storage granules (Larsen,1973; Locke, 1980, 1985; 

Tojo et aI., 1978, 1980). 

The functional change of the fat body cells is directly responsible for the 

fluctuation of hemolymph storage hexamers. These proteins are mainly, if not 

exclusively, synthesized by fat body and secreted into the hemolymph when fat body 

is functionally active in synthesizing protein. In both Diptera and Lepidoptera, the 

storage hexamers increase greatly in the hemolymph during the last-larval instar, 
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reaching maximal levels at the time of wandering when the larvae cease feeding. The 

hemolymph concentration declines subsequently, as most hexamers are apparently 

sequestered into the fat body while protein granules are forming. Uptake of storage 

hexamers by fat body generally starts in the prepupal stage and is completed by the 

pupal molt. 

The fat body cell sequesters hemolymph storage hexamers by endocytosis. 

Initial evidence was obtained from histochemical studies by tracing horse radish 

peroxidase injected into the last instar larvae of Calpodes ethlius (Locke and Collins, 

1968). This study indicated that the fat body sequesters proteins present in 

hemolymph of last instar larvae. These proteins are hydrolysed in multivesicular 

bodies during feeding stages and are stored in protein granules in pharate pupae. 

Proteins stored in pupal fat body were initially found to be similar to larval 

hemolymph proteins in Pieris brassicae (Chippendale and Kilby, 1969), Malacasoma 

amelicana (Lough ton and West, 1965) and Calliphora stygia (Martin et aI., 1971) and 

identified as storage hexamers in Hyalophora (Tojo et aI., 1978), Bombyx moTi (Tojo 

et aI., 1980), Calpodes ethlius (Locke et aI., 1982), Calliphora stygia (Martin et aI., 

1971; Kinnear, 1973), Calliphora vicina (Levenbook and Bauer, 1980) and Manduca 

sexta (Willou, 1989). Their immunochemical identity has been shown for Bombyx 

mori (Tojo et aI., 1980), Calliphora stygia (Kinnear, 1973) and Manduca sexta 
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(Kramer et aI., 1980). 

Later studies in which labeled hemolymph proteins were injected into larvae, 

showed that hemolymph proteins accumulated exclusively in pupal fat body (Locke 

et aI., 1982; Marinotti and deBianchi, 1986b; Martin et aI., 1971; Miller and Silhacek, 

1982a, 1982b; Roberts et aI., 1977; Thomasson and Mitchell, 1972; Ueno et aI., 1983), 

and the amount that disappeared from hemolymph was quantitatively accumulated 

in the fat body (Bean and Silhacek, 1989; Chippendale and Kilby, 1969; Locke et aI., 

1982; Martin et aI., 1971; Ryan et aI., 1985b; Tojo et aI., 1978, 1980). 

Uptake of hemolymph storage proteins by fat body appears to be protein 

specific (Manduca sexta, Caglayan and Gilbert, 1987; Bombyx mori, Tojo et aI., 1980; 

Hyalophora cecropia, Tojo et aI., 1978; Galleria mellonella, Bean and Silhacek, 1989; 

and Sarcophaga peregrina, Ueno and Natori, 1982), and also sex-specific (Calpodes 

ethlius, Locke and Collins, 1968; Bombyx mori, Tojo et aI., 1980; Hyalophora cecropia, 

Tojo et aI., 1978). More detailed information will be presented in the following 

section. 

4. Biosynthesis of Storage Hexamers and their Uptake by Fat Body 

In general, the developmental profiles of storage hexamers in holometabolic 

insects are similar. The rate of increase of storage hexamers in the hemolymph 
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during the last larval instar reflects the activity of the fat body for synthesis while a 

decline of these proteins indicates their uptake by the fat body. However, a 

significant difference in hexamer profiles exists between species for the same type of 

protein and within species for the different type of proteins. Although these storage 

hexamers have been studied in various species, the most extensive studies have 

focused on several species, including species of Calliphora and Drosophila 

melanogaster in Diptera, and Bombyx mon, Hyalophora cecropia and Manduca sexta 

in Lepidoptera. 

In Diptera, synthesis of storage hexamers occurs exclusively in the fat body 

(Schenkel and Scheller, 1986). In most cases, synthesis commences at the beginning 

of the third ins tar and continues until the prepupal stage (Levenbook and Bauer, 

1980; Roberts et aI, 1977). In contrast, for Sarcophaga peregrina (Tamura et aI., 

1983) and Calliphora slygia (Thomson, 1975) the synthesis starts prior to ecdysis to 

the third instar. 

In Calliphora vicina (Levenbook and Bauer, 1980), Calliphora erylhrocephala 

(Munn and Greville, 1969; Wyatt and Pan 1978) and Calliphora slygia (Thomson, 

1975) the hemolymph calliphorin (or arylphorin) titre reaches a peak (over 60% of 

the total hemolymph protein) at the end of the larval feeding period, the time of 

calliphorin synthesis is abruptly and completely shut off (Kinnear, 1973; Pau et aI., 
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1979; Price, 1973). A similar profile was found for its homolog in Drosophila 

melanogaster which was named larval serum protein 1 (LSP1) (Roberts et at, 1977). 

Dipteran arylphorin is believed to be taken up from hemolymph by fat body 

during the wandering stage and early pupal stages. The amount of arylphorin 

decreases slightly at the time of pupariation then remains constant for about three

quarters of adult development before abruptly decreasing (Levenbook, 1985). 

The second type of storage hexamer in Diptera occurs in smaller amounts than 

caIIiphorin, and follows a developmental profile similar to caIIiphorin (Brock and 

Roberts, 1983; Kinnear and Thomson, 1975; Munn and GreviIIe, 1969; Roberts et at, 

1977). A slight difference appears in Drosophila melanogaster and Calliphora slygia 

(Kinnear, 1973; Roberts et at, 1977) in that the synthesis continues into the pupal 

stage and its subsequent decline appears more rapidly than that of arylphorin. An 

exception was found in Drosophila melallogaster that the synthesis occurs in adult flies 

(Benes et at, 1990; Shirras and Bownes 1989). 

In Lepidopteran species, synthesis of storage hexamers appears to be more 

complicated than that in Diptera with regard as to where and when it occurs. 

Although the fat body is unquestionably the major site of arylphorin synthesis, 

evidence of arylphorin synthesis by other tissues has been reported. In Calpodes 

elhlius, arylphorin synthesis occurs in epidermal tissue, the midgut and pericardial 
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cells, as well (Fife et al., 1987; PalIi and Locke, 1987a, 1987c). In Manduca sexta, 

arylphorin mRNA was found in epidermal and other tissues (Riddiford and Rice, 

1985). In Heliothis virescens, an 82 kd polypeptide and 76 kd arylphorin subunit were 

synthesized by the testes sheath (Miller et al., 1990). 

Arylphorin appears in the hemolymph during the feeding stages of the last 

three larval ins tars of Manduca sexta (Kramer et al., 1980) and Hya/ophora cecropia 

(Telfer et al., 1983). Similar occurs in Bombyx mori (Izumi et al., 1988), Galleria 

mellon ella (Ray et al., 1987a), Lymantria dispar (Karpells et al., 1990) and Calpodes 

elhlius (Locke et al., 1982). The arylphorin concentration increases in the 

hemolymph during the feeding period then declines during the moult to the next 

larval ins tars. There is a 50% decrease in concentration during the last larval moult 

of Mallduca sexta (Kramer et al., 1980) and Bombyx mori (Tojo et al., 1981). 

Synthesis of arylphorins increase dramatically in the last ins tar with their 

concentration reaching exceptionally high levels in the hemolymph prior to pupation 

(60-80 mg/ml), the most abundant protein in larval hemolymph of Lepidoptera, then 

the synthesis stops permanently. 

In some Lepidopteran species, storage hexamers are selectively taken up by 

fat body cells. During Lepidopteran larval-pupal transformation, when most storage 

hexamers are taken up by fat body, the arylphorin concentration in the hemolymph 
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of Manduca sexta and Hyalophora cecropia remains high and only a small amount of 

arylphorin is sequestered by the fat body (Caglayan and Gilbert, 1987; Kramer et al., 

1980; Ryan et al., 1985a; Telfer et al., 1983). Similarly, protein 3 of Spodoptera litura, 

which reacts with the antiserum specific to Bombyx morl arylphorin, was also found 

to primarily remain in hemolymph without substantial sequestering by the fat body 

(Tojo et al., 1985). Hemolymph transfusions between Hyalophora cecropia andActias 

luna showed that 30-40% of donor arylphorin was taken up by fat body of Actias 

luna, while methionine rich hexamerin was completely cleared (Pan and Telfer, 

1992). Bombyx morl arylphorin, just like Dipteran arylphorin, is rapidly taken up by 

fat body cells and stored in protein granules. 

In contrast to the arylphorin, the methionine-rich hexamer in hemolymph is 

present only in the final instar of Manduca sexta (Ryan, 1985b) and Hyalophora 

cecropia (Tojo et al., 1978), and similarly for the two storage proteins of Calpodes 

ethlius (Locke et al., 1982) and Spodoptera litura (Tojo et al., 1985). In Manduca 

sexta the synthesis of methionine-rich storage hexamer begins on the third day of the 

last larval instar of females and two days later for males. In both sexes, the synthesis 

continues at low levels through the prepupal period as the fat body switches to its 

storage mode (Riddiford and Hice, 1985; Ryan et al., 1985b). In Bombyx morl , 

however, the synthesis occurs equally in both male and female larvae up until the 
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final im;tar when it only continues in the female (Izumi et at, 1988; Mine et at, 1983; 

Tojo et at, 1980). In most cases, such as Manduca sexta (Ryan, 1985b), Bombyx 

mon (Izumi et aI., 1988), and Hya/ophora cecropia (Tojo, 1978), these proteins 

predominate in the female hemolymph and reach maximal levels prior to pupation. 

Therefore, they were also named female-specific proteins. 

During the larval-pupal transformation, the methionine-rich proteins decrease 

in the hemolymph simultaneously with their increase in the fat body cells while 

protein granules are forming. At the time of pupation, they are present exclusively 

in the fat body and stored in protein granules. The same occurs in Calpodes ethlius 

(Locke et at, 1982) and Spodoptera litura (Tojo et at, 1985) where two proteins are 

completely taken into the fat body at a time corresponding to the formation of 

protein granules. In addition, uptake of storage hexamers by fat body also show a 

sex-specific difference. In Calpodes etlzlius pupae the proportion of fat body cell 

volume occupied by protein granules was 25% in female and 15% in male (Locke 

and Collins, 1968). In Bombyx mon, storage proteins comprise 60% ·of the total fat 

body proteins in females, while only 20% in the males (Tojo et at, 1978). 
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5. Regulation of Storage Hexamers Synthesis and Uptake by Fat Body 

of Holometabolic Insects 

Two insect hormones, juvenile hormone (JH) and ecdysteroids, are the most 

likely humoral bases for controlling synthesis and uptake of storage hexamers by fat 

body of holometabolic insects. The ecdysteroids, synthesized primarily in the 

prothoracic glands, control the major events leading to the production of new cuticles 

during postembryonic development, while JH, made from corpora allata in the head, 

regulates the nature of the molt. JH is high at ecdysis to both the penultimate and 

final larval stages. The high JH titres in the penultimate instar drop after ecdysone 

secretion to cause the larval molt. After ecdysis to the final instar, JH declines to an 

intermediate level for the first part of the feeding period, then becomes undetectable 

about midway through the feeding period as the corpora allata decline in their 

synthetic activity and a JH-specific esterase appears. Following the fall of JH, 

ecdysteroids rise slightly, the commitment peak, to initiate metamorphosis. At this 

time the larva stops feeding and wandering behavior is initiated. Once the epidermis 

and the other tissues are pupally committed, a large surge of ecdysteroids occurs to 

cause pupal molting. This pupation peak is accompanied by an increase in JH which 

prevents precocious development of certain adult structures. After pupal ecdysis, 

JH is completely erased by increasing the esterase activity in the hemolymph and 
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stopping the synthesis in corpora allata. A large peak of ecdysteroid appears in the 

middle of adult development that regulates tissue reconstruction (Riddiford, 1980). 

The specific hormone titre and its correlation to the storage hexamer profile 

suggest that these hormones may be involved in the regulation of two processes in 

the fat body; the synthesis and uptake of the storage hexamers. 

In Diptera, storage proteins are synthesized when the hormone titre shows a 

decline of JH and an absence of ecdysone. Initiation of storage protein synthesis is 

transcriptionally controlled, while cessation is regulated at the translational level. 

Storage protein mRNAs appear at the onset of protein synthesis. However, 

arylphorin synthesis ceases at wandering while the translatable mRNA remains in 

large quantities (Lepesant et al., 1982, 1986; Mintzas et al., 1983; Powell et al., 1984; 

Schenkel and Scheller, 1986; Sekeris and Scheller, 1977; Tamura et al., 1983). For 

example in Drosophila melanogaster larvae, synthesis of polypeptide subunits of larval 

storage protein-1 (LSP-1) (arylphorin) and LSP-2 is coordinated, and their mRNAs 

are first detected at the same time in the third larval instar. Following wandering, 

however, cessation of LSP synthesis begins with its LSP-1 a and B subunits followed 

by LSP-1 T shortly thereafter. LSP-2 persisted longer than all the subunits of LSP-1, 

but all translatable mRNAs remain for up to two days before declining at 

pupariation. Previous data show that expression of Drosophila LSP-2 gene is reduced 
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in adults relative to that in larvae and that this gene in adults and larvae may be 

regulated differently (Benes et aL, 1990; Shirras and Bownes, 1989). In Calliphora 

vicina, arylphorin mRNA could be detected at low levels through metamorphosis and 

in the adult (Schenkel and ScheIIer, 1986). 

The effect of 20-hydroxyecdysone (20-HE) on storage hexamer synthesis was 

initially examined by organ culture using Calliphora vicina larval fat body (Pau et aL, 

1979). This study demonstrated that the ecdysone committing peak is responsible for 

the cessation of storage hexamer synthesis. However, in Drosophila ecdysone injected 

into newly ecIosed adult females can induce synthesis of LSP-2 in adult fat body 

(Jowett and Postlethwait, 1981). Similarly, exogenous ecdysone can resume LSP 

synthesis in mutant larvae that is deficient in ecdysone synthesis (PoweII et aL, 1984). 

A positive effect of JH on LHP-1 synthesis in Calliphora vicilla has been reported 

by Price (1973) and Sekeris and Scheller (1977), but Pau et aL (1979) and 

Thomson (1975) could not demonstrate any effect of JH analogues on LSP synthesis. 

Recently, studies concerning regulation of storage protein synthesis have 

focused on Lepidopteran species. In contrast to the Diptera (Lepesant et aL, 1982; 

Mintzas et al., 1983; Powell et aL, 1984; Tamura et aL, 1983), synthesis of storage 

proteins in Lepidoptera is regulated at the level of gene transcription (Izumi, 1988; 

Riddiford and Hice, 1985; Webb and Riddiford, 1988a). The regulation of their 
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expression is complex, involving tissue-specific, sex-specific, stage-specific, hormonal, 

and nutritional components. 

For the Lepidopteran species, the storage protein mRNA titer appears to 

closely parallel the extent of protein synthesis (Galleria mellonella, Ray et al., 1987 

a,b; Bombyx mori, Izumi et al., 1981, 1988; Mine et al., 1983 and Manduca sexta 

Riddiford and Hice, 1985; Webb and Riddiford, 1988a). Synthesis of arylphorin in 

Manduca sexta (Kramer et aI., 1980) and Bombyx morl (Tojo et aL, 1981), and other 

storage proteins in Calpodes ethlius (Locke et aL, 1982) and Hya/ophora cecropia 

(Telfer et aI., 1983) is initiated in early larval instars and terminated during the molts. 

Similarly, mRNAs present in the fat body are only found at the times that the protein 

is being synthesized (Kumaran et aL, 1987; Miller and Silhacek, 1982b; Ray et aL, 

1987a; Webb and Riddiford 1988a,b). 

Studies using cloned arylphorin cDNA probes (Webb and Riddiford, 1988a) 

demonstrated a quantitative correlation between the developmental profile of 

expression of arylphorin RNA and synthesis in Manduca sexta. During the fourth 

instar feeding period, a small amount of arylphorin RNA was found in Manduca sexta 

larva fat body. This mRNA disappeared during the molt and reappeared 18-20 hours 

after ecdysis to the fifth instar when the larvae start feeding. The titer increased 

rapidly to a maximum on day 2 then disappeared rapidly at the onset of wandering. 
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The disappearance of arylphorin mRNA during the molt when the synthesis of 

arylphorin ceases has also been reported in many other studies that include species 

of Bombyx (Fujii et al.,1989), Galleria (Kumaran et al., 1987; Ray et al., 1987a) and 

Mallduca (Riddiford and Rice, 1985). 

Both in vivo and ill vitro studies demonstrated that the cessation of arylphorin 

synthesis is likely due to a combination of a lack of excess nutrients and hormonal 

control. The onset of its synthesis is induced by nutrient availability. During larval 

molts and wandering, both nutritional deprivation and the rise in ecdysteroid level 

in the hemolymph can suppress arylphorin synthesis (Webb and Riddiford, 1988b) or 

translatable mRNA expression (Riddiford and Rice, 1985). The rising ecdysteroid 

could act directly on the fat body to turn off arylphorin expression or could act 

indirectly via its molting action. Molting action leads to cessation of feeding and thus 

depletes incoming precursors. It is possible that both direct and indirect factors may 

regulate expression of this gene during the molts and wandering. 

In Manduca sexta (Riddiford and Rice, 1985; Webb and Riddiford, 1988b), 

Bombyx mori (Tojo et al., 1981) and Galleria mellon ella (Kumaran, 1987) the loss of 

nutrient intake after starvation or after ligation (Webb and Riddiford, 1988a) can 

suppress arylphorin synthesis and depress its translatable mRNA or arylphorin 

transcripts. A similar result was observed when fat body was cultured in amino acid 
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deficient medium (Webb and Riddiford, 1988b). The suppression of arylphorin 

synthesis under these conditions appears to be specific, as most other proteins are 

synthesized in the same relative amount. Infusing ligated Manduca sexta abdomens 

with Grace's medium with or without 20-HE (Webb and Riddiford, 1988a) shows that 

both 20-HE and nutritional deprivation can reduce arylphorin expression, and 

nutrient availability is important to the onset of arylphorin synthesis. The same result 

was also shown by exposing the fat body of Mallduca sexta to complete Grace's 

medium with 20-HE or to diluted Grace's medium (Webb and Riddiford, 1988b). 

Similarly, in Galleria mellollella (Kumaran et al., 1987; Ray et al., 1987a), 20-HE 

suppresses the expression of storage protein genes. However, in Bombyx mori 

injection of 20-HE into ligated fifth instar larvae had no effect on storage protein 

synthesis (Tojo et al., 1981). 

The influence of JH on storage protein synthesis has been examined in 

allatectomized larvae (where JH is deprived) of Mallduca sexta (Riddiford and Hice 

1985), Bombyx mori (Tojo et al.,1981) and Spodoptera litura (Tojo et al., 1985) and 

allatectomized larvae injected with JH analog (JHA) (methoprene). Those studies 

showed that neither the lack of JH nor the excess of JH affected arylphorin synthesis 

except in allatectomized penultimate instar Bombyx larvae, where injection of JHA 

greatly inhibited synthesis of both storage proteins (LHP-1 and LHP-2). A recent 



39 

study of Manduca sexta showed that super-synthesis of arylphorin occurs in neck-

ligated animals during the feeding stage. This super-synthesis can be inhibited by 

injection of brain homogenate but not JH, suggesting that a brain factor is 

responsible for the control of arylphorin synthesis (Caglayan and Gilbert, 1987). 

Regulation of synthesis of other storage hexamers is significantly different than 

that for arylphorin in Lepidoptera. In Manduca sexta, the sex-specific storage protein 

(methionine rich storage hexamer) first appears in female fifth instar larvae at the 

time the JH titre begins to decline. The appearance of its transcript or translatable 

mRNA is dependent on the fall of JH. This was demonstrated by the appearance 

of methionine-rich storage hexamer mRNA precociously in allatectomized larvae but 

delayed appearance in methoprene treated larvae (Riddiford and Hice, 1985). 

Other studies showed that the onset of protein 1 and 2 synthesis in Spodoptera fitura 

(Tojo, 1985) is triggered by the fall of this hormone prior to metamorphosis. 

Inhibition of JH on the expression of storage protein genes, which are 

expressed only in the final larval instar, was also found in Gal/eria mel/onella (Ray et 

al., 1987a) and Trie/zap/usia ni (Jones et al., 1988). Under high JH condition during 

the final larvae stage of T. ni, the acidic and basic storage proteins showed a distinct 

suppression although arylphorin was not specifically affected. This suppression effect 

was found to be operating at the level of transcription, mRNA stability and 
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translation, the last mechanism was only confirmed for basic storage proteins (Jones 

et aI., 1987a,b, 1988, 1990, 1993). 

However, JH did not effect the methionine rich storage hexamer expression 

in male Manduca sexta (Webb and Riddiford, 1988a). Its sex-dependent synthesis is 

primarily determined by the sex chromosome composition in each fat body cell and 

is developmentally regulated independent of any sex-specific hormonal factors 

(Sakurai et aI., 1988). 

Several storage proteins in Calpodes ethlius (Locke et aI., 1982) and Spodoptera 

lilura (Tojo, 1985), as well as a non-sex-specific storage protein in Manduca sexta 

(Riddiford and Hice, 1985) and the female specific protein (methionine rich storage 

hexamer) in male Manduca, appear only after the ecdysteroid commitment peak. 

However, 20-HE in the absence of JH does not seem to induce the appearance of 

these proteins (Tojo et aI., 1985; Webb and Riddiford, 1988a). 

Studies of hormonal regulation on protein sequestration revealed that 20-HE 

increases protein uptake by the fat body and its sequestration in protein storage 

granules of both Lepidoptera and Diptera during larval-pupal transformation. This 

effect was first demonstrated in Calpodes etlzlius where 20-HE appears to induce the 

uptake of type 3 protein and the formation of protein granules both in vivo and in 

vitro (Collins, 1974; 1975a,b; Dean, 1978). In Manduca sexta (Webb and Riddiford, 
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1988b), Bombyx mori (Tojo et aI., 1981), and Spodoptera litura (Tojo et aI., 1985) 

the commitment peak of ecdysone is responsible for the accumulation of storage 

proteins in the fat body. Ligation of last-instar larvae strongly inhibited uptake of 

arylphorin and other storage proteins by the fat body of Bombyx mori and 

Spodoptera litura (Tojo et aI., 1981, 1985). Injection of 20-HE to those ligated 

abdomen reversed this inhibition in a dose-dependent manner. 

In Manduca sexta, most arylphorin remains in the hemolymph after pupal 

ecdysis although a small amount of arylphorin is taken up with other storage proteins 

by fat body. Uptake of storage hexamers by fat body of Manduca sexta also can be 

induced by 20-HE (Webb and Riddiford, 1988b). In neck-ligated fifth instar larvae 

of Manduca sexta, the uptake of these proteins appeared to depend on a brain factor. 

JH was excluded as this brain factor, but it was not determined whether this factor 

acted directly or by stimulating ecdysteroid synthesis (Caglayan and Gilbert, 1987). 

The mechanism for induction of protein granule formation in Drosophila seems to 

be more complex. 20-HE is stimulatory but is not necessary for granule formation. 

Storage granules can be induced when the fat body is cultured in a medium with 

higher concentration of protein even without the hormone (Butterworth et aI., 1979; 

Thomasson and Mitchell, 1972). 

In Sarcop/zaga peregrina, 20-HE can induce the uptake of arylphorin into the 
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fat body as well (Ueno and Natori, 1982). In a search for hexamerin receptors, Ueno 

et aI. (1983) found that S. peregrina pupal fat body membranes bound iodinated 

aryl ph orin with a ~ of 4xlO-9 M. This binding required calcium or magnesium ion 

and showed an optimal pH of 6.0 to 6.5 which was consistent with a receptor that 

operates under in vivo conditions. The membrane preparations from the larval fat 

body did not bind arylphorin unless it had been incubated with 20-HE. Evidence 

obtained by comparing the profiles of membrane proteins from larval and pupal fat 

body together with ligand blotting techniques (Natori, 1986; Ueno and Natori, 1984) 

showed that a 120-KDa protein that binds Sarcop/zaga peregrina arylphorin is 

generated from a cryptic receptor with a molecular mass of 125 Kd. Recently, three 

arylphorin binding proteins were identified in fat body cell membrane of Calliphora 

vicilla by ligand-immunoblotting (Burmester and Scheller, 1992). These polypeptides 

have apparent molecular weights of 65, 96 and 130 Kd. 

Although the molecular mechanisms of storage protein uptake by the fat body 

is not clear for most insect species, it was assumed that the process involves receptor 

mediated endocytosis (Burmester and Scheller 1992; Fujii et aI., 1989; Ueno and 

Natori, 1982, 1984). 
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6. Genetics and the Evolution of Storage Hexamers 

The common biochemical, physiological and developmental features of the 

storage hexamers suggest that they are evolutionary related (Roberts and Brock, 

1981). The arylphorin genes of Sarcophaga peregrina (Tahara, 1984), Calliphora 

vicina (Schenkel et aI., 1985) and Lucilia cuprina (Thomson, 1975) constitute 

muItigene families, exist in a clustered organization, and may be derived from gene 

duplications (Roberts and Brock, 1981). In contrast, arylphorin homology in 

Drosophila melanogaster LSP-1 is apparently random associated hexamers made by 

three polypeptides that have similar amino acid composition and share common 

antigenic sites (Roberts and Evans-Roberts, 1979; Wolfe et al., 1977). The LSP-1a, 

Band 'T subunits are coded by single copy genes that are dispersed on different 

chromosomal sites (Lepesant et al., 1982; Roberts and Brock, 1981). The authors 

suggested that these three genes evolved by duplication of ancestral genes followed 

by mutation, and that transposable elements may be responsible for their duplication. 

Furthermore, single copy genes coding for storage proteins have also been found in 

many Lepidopteran species such as Bombyx mori (Fujii et al., 1989), Galleria 

mellollella (Ray et al., 1987b) and Mallduca sexta (Willott et aI., 1989) as well as 

Diptera (Drosophila melanogaster) (Akam, 1978). 

In Manduca sexta, subunits of arylphorin are coded by alpha and beta subunit 
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genes, separated by 7.1 kilobases, and have diverged to the extent that only 68% of 

their amino acid sequences remain identical (Willott et at, 1989). Despite this 

divergence, the two peptides are immunochemically very similar (Ryan et at, 1985a). 

Based on the rate of nucleotide substitution between the two coding regions, Willott 

et al. (1989) predicted that the two genes resulted from a tandem duplication and 

may have diverged about 100 million years ago. A similar sequence in the upstream 

region of arylphorin genes was found in all species whose sequence information is 

available: Calliphora, Drosophila and Sarcophaga as well as Manduca sexta and 

Bombyx morl (Scheller et at, 1990; Willott et at, 1989). In addition, the exon/intron 

composition of arylphorin genes are remarkably similar between Manduca sexta and 

Bombyx morl. Willott et aI. (1989) suggested that the two genes of Manduca sexta 

and Bombyx morl arylphorin diverged about 140 million years ago. 

Immunochemical studies of arylphorins from different insects provide 

additional evidence to support the hypothesis that the storage hexamers are 

evolutionarily related. Antibodies prepared against calliphorin cross-react with 

protein from a number of other Diptera (Roberts and Brock, 1981). Among 

Lepidoptera, Manduca sexta arylphorin is immunochemically related to that from 

Hya/ophora cecropia (Telfer et aI., 1983), Lymalltria dispar (Karp ells et aI., 1990) and 

Bombyx mori arylphorin that cross-reacts with Spodoptera fitura arylphorin (Tojo et 
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aI., 1985). Antibodies to calliphorin, however, fail to react with a preparation of 

storage proteins from the Lepidopteran Pieris brassicae (Munn and Greville, 1969). 

Similarly, antibodies of Manduca sexta and Hya/ophora cecropia arylphorin show no 

cross-reactivity with calliphorin (Telfer et aI., 1983). Although the antigenic 

properties of arylphorins were not conserved in the divergence of the Diptera and 

Lepidoptera (Telfer et aI., 1983), the structure of prototype arylphorin genes might 

have been fairly well conserved since the arylphorin-type storage proteins are widely 

distributed among the holometobolic insects. 

Studies by Fujii et al. (1989) and Willott et ai. (1989) suggested that other 

storage hexamer genes may have arisen from the protoarylphorin gene and evolved 

to encode a different type of storage protein. Sequence analysis of arylphorin and 

high-methionine protein genes revealed that arylphorin and high-methionine protein 

share 30-33% similar amino acids. Both genes include five exons of approximately 

the same size and have similar sequence at the initiation site (Sakurai et aI., 1988; 

Willott et aI., 1989). Based on their nonsynonymous substitutional rate, Will ott et aI. 

(1989) suggested that the arylphorin and methionine rich protein genes diverged 

about the time of the origin of insecta, about 425 million years ago. 

The hexameric motif and amino acid comparisons led Telfer and Massey 

(1987) to postulate that insect storage proteins are related to arthropod hemocyanins. 
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Arthropod hemocyanins are copper-containing proteins that transport oxygen in the 

hemolymph (Linzen et al., 1985). They are hexamers or multi-hexamers constructed 

from subunits of about 75 Kd. In addition to the similarity in subunits size and 

hexameric nature, several other observations include a relatively significant sequence 

of homologies which were detected between the LSP-2 polypeptide of Drosophila and 

the arthropod hemocyanins (Kejzlarov-Lepesant et aI., 1987). In addition, a 

monoclonal antibody prepared against Tarantula hemocyanin was found to cross-react 

with the arylphorin of Calliphora vicina (Markl and Winter, 1989). 

Furthermore, comparison of the structural regions of the insect he amers and 

arthropod hemocyanin genes shows significant similarity in amino acid seq ence; they 

range between 22% and 28% which is comparable to the 30-330, between 

arylphorins and high-methionine proteins (Willott et aI., 1989). In terms of aligned 

sequences of Mallduca sexta arylphorin and Trichoplusia ni acidic and ba ic storage 

proteins, the percent identical residues ranges between 31% to 19% (J< nes et al., 

1990, 1993). The degree of similarity between the storage proteins and h mocyanins 

is also not substantially less than that between various hemocyanins. Much of the 

conserved sequence between storage protein and hemocyanin genes was found either 

in regions of subunit contacts (deduced from the molecular structure of P. intemlpts 

hemocyanin) or sequence near the beginning or end of alpha-helical segments in the 
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hemocyanin. Willott et al. (1989) speculated that these conserved residues could be 

important for interactions along the interface between subunits. These results 

further supported the suggestion that hexameric insect storage protein and the 

arthropod hemocyanins may have evolved from a common ancestor and also may 

have a common three-dimensional structure. 

Telfer and Kunkel (1991) suggested two advantages to hexameric proteins. 

First, hexameric protein could have the advantage of escaping from the rapid protein 

turnover due to the small size. Second, it could maximize amino acid storage with 

minimal osmotic consequences. 

7. Physiological Role of Storage Hexamers During Insect Development 

In general, insect larvae must store large amounts of precursors for the major 

reconstruction that occurs during the pupal period. Although during larval-pupal 

transformation most storage hexamers are sequestered by fat body cells, some of 

them remain in the hemolymph even after pupariation until they disappear during 

adult development. The extreme abundance of the proteins and their developmental 

profile suggest that these storage proteins are synthesized during the feeding stage 

of the last larval instar and used during the non-feeding period of metamorphosis 

(Munn and GreviIle, 1969). 
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There are two ways that storage hexamers can serve a functional role as a 

storage protein. First, they could be degraded in the developing adult fat body, or 

in other tissues, to supply amino acids necessary for the synthesis of adult proteins. 

Second, they could be processed and disappear as they are incorporated into 

insoluble material in an undegraded form. 

The hypothesis of arylphorin functioning as a storage protein is best supported 

by studies of Levenbook and Bauer (1984). They injected mature Calliphora vicina 

larvae with e4C] phenylalanine-labelled calliphorin, and then determined the tissue 

distribution of radioactivity in adults. In the middle of adult development, the 

injected label retained largely as calliphorin with a small amount expired as 14C02. 

In four-day-old flies, calliphorin had disappeared and the label was widely distributed 

in different tissues in a multiplicity of labelled proteins. The intensity of the bands 

shown on SDS-PAGE were proportional to the abundance of the labelled proteins 

shown by flu orography, and a large percentage of radioactivity was found in the 

thoracic muscles (46.5%) and cuticle (10.8% in SDS insoluble components of cuticle 

and 1.6% in SDS solubles). This experiment clearly demonstrated that calliphorin 

is a true larval storage protein that serves as a source of amino acids to support the 

synthesis of adult proteins. However, Calliphora vicina is the only insect species that 

has been studied to this extent on the functional role of storage hexamers. 
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Since arylphorin has a high aromatic amino acid content, another way it could 

be used is by incorporation into insoluble material involved during sclerotization of 

the exoskeleton. Sc1erotization is an essential process for stiffening and hardening 

of insect exoskeleton. The initial step in the sclerotization process involves formation 

of highly reactive tanning agents such as O-benzoquinone, the immediate precursors 

being N-acetyldopamine and N-B-alanyldopamine which are ultimately derived from 

tyrosine. The O-quinones then react directly with protein amino or imidazole groups 

to form covalent bonds between aromatic ring carbons and protein nitrogens 

(Hopkins and Kramer, 1992). 

The arylphorin protein has been thought to contribute tyrosine and 

phenylalanine for the sc1erotization of the puparium, pupa and adult, or to provide 

protein to serve as a matrix, into which chitin is layered. This assumption is 

supported by in vitro binding studies (Grun and Peter, 1983) which showed that 

arylphorin of Calliphora, Drosophila and Manduca can be cross-linked selectively with 

sclerotizing agents ofthe nascent N-acetyldopamine quinone and N-B-alanyldopamine 

quinone. 

Experiments using radioactive labeling, immunoblotting, immunofluorescence, 

and autoradiography have demonstrated that arylphorins from Calliphora vicina 

(Konig et aI., 1986; Levenbook and Bauer, 1984; Scheller et at, 1980) and Cera titus 
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capitata (KaJiafas et aI., 1984; Tsakas et aI., 1991) are incorporated into the cuticle 

in an undegraded form and then form covalent and non-covalent bonds with other 

cuticle components such as chitin. Both biochemical and immunological studies (Fox 

et aI., 1972; Konig et aI., 1986) have revealed that arylphorins are taken up by the 

epidermal cells and then secreted into the cuticle. With all this evidence, Scheller et 

aI. (1990) concluded that "there is little doubt that in Diptera, arylphorins are 

absorbed from the hemolymph by the epidermal cells and secreted in those cuticles 

which are determined for sclerotization". 

In contrast, the functional role of arylphorin in Lepidoptera is more difficult 

to demonstrate. The fluctuation of arylphorin concentration with the molting cycle 

suggested that this protein may provide reserves for cuticle production and tissue 

growth during the molting phase when the insect stops eating (Karp ells et aI., 1990; 

Riddiford and Hice, 1985; Webb and Riddiford, 1988a). Immunoblot and 

radiolabeled studies have shown that in Mallduca sextaJ arylphorin can be broken 

down in the fat body then used during molt (Riddiford and Hice, 1985), and 25% of 

the iodine from injected iodinated arylphorin is found incorporated into the newly 

formed fifth instar cuticle (Webb and Riddiford 1988a). 

Studies of the role of arylphorin in Manduca pupal cuticle scI erotization 

showed that more then 3% of radioactivity of injected e4C]-tyrosine labeled 
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arylphorin was recovered from sclerotized pupal cuticle. In addition, arylphorin-

immunoreactive material was found in pupal cuticle (Grun and Peter, 1984). 

However, available information cannot confirm that the hemolymph arylphorin is 

incorporated into the cuticle undegraded or is broken down into peptides or amino 

acids. In Lepidoptera, unlike in Diptera, arylphorin is not exclusively synthesized by 

the fat body cells of larvae. Translatable arylphorin mRNA was detected in extracts 

of Manduca sexta epidermis (Riddiford and Hice, 1985), and arylphorin synthesis and 

secretion was found in epidermis of Ca/podes etlzlius larvae (Leung et aI., 1989; Palli 

and Locke, 1987a). It is possible that arylphorin synthesized in epidermis is 

incorporated into pupal cuticle (Telfer and Kunkel, 1991). 

Arylphorin may function as a carrier and transport for ligand. This idea is 

suggested by the observation that caIliphorin binds ecdysone with low affinity 

(Enderle et aI., 1983), and that arylphorin of Heliothis zea binds insecticides with 

strong affinity for compounds of medium polarity and low affinity for those having 

high or low polarity (Haunerland and Bowers, 1986b). Furthermore, a storage 

hexamer from pupal hemolymph of Hya/oplzora cecropia binds riboflavin and copper 

(Telfer and Massey, 1987). The presence of lipid and high aromatic amino acid 

content in arylphorin may facilitate its ligand binding properties (Kanost et aI.,1990). 

On the other hand, genetic studies of arylphorin in Drosophila (LSP-1) have 
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shown that it is dispensable (Roberts et al., 1991) despite its accounting for 9% of the 

total protein of the larva at the puparial stage. Mutant flies unable to synthesize 

arylphorin could complete metamorphosis, feed, mate, reproduce, and survive even 

under conditions of hardship tests (Roberts, 1987). These studies questioned the 

importance of arylphorins or storage hexamers in general. Natural selection acts on 

the survival of organisms, on their fecundity or on both. To look for the advantage 

of their selection, Roberts et al. (1991) found that the deletion of arylphorin genes 

significantly reduced the fecundity of Drosophila (the null stock was only 9% as 

fecund as wild type). Stocks with intermediate numbers of arylphorin genes and an 

intermediate amount of protein have intermediate levels of fecundity (Roberts et al., 

1984, 1991). Arylphorin deficient mutants produce few eggs, many having defective 

egg chorions suggesting that arylphorin plays some role in chorion formation 

(Roberts, 1987). Alternatively, it may produce essential amino acids for the 

development of central nervous system and gametogenesis (Roberts, 1991). 

Although gel analysis found no evidence that any other proteins were 

overproduced to compensate for the lack of arylphorin, LSP-2, which is similar to 

arylphorin in size, amino acid composition and other characteristics (Akam et al., 

1978), was assumed to partially compensate for the arylphorin null mutant. Failure 

to isolate LSP-2 null mutants (Roberts, 1987) may indicate absence of LSP-2 is lethal. 
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LSP-2 may function like arylphorins. Evidence was obtained from 

immunoblotting analysis (Tsakas et aI, 1991) that LSP-2 of Ceratitus capitata, 

homologous to LSP-2 of Drosophila melanogaster (Mintzas and Reboutsicas, 1984), 

is also incorporated into the integument as an immunoreactive molecule and probably 

at the same molecular weight. 

Study of the functional role of methionine hexamerin in Lepidoptera has not 

been established. The sexual difference in the high methionine hexamerin (Bean 

and SiIhacek, 1989; Ryan et aL, 1985b, 1986; Tojo et aL, 1980) and an additional 

instar of arylphorin accumulation in the female Lymantria dispar, which lacks the high 

methionine hexamer (Karp ells et aL, 1990), has led to the suggestion that these 

proteins could have a function in egg formation, providing amino acids for the 

synthesis of chorion proteins and vitellogenin (Ogawa and Tojo, 1981). Experimental 

evidence required to support these suggestions is lacking. 

8. The Rationale of This Study 

A review of the literature shows that insect storage proteins have been studied 

. exhaustively for over thirty years, and they are still an interesting subject for 

biochemical, physiological and genetic studies. In contrast to the abundant 

information concerning their physiology, biochemistry and gene structure, relatively 
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little is known about their function. Evidence that amino acids derived from 

arylphorin are incorporated into adult protein structures (Levenbook and Bauer, 

1984), and that storage proteins are incorporated into the cuticle in an undegraded 

form (Konig et al., 1986; Tsakas et al., 1991), is mainly obtained from studies of the, 

Diptera, Calliphora. Studies showing that mutated Drosophila lacking arylphorin 

genes survive (Roberts, 1986) raised the question of the importance of these major 

hemolymph proteins. 

In Lepidoptera, few studies concerning the function of storage proteins have 

been reported. Studies of Grun and Peter (1984) as well as Webb and Riddiford 

(1989b) using radiolabeled arylphorin indicated that arylphorin is involved in cuticle 

formation of Manduca sexta. However, it is not clear how the hemolymph arylphorin 

is incorporated into the cuticle. Although arylphorin immunoreactive material was 

detected in the pro cuticle of pharate pupae by immunofluorescence labelling (Grun 

and Peter, 1984), this arylphorin, or its peptide, can be synthesized and secreted by 

epidermis (Riddiford and Hice, 1985). Furthermore, no studies have tested whether 

arylphorin provides amino acids for adult protein synthesis in Lepidoptera. Hence, 

extensive research is required to determine whether arylphorin in Lepidoptera is 

functionally the same as its homologous protein in Diptera. 

Manduca sexta is a primary species to conduct such research in part because 
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it is a large insect that can be easily raised in a laboratory, and is a preferred insect 

species for biochemical and hormone regulation studies. Many of these studies have 

provided valuable information for understanding general biochemical processes such 

as the regulation of proteolytic cascades, ligand specificities of proteins that bind 

hydrophobic molecules, and mechanisms of lipid transport. Two classes of storage 

proteins which are regulated differently during development represent an important 

model system for studying gene regulation (Law and Wells, 1989). From an insect 

physiological point of view, arylphorin in Manduca sexta appears to be significantly 

different from that in Calliphora vicina. In Manduca sexta, unlike in Calliphora vicina, 

arylphorin synthesis is not restricted to the last larval instar; the synthesis occurs in 

the early larval instars and intensively in the final larval instar. It stops at each molt 

and wandering, when insect cease feeding. Although the fat body is also the major 

site for arylphorin synthesis, the larval epidermis and other tissues were also found 

to contain a small amount of arylphorin mRNA. Regulation of arylphorin synthesis 

is not at the translational level. Arylphorin remains in the hemolymph to a large 

extent even after pupariation when other storage proteins are sequestered. 

Furthermore, the extensive background information concernins Manduca sexta 

arylphorin provides the basis for studying its functional role. 

The objective of this study was to test the hypothesis that Manduca sexta 
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arylphorin is a storage protein that supplies amino acids for adult protein synthesis 

by replenishing the existing free amino acid pool. The general aim of this study was 

to compare the patterns for the distribution of 14C into 14C02 and 14C-labeled tissues 

from 14C-phenylalanine-arylphorin, and free 14C-phenylalanine. The specific aims 

were: 1) to determine the pool size and turnover rate of phenylalanine and alanine 

at short intervals at different pupa stages; 2) to purify 14C-phe-arylphorin after 

labeling with 14C_phe using in vivo or in vitro synthesis; 3) to compare the fates of 

free 14C_phe and 14C_phe derived from labeled arylphorin. 

A potential problem to be considered is the high concentration of amino acids 

normally found in the hemolymph of insects. If arylphorin serves as a storage 

protein, any 14C-amino acid derived from the breakdown of 14C-labeled arylphorin 

mixes with non-labeled amino acid in hemolymph. Then the fate of 14C-labeled 

arylphorin should be similar to free 14C-amino acid provided directly to the pool. 

In the other case, if arylphorin is partially or not degraded to free amino acid, and 

a significant amount of arylphorin is incorporated into cuticle (Grun and peter, 1984), 

then the fate of 14C from the two reservoirs will not be similar. Therefore it is 

important to determine the fates of 14C_phe injected directly into the animals. Such 

14C-amino acids will turn over more rapidly than 14C-amino acid from arylphorin. 

The turnover and pool size of amino acids varies depending upon the time point of 
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adult development and the total pool of amino acid varies as well (Tischler et al., 

1990). Therefore, it is essential to determine the pool size and turnover rate at 3 to 

6 day intervals during adult development. 

This study will allow us to compare the fate of amino acids derived from 

arylphorin with those from free amino acid pools, and provide fundamental evidence 

for elucidating the functional role of arylphorin in Manduca sexta adult development. 

In addition, it may provide useful information to predict the relative amount of 

aryl ph orin that could be incorporated into cuticle without degradation. If a significant 

amount of hemolymph arylphorin is incorporated into the cuticle, and the rest of the 

arylphorin is degraded into free amino acids, then the percentage of isotope 

appearing in the cuticle will be higher in the 14C-arylphorin injected pupae than in 

14C-phenylalanine injected pupae. These studies could demonstrate that arylphorin, 

in Manduca sexta, functions as a storage protein that is broken down in the fat body 

or other tissue with the amino acids being distributed amongst the adult protein. 

These results could also indicate that Lepidopteran arylphorin is functionally the 

same as its homologue in Diptera. As we define more clearly the role(s) of storage 

proteins in insect development, it will become obvious whether the alteration of 

breakdown of these proteins influences metamorphosis. The long term goal of this 

study can be a prelude to studying protein turnover and its regulation. 



58 

MATERIALS AND METHODS 

1. Insect Care 

Manduca sexta eggs were obtained from Drs. J.P. Reinecke and J. Buckner, 

United States Department of Agriculture, Fargo, ND. Eggs were hatched in an 

incubator at a temperature of 26°C, a humidity of 50%, and a photoperiod of 17 

hours light and 7 hours dark. Larvae were reared under the same condition, on an 

artificial diet (Reinecke et aI., 1980) containing high wheat germ. Larvae that had 

shown head capsule slippage and had molted to the fifth instar within four hours 

were selected for both in vivo and in vitro arylphorin synthesis. To obtain 

synchronous pupal development, pupae of a specific day were selected according to 

their morphology (Table 1). 

2. Materials and Solutions 

The perfluorochemical emulsion (PFE) was prepared by mixing 20% 

perfluorotri-n-butylamine (Aldrich) and 3.2% pluronic F-68 (polyoxyethylene

polyoxypropylene copolymer, Sigma) in water and emulsified by sonicating for 10 min, 

while cooling on ice, using Branson cell disruptor 200 with output control at 5. 
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TABLE 1 

MORPHOLOGY OF MANDUCA SEXTA PUPAE DAY 1 TO 18 

1. Pupae are progressively tanner, still green inside. 

2. Pupae are completely tan, PL is not segmented, U-turn of PL tracheole gradually 

disappears. 

3. PL tracheole retracts, and is gradually disappearing. PL segmented. 

4. PL tracheole gone. ML retracts. 

5. ML tracheole gone, ML segmented. 

6. Medial part of eye begins to have pigment. 

7. Eye pigmented, reddish brown annulus with lighter center. PL shaggy at the joints. 

8. Eye is dark and almost uniform. Wing tracheoles progressively become darker. 

9. Eye is very dark; Wing tracheoles disappear. PL has claw with a light red color. 

10. PL claw dark and the ML has a claw. 

11. ML claw red to brown color; most of antenna pigmented under the microscope. 

12. Antenna dark to the eye. Spines in PL golden-red color. 

13. PL spines are dark. 

14. Three lines appear in the dorsal abdomen, wings have spots of pigment. 

15. Wings almost completely pigmented. 

16. Wings completely dark and getting soft. 

17. Wings soft and crackly, body is soft and very dark. 

18. The body is completely soft and very dark, pupae are ready to eclose. 

PL = prothoracic leg, ML = meso thoracic leg 

These characteristics were described by Pool Cook (unpublished) 
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Fat body incubation media A to F were prepared according to the composition 

of Grace's insect cell culture medium (Gibco laboratories) except that amino acid 

concentrations were changed as indicated in Table 2, and 100 p.g/ml streptomycin, S 

p.g/ml gentamicin and 10 mM glutathione were added. 

Components of the insect diet were purchased from United States Biochemical 

Corp. or ICN Biochemicals. Concanavalin A (Con A) Sepharose-4B and Blue 

Sepharose CL-6B were obtained from Pharmacia LKB Biotechnology, Biogel A loS 

m was from Bio Rad, Dowex-SO W from Sigma, radiochemicals L-[U.l4C]

phenylalanine from Amersham or New England Nuclear, L-[ring-2.6-3H(N)]

phenylalanine, L-[U-14C]-alanine and [carboxy-14C]-inulin were from ICN. 

3. Phenylalanine Turnover Study 

Injection Pupae at desired stages were selected, and weighed. 3H-phenylalanine, 

2.S p.Ci in 100 p.l insect saline (Williams and Birt, 1972), was injected into each pupa 

at the eighth abdominal segment just under the spiracle, using a 100 p.l Hamilton 

syringe. The wound was sealed with a drop of cyanoacrylate, and injected pupae 

were kept at 26°C for the indicated time. 
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TABLE 2 

INCUBATION MEDIA 

Proportionate Concentration of Amino Acids 
to Grace's Medium 

Medium Amino Acids Phenyl Alanine 
alanine 

A 1 1 1 

B 1 1/6 1 

C 1 1 1/17 

D 1/4 1/4 1/4 

E 1/4 1/6 1/4 

F 1/4 1/4 1/17 

The phenylalanine concentration in Grace's Medium (from GIBCO) is 60% of the 

p~itH6pdeJ7irlgfdnmdliEti&testfmnz et aI., 1986). It was reduced to 10% of the 

physiological level in Medium E. 
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Tissue Extraction At selected times (30, 60, 90, 120 min) after injection of labeled 

phenylalanine, the pupa was cut into three or four segments and placed in a plastic 

cup containing 20 ml of 2% perchloric acid (PCA), and placed on ice. Total free 

phenylalanine and total radioactivity remaining in the free amino acid pool was 

extracted by pulverizing with a pestle. An aliquot (5 ml) of extracted total body 

sample was centrifuged at 8,000 g for 15 min. A portion (1 ml) of the supernatant 

was added to 0.5 ml of saturated tripotassium citrate, resulting in precipitation of 

KCI04 and a pH close to 6. After centrifugation at 8000 g for 15 min, 1 ml of 

supernatant was taken for analysis of specific activity of phenylalanine. 

Phenylalanine Specific Activity Assay Measurement of phenylalanine specific 

activity was modified from Garlick et al.(1980). AIl samples (1 ml) derived from the 

above procedure were combined with 0.5 ml of a L-tyrosine decarboxylase suspension 

and incubated overnight at 50°C to enzymatically convert phenylalanine to beta

phenethylamine. The suspension contained enzyme (0.7 unit/mt) and pyridoxal 

phosphate (0.5 mg/ml) in 0.5 M sodium citrate (pH 6.3). The beta-phenethylamine 

was extracted by adding 1 ml of 3 N NaOH and shaking with 10 ml of chloroform/n

heptane (1:3, v/v). This extraction separates labeled beta-phenethylamine, derived 

from phenylalanine, from labeled tyramine. The tyramine produced by 
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decarboxylation of tyrosine remains in the aqueous phase. After separation of the 

two layers, the organic layer (chloroform/heptane) was transferred to 5 ml of 

chloroform plus 4 ml of 0.01 M H2S04 and shaken. The aqueous layer containing 

beta-phenethylamine was removed for analysis of beta-phenethylamine and 

radioactivity described as follows. 

For radioisotope counting, 0.2 ml extracted sample was analyzed in 5 mlliquid 

scintillation solution (Ecolume), in a Beckman LS 250 liquid scintillation counter. 

Phenethylamine was assayed by a fluorometric procedure (Garlick et aI., 1980). 

Phenylalanine turnover (~) was calculated from the equation described by 

Dinamarca and Levenbook (1966) 

(~)(t) = (-a)ln(q/qo) 

where Ka = p.mols phenylalanine turned over/insect/hour; a = total body free 

phenylalanine in p.mols/insect; qo = radioactivity of injected 3H-phenylalanine in dpm; 

ql = radioactivity remaining in the phenylalanine pool at time t in dpm/insect. The 

Ka value was derived from the slope of a plot of (-a)ln(q/qo) versus time. 

4. Alanine Separation Study 

Alanine isolation In preparation for tissue analysis, conditions for anion exchange 

chromatography were established to separate alanine from pyruvate (LaNoue et aI., 
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1970). Alanine (0.25 ml of 0.5 mM) or pyruvate (0.25 ml of 16.8 mM) was loaded 

on a 4.5 ml Dowex-1-formate column. Elution was started with 1 m! H20 followed 

by 6 ml 25 mM formic acid and then 40 ml2 N ammonium formate (pH 2.4). The 

eluate was collected (2 ml/fraction) for analysis of alanine or pyruvate. Alanine was 

analyzed fluorometrically by the formation of NADH in a reaction catalyzed by 

alanine dehydrogenase (Williamson, 1974). Pyruvate was analyzed by following 

NADH oxidation via lactate dehydrogenase. The amino acid profile of Dowex-1-

formate column eluates (Fig 1) showed that alanine was eluted mainly in the second 

fraction. The total alanine recovered from the first 6 ml of eluate was 97%. In 

contrast, pyruvate was not eluted until the sixth fraction with 87% of pyruvate 

recovered in fractions 6 to 17. 

Conversion of 14C-Alanine in Pupal Hemolymph Pupae (day 12) were injected 

with 2.5 p.Ci 14C-alanine in 100 p.l insect saline. At both 0 and 2 hr after injection, 

amino acids were extracted from pupae following the procedure described in the 

tissue extraction for phenylalanine turnover study (Chapter 2, section 3). After 

neutralizing with 5 N KOH in PIPES (piperazine-N,N-bis[2-ethanesulfonic acid]) 

buffer (pH 6.5), a 250 p.l aliquot of the supernate was loaded on to the Dowex-1-

formate column. The column was eluted following the process described for alanine 



65 

'd .... 
100 g 

-I 
80 

60 

'd 40 
~ 
ltS 
0 20 

/'x-
~ 

~ 

""" 
:I.e. "'X-'"'-0 0 

~ 0 2 4 6 8 10 12 14 16 18 

Fraction number 

- Alanine -K- Pyruvate 

FIG 1. PROFILE OF DOWEX-l-FORMATE COLUMN. AIiquots of alanine or 

pyruvate were loaded on a Dowex-l-formate column, and eluted with H20, formic 

acid, and ammonium formate as described in methods. The elution rate was 1 ml per 

min and the eluent was collected in 2 ml fractions. Samples from each fraction were 

analyzed for alanine or pyruvate. 



66 

isolation. Based on the elution profile shown in Fig 1, the first 6 ml of eluate was 

collected to obtain alanine and the subsequent 18 ml was collected to obtain 

pyruvate. A portion (750 .ul) of each fraction was taken to determine the 

radioactivity by liquid scintillation counting. 

Comparing l4C-alanine and 14C-pyruvate incorporation Both day 6 and day 12 

pupae were weighed and randomly divided into two groups (A and B). Group A was 

injected with 2.uCi 14C-pyruvate in 50 .ul insect saline, and group B was injected with 

1 .uCi of l4C-alanine in 50 .ul insect saline. Four days after injection, development 

was terminated by freezing the pupae in liquid nitrogen. For pupae injected on day 

12, thoracic muscles were dissected under a dissecting microscope. A portion (half) 

of each muscle was homogenized in 2 ml of 10% trichloroacetic acid (TCA) and 

centrifuged at 8000 g for 10 minutes. An aliquot (750 .ul) of supernatant was taken 

for radioactivity counting. The TCA precipitate was washed three times with 10% 

TCA and then dissolved in 5 ml 1N NaOH at 37°C overnight. An aliquot (750 .ul) 

of the soluble fraction was analyzed for radioactivity in the thoracic muscle by liquid 

scintillation counting. Since the thoracic muscle was not well formed prior to pupae 

day 14 (Tischler et aI, 1989), the thoracic muscle could not be isolated from attached 

cuticle at early pupal stages. For the pupae injected on day 6, the thorax was minced 
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with scissors and mixed with 0.6 ml 70% PCA plus 1.2 ml 30% H20 2• After 24 hr 

incubation at 60°C the oxidized sample was used to determine the radioactivity in 

the thorax by liquid scintillation counting (Makin and Loiberg, 1966). 

5. Alanine Turnover Study 

Injection and Tissue extraction Pupae at the desired stages were injected with 0.5 

,uCi 14C-alanine dissolved in 50,ul insect medium. Injection and tissue extraction were 

performed as described for the phenylalanine turnover experiments except that 5 N 

KOH PIPES buffer (pH 6.5) instead of saturated tripotassium citrate was used for 

neutralization. 

Alanine Specific Activity Assay Alanine in the tissue extract was isolated by anion 

exchange chromatography: 250,ul sample was loaded on to a 4.5 ml Dowex-1-formate 

column, and eluted with 1 ml of H20 followed by 6 ml of 25 mM formic acid. The 

alanine containing fraction (first 6 ml) were collected, 750 ,ul of the sample was 

analyzed for radioactivity by liquid scintillation counting, and 500 ,ul was assayed for 

total alanine content by fluorometric procedure describe in alanine isolation. 

Alanine turnover (~) was calculated from the equation described above for 

phenylalanine. 
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6. Preparation of 14C-phe-arylphorin by in vivo Synthesis 

Hemolymph Specific Activity Assay Fifth instar larvae (72 hr post-ecdysis) were 

injected in the second proleg with 1 p.Ci 14C-phenylalanine dissolved in 50 p.l insect 

saline. At selected times (1, 3, 5, 7 hr) after injection, larvae were bled from a small 

cut in a proleg and 20 p.l hemolymph was collected in a calibrated capillary tube and 

transferred to a centrifuge tube containing 1.1 ml 2% PCA. After centrifugation at 

8,000 g for 15 min, 1 ml of the supernatant solution was neutralized with saturated 

tripotassium citrate, and analyzed for the specific activity of phenylalanine as 

described in section 3 of the methods. The results presented in Fig 2 show that the 

specific activity of free 14C-phenylalanine in the hemolymph of 5th instar larvae 

decreased to 25% by the second hour. At this rate, more than 90% of 14C_ 

phenylalanine is cleared out from the hemolymph within three hours. Therefore, in 

order to label 14C-phe-arylphorin at a high specific activity, incorporation of injected 

14C-phenylalanine should be limited to less than 3 hours. 

Preparation of 14C-Arylphorin Stock 14C-phenylalanine dissolved in 0.01 N HCI 

was first neutralized with 0.1 N KOH and then frozen and dried by speed vacuum 

centrifugation. The pellet was dissolved in insect saline. 14C-phenylalanine (20 

p.Ci/lOO p.l insect saline or 180 p.Ci/IOO p.l insect saline) was injected into each larva. 
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FIG 2. SPECIFIC ACTIVITY OF 3H-PHE IN LARVAE HEMOLYMPH AT 

DIFFERENT TIMES AFTER INJECTION. Larvae (72 hr after ecdysis to 5th 

instar) were injected with 1 J,.tCi 3H-phenylalanine. Specific activity of phenylalanine 

was analyzed at the indicated times. Data are means ± SEM of 4 larvae 

measurements. 
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Three hours after injection, the larvae were chilled, a proleg clipped, and hemolymph 

was forced to drip into ice-cold phosphate buffer (0.1 M sodium phosphate, pH 7, 

0.15 M NaCI, 0.02% NaN3) containing 1 mM diisopropyl fluorophosphate (DFP), 10 

mM ethylenediamine tetra acetate (EDTA), and 10 mM glutathione. Labeled 

arylphorin was purified from the collected hemolymph according to the procedure 

developed by Ryan et al. (1985a). The specific activity of purified arylphorin was 

determined by analyzing protein content using BCA assay (Smith et a1., 1985) and 

radioactivity by liquid scintillation counting. 

7. Preparation of 14C-phe-arylphorin by in vitro Fat Body Incubation. 

Fat Body Incubation Fat body of fifth instar larvae, 72 hr post-ecdysis (unless 

indicated otherwise) was dissected and cultured according to the method developed 

by Noriega and Wells (1992). Larvae were surface sterilized in 70% ethanol and 

cooled on ice for 5 min. The larvae were then clipped open dorsal-longitudinally and 

pinned on a dissection plate. Mter removing the gut, the open animal was washed 

with sterile phosphate buffered saline (0.1 M sodium phosphate, pH 6.5, 0.15 M 

NaCl) containing 10 mM glutathione. Under a dissecting microscope, fat body tissue 

was excised, halved longitudinally and rinsed 3 times with the sterile phosphate 

buffer. Tissues were incubated in 12 multiwell tissue culture plates containing 0.5 or 
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1 ml of freshly made culture medium with or without labeled amino acid. Before 

each incubation, the media listed in Table 2 were mixed with PFE (20% final 

concentration) and oxygenated by aerating with 95% 02 - 5% CO2 for 30 min 

(Noriega and Wells, 1992). The culture plate was agitated at 70 rpm on an orbital 

shaker (VWR, San Francisco, CA). After the desired time period, the incubation was 

stopped by removing the medium from each well. The medium was centrifuged for 

15 min at 12,000 g. The supernatant solution, referred to hereafter as incubation 

medium, was used for protein analysis or aryl ph orin purification. 

Analytical Procedures The incubation medium or arylphorin containing samples 

were analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS

PAGE) of 4%-15% slab gels according to Laemmli (1970), and native-PAGE of 4%-

20% slab gels modified from Laemmli (1970). Gels were stained with Coommassie 

brilliant blue R-250. Radioactive protein was visualized by flu orography 

(Chamberlain, 1979). Gels were soaked in 1.0 M sodium salicylate for 30 min, dried 

in vacuo, and then exposed to Kodak X-Omat AR film at -BOoC. 

The specific activity of secreted protein was determined from the protein 

precipitate. A portion (200 J.£l) of the incubation medium was added to 200 J.£l 20% 

TCA, and left on ice for 1 hr. Precipitated protein was collected by centrifugation 
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(15 min, 13,000 g), washed 3 times with cold 10% TCA, and dissolved in 200/LI of 0.5 

N NaOH. In this sample, protein concentration was measured using the BCA

method and radioactivity was measured by liquid scintillation counting. 

In order to estimate the specific activity of labeled arylphorin, 100 /Ll 

incubation medium was taken for immunoprecipitation according to Noriega and 

Wells (1992). The washed immunoprecipitate was dissolved in 100/Ll IN NaOH at 

37°C for 16 hr before liquid scintillation counting. 

Labeling Arylphorin by Fat Body Incubation In an initial experiment of labeling 

arylphorin by in vitro synthesis, fat bodies of two larvae were incubated in 1 ml of 

medium E containing 25 /LCi of 14C-phenylalanine in each well. Incubation was 

carried out at room temperature for 15 hr. Thereafter, medium was removed from 

each well for arylphorin purification. Due to the low specific activity of arylphorin 

obtained from the initial trial, various approaches were tested to improve the specific 

activity. 

Based on the data described in the results, 14C-phe-arylphorin was labeled 

under the following optimized conditions: incubation started with a half fat body in 

each well containing 1 ml of medium E lacking unlabeled phenylalanine but 

containing 50 /LCi of 14C-phenylalanine. One hour after initiating incubation, 18 p,l 
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of unlabeled phenylalanine (1.65 mg/ml) was added to each well. Incubation lasted 

for 24 hr at room temperature, and was terminated by removing the medium. 

Arylphorin secreted into the medium was purified as described below. In some 

cases, the specific activity of arylphorin was analyzed by immunoprecipitation before 

the incubation media were pooled for purification. This process insures that 

arylphorin synthesis by fat body is normal in each incubation well. 

Purification of Arylphorin from the Fat Body Incubation Medium Sin c e the 

amount of protein secreted by fat body in vitro is small, the yield of arylphorin during 

purification becomes critical. The arylphorin purification procedure reported by 

Ryan et al. (1985a) works well for purifying large amounts of arylphorin from the 

hemolymph. It involves density gradient ultracentrifugation in KBr, gel permeation 

chromatography on a 2.5x80 cm column of Bio-Gel A 1.5 m, and lectin affinity 

chromatography on a I.OxI5 cm column of Con A Sepharose. In addition, several 

dialysis and concentration steps are required. To minimize protein loss, it was 

essential to work out a purification procedure suitable for a small amount of protein. 

In an initial trial, hemolymph (1.3 ml) of 5th instar larvae 3 days after ecdysis 

was collected in 1 ml of 30 mM K2P04 buffer (pH 6.8) containing 1 mM DFP, 10 
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mM EDT A, and 10 mM glutathione, and loaded on a 10 ml Blue Sepharose column 

(personal communication with Dr. Stephen Miller). Elution was started with K2P04 

buffer for 2 hr and followed by 2 M NaCI in K2P04 buffer for 1 hr, at a flow rate of 

40 ml/hr and each fraction was collected for 10 min. All KzP04 buffer eluate 

fractions were combined and concentrated by Amicon filtration using 100 YM 

membrane. The concentrate was dialyzed against Con A buffer (20 mM Tris, pH 7.4, 

0.5 M NaCI, 1 mM CaCI2, 1 mM MgCI2, 0.02% NaN3) and then loaded on a 7 ml 

Con A column. The Con A column was eluted as describe by Ryan et al. (1985a). 

Fractions were monitored at 280 nm (Fig 3), and also analyzed by SDS-PAGE (Fig 

4) and native-PAGE (Fig 5). Both SDS and native-PAGE showed that the fractions 

eluted by Con A buffer with mannoside (labeled lanes 6, 7, 8, and 9 in Fig 4 and 5) 

contained at least 95% arylphorin. 

To determine whether there was any advantage to the new purification 

procedure, the yield of arylphorin was compared with that derived from the earlier 

method described by Ryan et al. (1985a) (referred to as Ryan's procedure). A 

pooled fat body incubation medium was equally divided into two portions and used 

for arylphorin purification by both procedures individually. Arylphorin purified from 

both procedures were subjected to SDS-PAGE (Fig 6) and analyzed for total protein 

(Fig 7) by BCA assay. As shown by SDS-PAGE (Fig 6), the purity of arylphorin 
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FIG 3. PROTEIN PROFILES OF BLUE SEPHAROSE AND CON A COLUMN. 

Hemolymph sample was loaded on Blue Sepharose column and eluted with K2P04 

buffer first, and then 2 M NaCI was added to the elution buffer after fraction 15. 

The buffer eluate fractions (1 to 14) were pooled and loaded on Con A column after 

concentration. The Con A column was eluted with Con A buffer and then plus 

mannoside after fraction 6. Fractions were monitored at 280 nm. 



FIG 4. SDS-PAGE OF FRACTIONS FROM ARYLPHORIN PURIFICATION. 

Samples from Blue Sepharose and Con A column eluate fractions were subjected to 

a 4-15% gradient SDA-PAGE. Numbers on the top of each lane correspond to the 

fraction number in Fig 3 except that C refers to concentrated Blue Sepharose buffer 

eluate fractions pooled, and M was the standard molecular weight. Two bands at 72 

and 77 Kd are 2 subunits of arylphorin. 
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FIG 5. NATIVE-PAGE OF FRACTIONS FROM ARYLPHORIN 

PURIFICATION. Samples from Blue Sepharose and Con A column eluate fractions 

were subjected to a 4-10% gradient native-PAGE. Numbers on the top of each lane 

correspond to the fraction number in Fig 3 excepted that C was concentrated Blue 

Sepharose buffer eluate fractions pooled, M was standard molecular weight, and H 

was crude hemolymph sample. 
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FIG 6. SDS-PAGE OF ARYLPHORIN AT VARIOUS STAGES OF 

PURIFICATION. A: Crude fat body incubation medium. B: Arylphorin purified by 

the new procedure, (1) arylphorin containing fractions from Blue sepharose, (2) Con 

A column. C: Arylphorin purified by Ryan's procedure, (1) arylphorin containing 

sub phase obtained from density gradient centrifugation, (2) Bio-gel A-1.5 pooled 

fractions, (3) Con A column fractions. 



78 

u 

:[ """--___ 7 _.~ -.AI 

~ I P. I 
;: ~ ~I ~I ~I ~I 



79 

30 

A B 
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FIG 7. YIELD OF ARYLPHORIN FROM TWO PURIFICATION 

PROCEDURES. The same volume of fat body incubation media were subjected to 

two purification procedures. A: the yield of arylphorin obtained after Blue Sepharose 

and Con A column (the new procedure); B: the yield of arylphorin obtained after 

ultracentrifugation, bio-gel, and Con A column (Ryan's procedure). Protein yield was 

calculated as % of total protein used for purification. 
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obtained from the new procedure was comparable to that obtained from Ryan's 

procedure. The yield of arylphorin obtained from Ryan's procedure was 10%, while 

the new procedure yielded 23% (Fig 7). Therefore, the the new procedure resulted 

in 2.3-fold more protein. 

Although the new procedure results in relatively less protein loss, a significant 

amount of arylphorin was still found in the Blue Sepharose salt eluted fractions (Fig 

4, 5) and the Con A column acid washing fractions (40% of Con A bound protein 

was detected from acid washing fraction by radioactivity counting) as well. The 

protein profile of the new purification procedure (Fig 3) showed that the amount of 

protein eluted using Con A buffer was abnormally low compared with the one to the 

Ryan's procedure. This indicated that Blue Sepharose might bind proteins that do 

not bind to the Con A column. Therefore, the purification procedure was modified 

further, as described below. Additionally, the amount of Con A Sepharose was 

reduced to 1 ml to eliminate the protein loss from the Con A column. 

In the final arylphorin purification procedure, the incubation medium (5 or 6 

ml) was mixed with an equal volume of ice-cold Con A buffer containing 1 mM 

DFP, 10 mM EDTA, and 10 mM glutathione. After centrifugation at 12,000 g for 

15 min. The supernatant was stored at -80°C. The following day, the sample was 

thawed and dialyzed against Con A buffer. Freezing and thawing resulted in the 
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denaturation of contaminating lipoprotein (Kramer et al., 1980). Denatured protein 

was removed by centrifugation at 12,000 g for 10 min, the supernatant was 

concentrated by ultrafiltration using a YM 10 membrane, and subjected to lectin 

affinity chromatography on a 1 ml Con A sepharose column. Unbound and low 

affinity bound proteins were eluted with Con A buffer followed by Con A buffer 

containing 0.25 M a-methylmannoside. Bound arylphorin was eluted in steps with 

Con A buffer containing: 0.25 M a-methylmannoside first, followed by 0.5 M a

methylmannoside, and finally with 1 M a-methylmannoside (personal discussion with 

Dr John Law). The eluate was monitored at 280 nm, and purity of the arylphorin 

was assayed by SDS-PAGE and native-PAGE. Labeled proteins were visualized by 

fluorograph. 

In this final purification procedure, a large amount of Con A sepharose 

unbound proteins were washed out from the column by Con A buffer (Fig 8). The 

Con A eluate fractions on native PAGE (Fig 9) showed that the methionine rich 

storage protein and many other unbound lower molecular weight proteins were eluted 

by Con A buffer. Most Con A-bound contaminants, appearing as low molecular 

weight in SDS-PAGE (Fig 10), were eluted by Con A buffer plus 0.25 M 

methylmannoside in the early fractions. Samples collected from fractions 17 to 34 

contained at least 98% arylphorin as estimated from the protein bands on coomassie 
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FIG 8. PROTEIN PROFILE OF CON A COLUMN ELUTION. A 5 ml sample 

of incubation medium was applied to Con A column after freezing and thawing (for 

details, see Methods). Fractions 1 to 12 were eluted by Con A buffer, fractions 13 to 

20 by Con A buffer plus 0.25 M a-methymannoside, fractions 21 to 27 by Con A 

buffer plus 0.5 M a-methymannoside, and fractions 28 to 27 by Con A buffer plus 1 

M a-methymannoside. Each fraction volume was 2 ml. 



FIG 9. NATIVE-PAGE OF CON A ELUATE FRACTIONS. Samples (30 p,l) of 

Con A eluate were subjected to 4 to 20% gradient native-PAGE. Numbers on the top 

of each lane represent Con A buffer and Con A buffer plus a-methylmannoside 

fractions shown in Fig 8. C signifies the crude incubation medium. Panel A shows 

coomassie blue stained gel. Arrow a indicates the methionine-rich protein. Arrow b 

indicates arylphorin. Panel B shows a fluorograph of the gel exposed for 5 hr at -

80°C. 
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FIG 10. SDS-PAGE OF CON A FRACfIONS Aliquot samples (30/-£1) were taken 

from Con A eluate fractions from the experiment of Fig 8, and subjected to 4 to 15% 

gradient SDS-PAGE. The number and letter indications are the same as in Fig 9, 

except that more fractions were analyzed. Arrow indicates 2 subunits of arylphorin. 

84A 



84 

• " • • • • • . , 
I: ~ • 

tf'l I 
M 

~ 

£XI 

I I J 
~ 

N i I 
=> 
M 
Q'I 
~ '\ , 
00 
~ 

J:'-. 
~ 

Ie 
~ 

.. 
i' 

It) 
~ 

'I:t 
~ 

tf'l 

N 

~ 



85 

blue stained gels. 

In the fluorographs of both native and SDS-PAGE (Figs 9, 10), more 

contaminant proteins were visualized in the early fractions eluted by Con A buffer 

and mannoside. The computer Scan Analysis (Fig 11) revealed that the early Con 

A buffer and mannoside eluted fractions were highly contaminated. Density analysis 

of lane 14 in native-PAGE (Fig 9) showed that fraction 14 contained 49% of 

arylphorin, and lane 14 in SDS-PAGE (Fig 10) showed that fraction 14 contained 

54% of arylphorin. However, the density analysis of lane 18 in native-PAGE (Fig 9) 

showed that fraction 18 contained 93% arylphorin and lane 17 in SDS-PAGE (Fig 

10) showed that the fraction 17 contained 95% arylphorin. The density of 

contaminants detected from native-PAGE fluorograph could be enhanced by 

arylphorin denaturation. Therefore, in the samples collected from fractions 17 to 34, 

more then 93% of radioactivity was contained in arylphorin. 

8. Distribution of Radioactivity Experiment 

Injection Purified 14C-phe-arylphorin in Con A buffer was dialyzed against 100 

mM ammonium acetate (pH 6.5) for 48 hr and frozen at -80°C prior to lyophilizing. 

The dried sample was dissolved in insect saline to give an arylphorin concentration 

of about 1 ,u.Ci/100,u.1. Mter centrifugation at 12,000 g for 5 min, 100,u.1 of the 
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FIG 11. DENSITY SCANNING OF ARYLPHORIN FROM FLUOROGRAPH. 

Fluorographs from Figs 9 and 10 were scanned on Onescanner using computer 

program Of at a 1.1. Density of arylphorin and its entire lane were obtained from Scan 

Analysis. A: lane 14 in Fig 9; B: lane 18 in Fig 9; C: lane 14 in Fig 10; D: lane 17 in 

Fig 10. 
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supernatant solution containing 1 p,Ci 14C-phe-arylphorin was injected into the 

selected pupae. Similarly, 1 p,Ci 14C-phenylalanine in 100 p,l insect saline was injected 

into pupae of the same stage of development. 

Trapping of Respired 14C02 Insects injected with labeled arylphorin or amino 

acid were placed individually in wide mouth packer bottles containing a paper clip 

hanging from their lids (size of 89 mm). A 24 mm Whatman GF/A glass microfibre 

disc impregnated with 100 p,l of 30% (w/v) KOH was held by the paper clip to trap 

14C02 expired from the insect (Levenbook and Bauer, 1984). When the cap was 

screwed into the bottle, the disc was suspended near the middle of the bottle close 

to the pupa. The absorbed 14C02 was counted every 24 hr and the KOH loaded disc 

was replaced with a new one. The concentration of KOH was changed from 15% 

(Levenbook and Bauer, 1984) to 30% based on the following evaluation. 

To find the optimal trapping condition, pupae were injected with 2 p,Ci 14C_ 

phenylalanine and placed in the bottles individually. Three discs, impregnated with 

different concentration of KOH, were held by the paper clips in same bottle to trap 

14C02 expired from the insect. As the KOH concentration increased from 15% to 

30%, the amount of radioactivity counted in the disc was increased significantly (Fig 

12), while further increase of KOH concentration from 30% to 60% showed no 
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FIG 12. EFFECf OF KOH CONCENTRATION ON CO2 TRAPPING I. Pupae 

day 4 were injected with 2 J-tCi 14C-phenylalanine in 50 J-tl insect saline and placed in 

bottles individually. In each bottle, three suspended discs were loaded with 100 J-tI 

KOH with concentration of 15, 20, and 30% respectively. Radioactivity in each disc, 

after 20 hr absorption of 14C02, was determined by liquid scintillation counting. Each 

bar represent means of 3 measurements. The amount of radioactivity trapped in each 

disc is significantly different (P<0.001) 
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significant effect on 14C02 trapping (Fig 13). Therefore, 30% KOH appeared had 

maximal trapping capacity. 

Hemolymph Collection Six days after injection and 14C02 trapping, the pupal head 

was clipped and 20 ILl hemolymph was collected in 0.2 ml ice cold 10% TCA using 

a calibrated capillary tube. The rest of the pupa and pupal head was frozen at -20°C 

for further dissection. The hemolymph sample was kept at 4°C overnight and then 

centrifuged at 12,000 g for 15 min. A 0.2 ml aliquot of the supernatant solution was 

analyzed by liquid scintillation counting (designated as hemolymph free amino acid 

sample). The protein pellet was washed 2 times with cold 10% TCA, dissolved in 0.2 

ml 1 N NaOH for 24 hr at 36°C, and analyzed by liquid scintillation counting 

(referred to hemolymph protein sample). Total radioactivity in hemolymph was 

calculated based on its total volume measured in following. 

Measurement of Hemolymph Volume Hemolymph volume of day 12 pupae and 

day 18 pupae was measured for the above calculation. Pupae at the desired stage 

were weighed, and injected with 1 ILCi 14C-inulin dissolved in 50 ILl of insect saline. 

One hour after injection, pupae were decapitated, and 20 ILl hemolymph was 

collected with a calibrated capillary tube and emptied into a counting vial containing 
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FIG 13. EFFECT OF KOH CONCENTRATION ON CO2 TRAPPING II. 

Experiment was same as Fig 12 except that KOH concentration was 30, 45, and 60%. 

The amount of radioactivity in three trapping conditions is not significantly different. 
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100 fJ-l H20. Radioactivity was measured by liquid scintillation counting and 

hemolymph volume was calculated based on the dilution of injected 14C-inulin (Table 

3). The total hemolymph volume was 1.32 ml for pupae day 12 and 1.25 ml for 

pupae day 18. 

Separation of Pupal Tissues Due to morphological differences, tissues of day 

18 and day 12 pupae were separated by different approaches. For day 18 pupae, the 

frozen pupae were partially thawed at room temperature for 1 min and then 

separated into two parts; the thorax and the abdomen. The abdomen was first cut 

open longitudinally. The gut in the form of ice ovoid was removed to a scintillation 

vial. Fat body and other attached tissues (designated as fat body and others fraction) 

were scraped from the abdomen with a spatula. The remaining fat body and other 

tissues, except abdominal muscle, were collected under dissecting microscope and 

rinsed by spraying with 80% ethanol (Levenbook and Bauer, 1984). The ethanol was 

expressed from a syringe connected to a 25G needle. Undissolved tissue in the 

ethanol clearing solution was collected by centrifugation (8000 g, 10 min), and 

combined with the fat body and others fraction. An aliquot (100 fJ-I) of supernatant 

solution was analyzed by liquid scintillation counting. 

The thorax was cut open longitudinally, and the thoracic muscle was scraped 



92 

TABLE 3 

PUPAL HEMOLYMPH VOLUME 

Pupal stage Pupal weight Hemolymph volume Sample 

size 

(g) (ml) (n) 

day 12 5.6 ± 0.09 1.32 ± 0.04 8 

day 18 5.4 ± 0.08 1.25 ± 0.06 20 

Hemolymph volume of pupae at indicated stage were measured by 14C-inulin 

dilution (see methods for more detail). Data are mean ± SEM of n as presented. 
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from the attached cuticle, under a dissecting microscope, using a sharp edged 

spatula. The thoracic muscle was homogenized in 4 ml of ice cold 10% TCA using 

a motor-driven ground-glass pestle in a homogenizing tube. Mter centrifugation at 

8,000 g for 20 min, the supernatant solution analyzed for radioactive contents. The 

protein pellet was washed three times with cold 10% TCA, and dissolved in 4 ml 1 

N NaOH at 37°C for 24 hr. The NaOH soluble fraction was analyzed by liquid 

scintillation counting. 

All other tissues, including the head, cuticle, wings and legs, thoracic cuticle, 

abdomen, gut, and fat body and others fractions, were placed individually in 

scintillation vials and dried at SOoC overnight. The dried samples were oxidized in 

1 ml of 70% perchloric acid plus 2 ml 30% H 20 2 at 80 to 8SoC for 4 to 6 hr 

according to Makin and Lofberg (1966). AIiquots of the oxidized samples were 

analyzed by liquid scintillation counting. 

For day 12 pupae, the frozen insects were separated into head, cuticle, wings 

and legs, thorax (muscle attached to its cuticle), abdomen, and fat body and others 

(gut and ethanol clearing solution after drying were also included) fractions. Each 

sample was treated as described above for all other tissues of pupal day 18. 
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9. Statistical Analysis 

Significance of differences between two groups data were tested by Mann

whitney nonparametric test, and between more than two groups were analyzed by 

ANOVA. 
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RESULTS 

1. Amino Acid Turnover 

Insect hemolymph normally contains concentrations of amino acid 100 to 300 

times higher than in human blood (Chen, 1985). During adult development the 

turnover of amino acids can vary appreciably depending upon the time of 

development. In order to compare the fate of label from 14C-phe-labeled arylphorin 

with that from free 14C-phenylalanine provided directly to the pool as free amino 

acid, it was imperative to first measure the pool size and turnover rate of the injected 

l4C-amino acid at various time during adult development. Phenylalanine and alanine 

were chosen for this study. 

Phenylalanine Turnover Groups of insects at desired stages of adult development 

were injected with 5/-LCi 3H-phenylalanine. At different times (30, 60, 90, and 120 

min) after injection, samples from each individual insect were taken for assay. The 

concentration of total body free phenylalanine (Table 4) was relatively constant 

during early (measurements of day-O, 2 and 5 pupae) and middle (measurements of 

day-9 and 11 pupae) adult development, although slight variations were observed. 

During late adult development, as measured on day-14, 17, and 18, the phenylalanine 



TABLE 4 

PHENYLALANINE TURNOVER DURING ADULT DEVELOPMENT 

Day of 

injection 

0 

2 

5 

9 

11 

14 

17 

18 

Stage 

early 

middle 

late 

Free PHE 

(J,tmol/insect) 

4.12±0.17 

3.07±0.13* 

3.73±0.13 

3.98±0.11 

3.85±0.11 

3.52±0.13 

2.59±0.21* 

1.73±0.18* 

Turnover Pool Turnover 

(J,tmol/insect/hr) (percent/hr) 

O.87±0.05 21.1 

O.87±0.06 28.3 

O.29±0.04 7.8 

O.24±0.03 6.0 

0.49±0.05 12.7 

0.67±0.14 19.0 

1.33±0.08 51.4 

O.48±O.05 27.7 
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Insects were injected with 5 ,uCi 3H-phenylalanine. Total free phenylalanine and 

radioactivity were assessed at 30, 60, 90, and 120 minutes after injection. Turnover 

calculation was described in Fig 14. Pool turnover = (turnover/free phe)x100%. Data 

are means + SEM for 20 to 30 pupae. * P<0.001 vs day 0 data. 
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concentration subsequently decreased to a minimum of 1.73 p.mo1/insect which was 

42% of that at pupation. 

The phenylalanine turnover rate (Ka) was calculated using the equation 

derived by Hearon in Dinamarca and Levenbook (1966). ~ was determined from 

the slope by plotting (-a) In (q/qo) versus time. Where a = free phenylalanine pool 

size in p.mo1/insect; qo = injected dpm, ql = radioactivity remaining in free 

phenylalanine pool at time t in dpm; t = time after injection in hours. The main 

features of Ka variation (Fig 14) were that the rate of phenylalanine turnover was 

high in early adult development, dropping markedly to a minimum by the fourth day. 

The rate remained low during the middle-adult development. A gradual increase 

then occurred during the last third of development reaching maximum one day before 

adult emergence. On the last day of adult development, the turnover rate dropped 

again. 

Alanine Turnover Amino acids in insect hemolymph playing various roles, they not 

only function as building blocks for protein synthesis, but also fulfill additional 

metabolic functions. Tyrosine is involved in cuticle sclerotization, and proline can be 

used as a supplementary fuel in a proline alanine cycle. Considering that various 

amino acids might be utilized differentially, it is important to analyze at least two 
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FIG 14. PATTERN OF FREE PHENYLALANINE TURNOVER (Ka) DURING 

ADULT DEVELOPMENT. Turnover Ka was calculated using the equation derived 

by Hearon in Dinamarca and Levenbook (1966): Ka = slope of (-a In (qtfqo)) verses 

time. The average of at least 5 measurements at each time point (t = 0.5, 1, 1.5, or 

2 hr) were used for each individual plot. Data are mean±SEM. 
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amino acids. Alanine, another amino acid, was chosen for this study because it is 

a nonessential amino acid, and has a different metabolic pathway compared to 

phenylalanine (an essential amino acid). In addition it is easy to separate from other 

compounds which might become labeled from this precursor. 

Determining the alanine turnover rate (Ka) from the equation used for 

phenylalanine turnover rate calculation requires that label in the acid-soluble material 

is confined to 14C-alanine. Any interconversion of 14C-alanine to other acid-soluble 

metabolites would cause an underestimation of Ka. To assess the extent of injected 

14C-alanine conversion to other acid-soluble metabolites, mainly 14C-pyruvate, acid

soluble materials were extracted from pupae at 0 and 2 hr after injection of 14C_ 

alanine. The acid-soluble 14C-alanine was separated from labeled pyruvate using 

anion exchange chromatography. After 2 hr, 60% of injected 14C-alanine remained 

as alanine (Fig 15), of the alanine that was metabolized, 45% was recovered as 14C_ 

pyruvate. 

Since a significant amount of labeled alanine is converted to pyruvate, it is 

important to compare the utilization of the two compounds for protein formation. 

Incorporation into protein of labeled pyruvate and alanine was compared by 

injecting quantitative amounts of 14C-pyruvate or 14C-alanine into groups of pupae in 

the middle or later stages of adult development. At 4 days after injection, 
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FIG 15. CONVERSION OF ALANINE INTO PYRUVATE. A group of pupae at 

later stage were injected with 14C-alanine. Acid-soluble materials were extracted from 

pupae at 0 and 2 hr after injection. Labeled alanine in the acid-soluble fraction was 

separated from pyruvate using anion exchange chromatography. Each bar represents 

mean +SEM of 6 determinations. 
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radioactivity incorporation into thorax was determined for each pupa. All groups of 

pupae had the same average body weight. For middle adult development (Fig 16), 

2.7% of injected 14C-pyruvate was incorporated into thorax while the incorporation 

of 14C-alanine was 5.4%. A similar result was found for late adult development (Fig 

17). Incorporation of 14C-alanine into protein in both middle and late adult 

development was up to 2-fold faster than that of 14C-pyruvate. This shows a 

considerable transamination of pyruvate to alanine or conversion to other amino 

acids. 

As shown above, to determine the alanine turnover rate, it is essential to 

separate 14C-alanine from labeled pyruvate. For each ~ value, a group of insects at 

indicated stage were injected with 14C-alanine. Pupae were terminated at 30, 60, 90, 

and 120 min, respectively, after injection. Alanine was isolated from acid-soluble 

solution by a Dowex-l-column. The level of total body free alanine (Table 5) was 

highest at beginning of pupation, and lowest (57% less) at end of adult development. 

This pattern paralleled that for phenylalanine (Table 4). During most of adult 

development, the alanine concentration ranged between 8 to 10 p.mol per insect. The 

total free alanine concentration was consistently much higher (about 3-fold) than for 

phenylalanine (c.f. Tables 4 and 5). 

Alanine turnover rate (Fig 18) was also high at the beginning of pupation, 
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FIG 16. INCORPORATION OF LABELED ALANINE AND PYRUVATE INTO 

THORAX DURING MID ADULT DEVELOPMENT. Pupae at day 6 were 

injected with 14C-pyruvate or 14C-alanine, at 4 days after injection, thorax was excised 

for determining the radioactivity. Each bar represents mean±SEM of 6 

measurements. See methods for more detail information. 
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FIG 17. INCORPORATION OF LABELED ALANINE AND PYRUVATE INTO 

THORACIC MUSCLE DURING LATE ADULT DEVELOPMENT. Pupae at day 

12 were injected with 14C-pyruvate or 14C-alanine, at 4 days after injection, thoracic 

muscle was dissected for radioactivity assay. Each bar represents mean±SEM of 7 

measurements. 



TABLE 5 

ALANINE TURNOVER DURING ADULT DEVELOPMENT 

Day of Stage 

injection 

0 early 

3 

7 middle 

12 

17 late 

18 

Free Ala 

(J,tmol/insect) 

14.77±0.94 

1O.66±OA1 * 

8.17±0.30 * 

10.24±0.32* 

8.74±0.27 * 

6.34±0.38 * 

Turnover Pool Turnover 

(J,tmol/insect/hr) (percent/hr) 

7.1±0.5 48.1 

6.0±0.2 56.3 

4.8±OA 58.8 

3.1±0.2 30.3 

5.3±0.3 60.6 

2.2±OA 34.7 
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Insects were injected with 5/Lei 3H-alanine. Total free alanine and radioactivity were 

assessed at 30, 60, 90, and 120 minutes after injection. See legend to Table 4 and Fig 

14 for calculation information. Data are means ± SEM for 16 to 25 pupae. * 

P<0.001 vs day 0 data. 
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FIG 18. PATTERN OF FREE ALANINE TURNOVER DURING ADULT 

DEVELOPMENT. Alanine turnover (Ka) = slope of (-a Inql/qO) versus time, where 

a = free alanine pool size in ,umol/insect. See legend to Fig 14 for other definitions. 

Averages of at least 4 measurements at t = 0.5, 1, 1.5, 2 hr were used for plotting. 

Data are mean±SEM. 



106 

decreasing during early adult development to a minimal level during the middle 

development, and increasing during late adult development where it reached a 

maximal level one day prior to adult emergence. Then the rate dropped during the 

last day of adult development. The pattern of alanine turnover rates was similar to 

that of phenylalanine, although the absolute rates of alanine turnover were 4 to 8-fold 

higher throughout adult development. 

Despite the large alanine pool size, the percentage of alanine pool turnover 

was consistently higher than that of phenylalanine, varying between 1.2 to 8-fold 

higher (Tables 4 and 5). This evidence indicated that the half life of free 

phenylalanine was longer than that of alanine. 

2. Labeling 14C-phe-arylphorin 

In vivo Labeling A key requirement for studying the fate of amino acids derived 

from radiolabeled arylphorin is to label the protein in its native form with a high 

specific activity. In initial experiments, labeled arylphorin was prepared by in vivo 

synthesis. To avoid the large amounts of endogenous arylphorin present in larvae, 

5th ins tar larvae, 72 hr after ecdysis, were used for l4e-phenylalanine injection. At 

this stage, Manduca sexta larvae contain a relatively small amount of arylphorin in 

hemolymph but can rapidly synthesize arylphorin due to the high level of arylphorin 
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mRNA present in the fat body (Kramer, 1980; Riddiford and Hice, 1985). Since 

more than 90% of injected 14C-phenylalanine disappeared from hemolymph within 

three hours (see Methods, Fig 2), hemolymph was collected from larvae three hours 

after 14C-phenylalanine injection for purifying 14C-phe-arylphorin. 

In an initial trial, the specific activity of arylphorin purified from larvae, 

injected with 20 ,uCi 14C-phenylalanine/larva, was 1.5x102 dpm/,ug protein. The 

specific activity of arylphorin was improved to 1.4x103 dpm/,ug protein by injecting 180 

,uCi 14C-phenylalanine/larva. However, this specific activity was still too low for our 

study, since injecting more than 3 mg purified arylphorin into each pupa caused 

significant mortality. It was also not feasible to increase the amount of labeled amino 

acid injected into each larva to try to obtain higher specific activity. Therefore, the 

problem of low specific activity was overcome by synthesizing labeled arylphorin in 

vitro, using fat body tissue incubation. 

In vitro Labeling To maximize the specific activity of labeled arylphorin, the 

incubation procedures described by Noriega and Wells (1992) were modified by 

reducing the amino acid concentration in Grace's medium, and optimizing incubation 

conditions. 

Increasing the specific activity of the amino acid in the culture medium can be 
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used to increase the specific activity of labeled arylphorin. One approach is to 

decrease the concentration of unlabeled amino acid in the medium. Since a 

deficient nutrient supply could inhibit arylphorin synthesis by the fat body (Riddiford 

and Hice, 1985), it was essential to maintain the amino acid concentration high 

enough so that arylphorin synthesis would not be reduced. 

The effect of reduced amino acid concentration was estimated by measuring 

the amount of total protein secreted, the relative amount of arylphorin released, and 

the specific activity of protein. With different amino acid concentrations in the 

medium there appeared to be little effect on total protein secretion (Fig 19), even 

though in medium E the phenylalanine concentration was 6-fold lower than in 

medium A, and all other amino acid concentrations was reduced 4-fold (Table 2). 

Similarly, the amount of arylphorin secreted into medium E was no less than that for 

any other medium as shown by the intensity of the protein band (Fig 20). Using 

medium E, however, the percentage of radioactivity incorporated into protein was 

3.5 times higher than that for medium A, and consequently the specific activity of 

secreted protein in medium E was 3.5-fold higher than that in medium A (Table 6). 

Therefore, medium E was more suitable for labeling 14C-phe-arylphrin. 

Next considered was whether the amount of fat body or the volume of 

medium in each incubation well affected protein synthesis and secretion, and 
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FIG 19. EFFECT OF AMINO ACID CONCENTRATION ON FAT BODY 

PROTEIN SECRETION. Fat body from each larva was incubated in 1 ml medium, 

A is same as Grace's medium, and B to F have amino acid concentration reduced by 

4 to 17 fold from A (Table 2). Incubations were carried out at 270 C for 15 hr. 

Protein data were obtained from duplicate samples. Filled bars represent averages 

of two measurements, and empty bars indicate ranges of data. 



FIG 20. EFFECT OF AMINO ACID CONCENTRATION ON ARYLPHORIN 

SECRETION. Incubation media (50 J.Ll) from the experiment described in Fig 19 

were subjected to SDS-PAGE (4-15%). Letters on each lane correspond to the 

medium. Arrows indicate subunits of arylphorin. 
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Medium 

A 

E 

TABLE 6 

EFFECT OF AMINO ACID CONCENTRATION ON 

SPECIFIC ACTIVITY OF SECRETED PROTEIN 

Protein Incorporation Specific Activity 

111 

( mg/ml medium) (%) (dpm/mg protein)xl03 

2.08 ± 0.11 0.5 ± 0.1* 4.8 ± 0.8** 

1.99 ± 0.11 1.8 ± 0.5* 15.0 ± 5.1** 

Fat body from one larva was halved for medium A and E (described in Table 2) 

incubation in 0.5 ml of indicated medium containing 0.5 j.LCi 3H-phenylalanine. Data 

are means±SEM, n=3. * and ** indicate data are different with p < 0.05. 
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therefore influenced the specific activity of labeled arylphorin as well as its yield. 

Varying the amount of incubated fat body showed that when one-half of a fat body 

was used the percentage of labeled amino acid incorporated into protein was 2.3-fold 

higher, despite a smaller amount of total protein released into the medium (36% less) 

(Fig 21). As a result the specific activity of secreted protein was 3.6-fold higher when 

half the amount of fat body was incubated. 

Reducing the volume of the incubation medium by half showed no significant 

effect on the percentage of 14C-phenylalanine incorporated into protein. However, 

the amount of total protein secreted into 0.5 ml incubation medium was l.4-fold 

higher. The specific activity of released protein was reduced 3-fold in the smaller 

volume (Fig 22). These results indicated that more protein secreted into less medium 

volume was not due to de novo protein synthesis, but rather to the secretion of 

protein already present in the fat body cells. Therefore, reducing the amount of fat 

body but not the volume of the incubation medium lead to an increase of protein 

specific activity and proportion of 14C-phenylalanine incorporated. Meanwhile, it also 

increased the yield of labeled arylphorin. 

Other factors, such as the incubation temperature and time, also can possibly 

affect protein synthesis and secretion by the fat body. However, analysis of longer 

incubation time (changing from 15 hr to 27 hr, Fig 23) or a higher temperature 
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FIG 21. EFFECf OF THE AMOUNT OF FAT BODY ON LABELING 

PROTEIN. A half or one intact fat body was incubated in 1 ml medium E 

containing 1 p.Ci of 3H-phenylalanine. After 15 hr incubation, the medium was taken 

from each well for analysis. Data are means of three measurements. The specific 

activity of protein calculated for half fat body was 3.8xl04 dpm/mg protein compared 

to 1.1xl04 dpm/mg protein for the whole fat body (P<O.OI). * P<O.02 vs half fat 

body. 
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FIG 22. EFFECT OF MEDIUM VOLUME ON PROTEIN LABELING. Fat body 

from one larva was halved. One half was incubated in 0.5 ml medium E containing 

0.5 /.LCi of 3H-phenylalanine and the other half in 1 ml medium E containing l/.LCi 

of the label. Conditions for incubation were same as that described in Fig 21. Data 

are means of three measurements. The specific activity of protein was 1.2x104 

dpm/mg protein for 0.5 ml medium compared to 3.8xl04 dpm/mg protein for 1 ml 

medium (P<0.05). * P<O.Ol vs 0.5 ml data. 
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FIG 23. EFFECT OF INCUBATION TIME ON PROTEIN LABELING. Fat body 

from one larva were halved and incubated in 0.5 ml medium E containing 1 /J-Ci of 

3H-phenylalanine per well. One half was incubated for 15 hours and the other for 

27 hours. Each bar represents average of three measurements. Protein secretion 

and incorporation data were similar for 15 and 27 hours incubation. 
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(comparing 24°C to 27°C, Fig 24) showed no significant effect on protein secretion 

or on the specific activity of the protein. 

The pulse-chase method is often used for labeling to increase the specific 

activity. For our experiment, labeling arylphorin required not only a high specific 

activity, but also a high yield. Therefore, the most appropriate time duration of 

pulsing with radioactivity was carefully determined. To find the optimal conditions, 

fat body incubations were initiated in medium E without unlabeled phenylalanine but 

containing 3H-phenylalanine, and then unlabeled phenylalanine was added at the 

indicated times after initiation. Incubations were terminated 15 hr after starting and 

medium was sampled from each well for determination of radioactivity or specific 

activity. A preliminary analysis showed that the radioactivity incorporated into 

secreted protein was significantly increased using the pulse-chase method (Fig 25). 

The radioactivity incorporation was increased 2.6-fold when pulsing continued for 30 

min, 3.0-fold for 60 min, and 3.5-fold for 120 min. 

The effect of pulsing on amount of protein secreted was also tested (Fig 26). 

When pulsing lasted for a longer time the amount of protein secreted into the 

medium was reduced while the percentage of radioactivity incorporated into protein 

was not changed. Thus the long term pulse-chase labeling led to high specific activity 

but low protein yield. Based on the total protein secretion, it was predicted that the 
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FIG 24. EFFECT OF INCUBATION TEMPERATURE ON PROTEIN 

LABELING. Fat body from one larva was halved with one half incubated at 24°C 

and the other at 27°C. All incubations lasted for 24 hr. See legend to Fig 23 for 

other incubation conditions. Each bar represents average of 3 measurements. Data 

were similar for 24°C and 27°C incubations. 
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FIG 25. EFFECT OF SHORT-TERM PULSE-CHASE LABELING ON 3H_ 

PHENYLALANINE INCORPORATION INTO PROTEINS. Fat body from day 2 

of 5th instar larva was incubated in 0.5 ml medium E lacking unlabeled phenylalanine 

but containing 0.5 p,Ci 3H-phenylalanine. Unlabeled phenylalanine was added 

subsequently at each indicated time. Other conditions were the same as in Fig 21. 

Data are from single measurement. 
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FIG 26. EFFECT OF LONG-TERM PULSE-CHASE ON LABELING. Fat body 

was incubated in medium E lacking unlabeled phenylalanine which was subsequently 

added at the indicated times. See legend to Fig 21 for other information. Data are 

means of three measurements. 
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arylphorin secretion must be affected the most. To avoid reducing protein release, 

one hour appeared to be the optimal time for pulse labeling. 

Comparison of In vivo and In vitro Labeling Labeling 14C-phe-arylphorin by in 

vitro protein synthesis appeared to be more practical as indicated by comparing the 

specific activity of purified arylphorin obtained using the different approaches (Fig 

27). In an initial trial of ill vitro synthesis, fat bodies of two larvae were incubated in 

1 ml of medium E containing 25 p.Ci of 14C-phenylalanine in each well for 15 hr. The 

specific activity of labeled arylphorin was 8.3xl02 dpm/p.g protein. After working out 

the optimal conditions, incubation was started with a half fat body in each well 

containing 1 ml of medium E lacking unlabeled phenylalanine, but containing 50 p.Ci 

of 14C-phenylalanine. Then unlabeled phenylalanine was added one hour later. In 

this case, the specific activity of labeled arylphorin reached 4.5x104 dpm/p.g protein, 

which was a 54-fold increase over the initial trial, even though the amount of 14C_ 

phenylalanine used was increased only 2-fold. 

With in vivo synthesis the specific activity of labeled arylphorin was 1.5x102 

dpm/p.g protein when 20p.Ci of 14C-phenylalanine was injected into each larva, and 

was increased 9-fold (l.4xlcf dpm/p.g protein) when 190 p.Ci of 14C-phenylalanine was 

injected into each larva. Using this approach, 6 mCi of 14C-phenylalanine per larva 
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FIG 27. COMPARING THE IN VIVO AND IN VITRO METHODS FOR 

LABELING ARYLPHORIN. A: Each larva was injected with 20 p.Ci 14C_ 

phenylalanine and arylphorin was purified from hemolymph at 3 hr after injection. 

B: Larva was injected with 190 p.Ci 14C-phenylalanine. C: Fat bodies of two larvae 

were incubated in 1 ml of medium E containing 25 p.Ci of 14C-phenylalanine per well. 

After 15 hr, arylphorin was purified from the incubation medium. D: Half fat body 

was incubated in each well containing 1 ml of medium E lacking unlabeled 

phenylalanine but containing 50 p.Ci of 14C-phenylalanine. Then unlabeled 

phenylalanine was added at 1 hr after initiation. After 24 hr arylphorin was purified 

from pooled medium. 
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would be required to label arylphorin to achieve a specific activity of 4.5x104 dpm/p,g 

protein. Thus the in vitro approach was optimal. 

3. Distribution of Labeled Phenylalanine and Arylphorin During Adult 

Development. 

14C02 Expired During Adult Development Daily 14C02 production by pupae 

injected with 14C-phe-arylphorin or free 14C-phenylalanine was recorded for 6 days 

after injection. Mid-adult development was studied by injecting 6-day pupae (Fig 28) 

and late development by injecting 12-day pupae (Fig 29). At the beginning of CO2 

collection, a significantly larger amount of 14C02 was detected for pupae injected with 

free 14C-phenylalanine compared to 14C-phe-arylphorin. This difference is likely due 

to the delay of 14C-phenylalanine being derived from breakdown of labeled 

arylphorin. Thus during 14C02 collection the high specific activity of free 

phenylalanine was achieved immediately after 14C-phenylalanine injection but later 

in 14C-phe-arylphorin injected pupae. Also the specific activity of free phenylalanine 

decreases more rapidly in the former case. Therefore, it is critical to take into 

account the effect of specific activity of free phenylalanine on 14C02 production in 

order to compare the physiological pattern of CO2 production between the pupae 

injected with 14C-phenylalanine and those injected with 14C-phe-arylphorin. Indeed 
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FIG 28, DAILY 14C02 PRODUCTION DURING MIDDLE ADULT 

DEVELOPMENT. Pupae at day 6 were injected with 14C-phe-arylphorin or 14C_ 

phenylalanine. 14C02 expired was collected for 24 hr and measured at indicated day 

after injection. Each bar represent mean±SEM of 5 measurements. Data for 7th 

day were calculated based on 18 hr's collection. 
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FIG 29. DAILY 14C02 PRODUCfION DURING LATE ADULT 

DEVELOPMENT. Pupae at day 12 were injected with 14C-phe-arylphorin or 14C_ 

phenylalanine. 14C02 expired was collected for 24 hr and measured at indicated day 

after injection. Each bar represents mean±SEM of 5 measurements. 
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examination of days 3 and beyond showed a similar physiological pattern of 14C02 

production of pupae injected with 14C-phenylalanine or 14C-phe-arylphorin. 

The pattern of daily 14C02 production of the pupae injected with 14C_ 

phenylalanine and the pupae injected with 14C-phe-arylphorin were synchronous with 

the pattern of phenylalanine turnover (Fig 14) during adult development. The lower 

14C02 production in mid compared to late adult development parallels the relative 

amino acid turnover rates for these corresponding stages. This indicated that 

phenylalanine from the free pool or from arylphorin degradation might be 

functionally similar. Thus the phenylalanine residues from degradation of arylphorin 

would mix with free phenylalanine pool for supporting adult development. 

In the middle adult development, the higher level of daily 14C02 production 

by pupae injected with 14C-phenylalanine, relative to pupae injected with 14C_phe_ 

arylphorin, was maintained for 6 days (Fig 28). In contrast, in late adult 

development, this higher level of daily 14C02 production lasted for only three days 

(Fig 29). These data indicated that arylphorin degradation may be faster in late adult 

development and that the process is under regulation. 

Nevertheless, the percentage of injected radioactivity released in total 14C02 

was in all cases low, comprising on the average only 0.6+0.1% of injected 14C_ 

phenylalanine and 0.4+0.1% of injected 14C-phe-arylphorin for middle adult 
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development. In late adult development, the values were 1.6+0.1 % of injected 14C_ 

phenylalanine and 1.2+0.1 % of injected 14C-phe-arylphorin. These values in the late 

stage differed significantly (P < 0.01). This difference was likely due to the fact that 

14C-phenylalanine turnover is very rapid at this time exceeding the turnover of 

arylphorin. 

The Distribution of Radioactivity Among Individual Organs After 6 days of 14C02 

collection each injected pupa was dissected to determine the percentage distribution 

of radioactivity. During middle adult development (Fig 30), the percentages of 

injected radioactivity in most organs, (i.e. cuticle, head, abdomen) were similar for 

pupae injected with 14C-phenylalanine and pupae injected with 14C-phe-arylphorin. 

In both groups of pupae the largest percentage of radioactivity was found in FHO 

(fat body, hemolymph and other tissues). In FHO the percentage of radioactivity was 

significantly higher in the pupae injected with 14C-phe-arylphorin than that in the 

pupae injected with 14C-phenylalanine (1.3-fold higher). This is most likely due to the 

fact that a considerable amount of arylphorin remains in the hemolymph of middle 

stage pupae (Kramer et aI., 1980). Consequently the percentage of radioactivity 

distribution into other tissues was relatively small. The low rate of free phenylalanine 

turnover had a similar result. 
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DISTRIBUTION OF 14C-PHE-ARYLPHORIN AND 14C_ 

PHENYLALANINE IN ORGANS OR TISSUES OF PUPAE DURING MIDDLE 

DEVELOPMENT. Pupae used for experiment of Fig 28 were dissected after 6 days. 

cut: cuticle, Abd: abdomen, L&W: legs and wings, FHO: fat body hemolymph and 

other tissues (see method for definition). Each bar represents mean±SEM of 5 

measurements. Data from L&W, thor. and FHO were different with P<0.02. 
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In late development (Fig 31), the percentage of radioactivity distributed into 

organs was generally similar between the two groups of pupae. The only exceptions 

were the thorax, and legs and wings (P<O.02). Pupae injected with 14C_phe_ 

arylphorin had slightly more radioactivity distributed into legs and wings, but less 

radioactivity distributed into thorax. The percentage of radioactivity in thorax of 

pupae at late development was determined from the sum of thoracic muscle and 

thoracic cuticle (Fig 32). In thoracic muscle, more than 95% of radioactivity was 

detected in the acid precipitate. Less than 5% was detected in the acid-soluble 

fraction. Comparison of pupae injected with 14C-phenylalanine with pupae injected 

with 14C-phe-arylphorin showed that the percentage of radioactivity incorporation in 

the former case was higher for thoracic muscle but lower for thoracic cuticle. 

The pattern of radioactivity distribution differed between middle (Fig 30) and 

late (Fig 31) adult development. The variation was similar whether the pupae were 

injected with 14C-phenylalanine or 14C-phe-arylphorin. One notable difference 

between the two stages was that in mid development a greater incorporation (about 

7-fold) occurred in cuticle. Also generally lower turnover in mid development was 

apparent, based on about 2-fold more radioactivity distributed into FHO. Late 

development showed increased distribution to the abdomen (1.8-fold with 14C_ 

phenylalanine; 2.5-fold with 14C-phe-arylphorin) and to the thorax (2.3 to 2.6-fold 
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FIG 31. DISTRIBUTION OF 14C-PHE-ARYLPHORIN AND 14C_ 

PHENYLALANINE IN ORGANS OR TISSUES OF PUPAE DURING LATE 

DEVELOPMENT. Pupae after CO2 collection (Fig 29) were dissected to indicated 

tissues. Each bar represents mean±SEM of 5 measurements. Data from CO2, 

L&W, Thor. were different with P<O.02. 
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FIG 32. DISTRIBUTION OF LABEL IN THORAX OF PUPAE AT LATE 

DEVELOPMENT. Data were obtained from pupae described in Fig 31 where 

thorax data were sum of thoracic muscle and thoracic cuticle. Data from 2 groups 

pupae were different with P<O.Ol. 
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higher). For legs and wings in late development, 14C-phe-arylphorin showed nearly 

2-fold greater distribution with no difference in l4e-phenylalanine injected pupae. 

This result suggests some specific role of arylphorin-bound phenylalanine which 

differs from the free pool. 

In both middle and late stages, a large percent of radioactivity was found in 

FHO, in which the major tissue are hemolymph and fat body. To clarify the 

difference between the fat body and hemolymph, a separate hemolymph sample was 

taken for analysis before various tissue dissection. The percentage of radioactivity 

in hemolymph was calculated based on its volume reported in the methods (Table 

3). The radioactivity profile in FHD for both middle and late development after 

injection of 14C-phenylalanine or 14C-phe-arylphorin is shown in Fig 33. In middle 

development, a large percentage of radioactivity was found in hemolymph protein of 

14C-phe-arylphorin injected pupae (P<O.OOl) which was 12-fold higher than for 14C_ 

phenylalanine injected pupae. However, in late development, the percentage of 

radioactivity remaining in hemolymph protein was only slightly higher (1.6-fold) for 

14C-phe-arylphorin injected pupae. This clearly demonstrated that arylphorin 

degradation is regulated, and that turnover of arylphorin is much slower in middle 

than late adult development. 

In middle development, the large percent of radioactivity found in FHD of 
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FIG 33. DISTRIBUTION OF LABEL IN FHO OF PUPAE AT BOTH MIDDLE 

AND LATE DEVELOPMENT. Hem. base-sol: hemolymph base soluble fraction, 

Hem. acid-sol: hemolymph acid soluble fraction. Radioactivity in hemolymph was 

calculated based on its volume (Table 3), while in fat & other was derived by 

subtracting value of Hem from FHO (data were from Fig 31 and 32). 
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14C-phenylalanine injected pupae, unlike 14C-phe-arylphorin, was mainly present in 

fat body (Fig 33). However, the percentage of label in free amino acid pool (the 

hemolymph acid soluble fraction) appeared fairly constant in all cases. 
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DISCUSSION 

In this study, radiolabeled Manduca sexta arylphorin was successful produced 

by in vitro synthesis and purified. Phenylalanine and alanine turnover and their pool 

size were analyzed during Manduca sexta adult development. More importantly, the 

hypothesis of Manduca sexta arylphorin is a storage protein that provide amino acid 

for adult protein synthesis (Kramer et al., 1980) is confirmed by experimental 

evidences. 

1. Preparation of Radiolabeled Arylphorin 

Radioactive phenylalanine was chosen to label arylphorin because it accounts 

for a high percentage (9%) of total amino acid residues (Kramer et al., 1980). In 

addition, the metabolic pathway for phenylalanine is clear; either incorporation into 

protein or hydroxylation to tyrosine that is used for protein synthesis or cuticle 

formation (Brunet, 1980; Levenbook and Bauer, 1984). Although radioiodination of 

tyrosine in protein in vitro can yield a high specific activity, it can also alter the 

natural form of the protein. Therefore it is better to use 14C-Iabeled amino acid. 

Labeled calliphorin was prepared from Calliphora vicina injected with 3 /-tCi 14C_ 

phenylalanine per larvae weighing 27 mg (Levenbook and Bauer, 1984). This is 
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about 0.1 mCi/g body weight. Their best preparation had a specific activity of 7500 

dpm/p,g caIIiphorin. Grun and Peter (1984) labeled arylphorin in Manduca sexta 

larvae by injection of 15 p,Ci 14C-tyrosine. The arylphorin purified from this 

preparation had a specific activity of 13 dpm/p,g protein. The total radioactivity 

recovered in arylphorin was 3% of injected. In our preparation, the arylphorin 

purified from larvae injected with 20 p,Ci 14C-phenylalanine had a higher specific 

radioactivity of 148 dpm/p,g protein, but recovery was also 3%. 

A disadvantage for labeling arylphorin with high specific activity from 

Mmzduca sexta is its large size (5th instar larvae at day 3 weighing 8-9 g). According 

to the amount of 14C-phenylalanine /g body weight used for labeling calliphorin 

(Levenbood and Bauer, 1984), about 1 mCi of 14C-phenylalanine would be required 

for labeling arylphorin in Manduca sexta. However, labeling arylphorin of Manduca 

sexta by in vitro synthesis is appropriate to obtain a high specific radioactivity. Our 

best preparation of ill vitro synthesis yielded a specific activity of 5.8x104 dpm/p,g 

arylphorin, with recovery of 5% of added radioactivity. A disadvantage of in vitro 

labeling is that the recovery of radioactivity varied significantly between 1% to 5% 

based upon the amount of arylphorin purified. Because of the small amount of 

protein being handled, a significant amount of radioactivity can be lost during each 

purification procedure. Our experience is that it is better to label a maximum 
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amount of protein at once, so that protein loss is limited. To avoid pooling good and 

bad preparations, the radioactivity of arylphorin in each incubation well can be tested 

by immunoprecipitation before pooling for purification. 

2. Amino Acid Utilization 

In general, the concentration, as well as composition, of free amino acids in 

insect hemolymph is species-specific, and in some cases also tissue and sex-specific 

(Chen, 1985). However, in many cases as in Phormia regina (Dinamarca and 

Levenbook 1966) and Lucilia cuprina (Birt and Christian, 1969), the overall 

composition and size of the amino acid pool does not change greatly during insect 

metamorphosis, despite the profound larval-adult transformation during this period. 

This surprisingly constant amino acid level led to speculation that the coordination 

of the histolysis and histogenesis is under a precise control although the regulatory 

mechanism remains obscure. 

Consistently, the amino acid contents for phenylalanine (Table 4) and alanine 

(Table 5) of Mallduca sexta pupae appeared very similar to those of two Diptera, 

Phormia regina (Dinamarca and Levenbook, 1966) and Lucilia cuprina (Birt and 

Christian,1969). In all cases, the size of amino acid pool is fairly constant during most 

of adult development though a slightly decrease occurred during development. 
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In Manduca sexta pupae, the free alanine pool size was about 3-fold higher 

than phenylalanine (Table 4 and 5). Similarly, in many Diptera a high level of 

alanine is observed (Phormia regina pupae, Levenbook and Dinamarca, 1966; 

Drosophila melanogaster, Chen, 1960; Triatoma infestans larvae, Schaub et aI., 1990). 

In Lepidoptera Manduca sexta larvae, the level of alanine is also 3-fold higher than 

phenylalanine (Lenz et aI., 1986). 

In contrast to the constant amino acid level, the amino acid turnover pattern 

determined for Manduca sexta appeared to be high in early and late adult 

development but low in middle pupal stages. The maximum turnover rate for 

phenylalanine was 5-fold greater than the minimum and for alanine was 3-fold 

greater. Similar amino acid turnover patterns were observed for lysine in Lucilia 

(William and Birt, 1972), and for lysine and alanine in Phormia (Dinamarca and 

Levenbook,1966) during adult development. 

A reasonable explanation of this high amino acid metabolic activity was given 

by Chen (1985). The initial high turnover rates may correlate with the synthesis and 

sclerotization of cuticular proteins, while the elevated levels in later adult 

development most likely are associated with differentiation of imaginal tissues. 

In most insects, the free alanine level and its turnover rate appears to be 

relatively higher than for most other amino acids, because it is not only involved in 
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protein synthesis but also in energy metabolism after converting into pyruvate 

(Dinamarcca and Levenbook, 1966). 

The percentage pool turnover per hour can be very substantial, varying from 

87% (early adult development) to 31 % (middle adult development) for alanine, and 

33% (early adult development) to 13% (middle adult development) to 41% (late 

adult development) for lysine during Phormia adult development. Similarly during 

Mallduca sexta adult development, from early to middle to late adult developments, 

it varied from 28% to 6% to 51 % for phenylalanine (Table 4) and from 56% to 30% 

to 60% for alanine (Table 5). Similar variation was also found for lysine during 

Lucilia adult development (Williams and Birt, 1972). 

Protein synthesis rates during Lucilia adult development varied in a similar 

pattern as lysine turnover at corresponding stages (Williams and Birt, 1972). With 

extensive studies, it was demonstrated that the major fate for free lysine during adult 

development was incorporation into protein. The constant level of free amino acid 

is thought to be due to the fact that synthesis of new proteins and release of amino 

acid by degradation of larval proteins is regulated in a coordinated manner. 

Interestingly, during early and late adult development, amino acid 

(phenylalanine and alanine) turnover rates are high while the hemolymph ecdysone 

level is low (described in introduction). In contrast during middle pupal development, 
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amino acid turnover rates are low but the hemolymph ecdysone level is high. 

Considering the effect of ecdysone, we divided the 18 days of pupal development into 

3 periods: early adult development (pupae up to day 6), middle adult development 

(days 6 to 12), and late adult development (days 12 to 18). Since tissues were not 

formed in early adult development, distribution studies for 14C focused on middle and 

late adult development. 

3. Distribution of Labeled Amino Acid and Arylphorin 

The hypothesis that Manduca sexta arylphorin is mainly degraded into free 

amino acids during adult development (Kramer et a!., 1980) is supported by CO2 

production data (Fig 28 and Fig 29). During middle and late adult development, the 

variation of 14C02 expiration by Manduca sexta pupae injected with 14C-phenylalanine 

as well as pupae injected with 14C-phe-arylphorin coincided with that for Calliphora 

vicina injected with 14C_phe caIIiphorin (Levenbook and Bauer, 1984). These 

observations indicate that arylphorin in Manduca sexta pupae, like calliphorin in 

Calliphora vicilla, is hydrolysed to free amino acids. Consequently, 14C02 is expired 

following decarboxylation of dihydroxyphenylalanine (DOPA) which is derived from 

labeled phenylalanine. Due to rapid turnover of phenylalanine relative to slow 

degradation of arylphorin, it is difficult to measure 14C-phenylalanine derived from 
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14C-phe-arylphorin in vivo. 

The similar percentage of radioactivity in 14C02 collected from pupae injected 

with different source of label e4C-phenylalanine or 14C-phe-arylphorin) provided 

further implication that quantitatively the majority of arylphorin is degraded to free 

amino acids so that fairly equal amounts of labeled phenylalanine were converted into 

CO2• 

Arylphorin degradation appears to be under developmental control. Study of 

Calliphora vicilla showed that the periods of maximal 14C02 expiration coincided with 

the times of rapid calliphorin utilization during early and late adult development 

(Levenbook and Bauer, 1984). The extent of labeled hemolymph protein oxidization 

in vivo during metamorphosis has been found to correlate with their breakdown to 

free amino acids (Chen and Levenbook, 1966; Kinnea, 1973). Manduca sexta pupae 

injected with 14C-phe-arylphorin produced relatively small daily amounts of 14C02 

during the early phase of middle-adult development, but a much larger amount later 

(Fig 28, Fig 29). These indicated that during Mallduca sexta adult development, 

arylphorin disappears in a similar pattern to calliphorin; rapid disappearance occurs 

in later adult development, while in middle adult development it remains fairly 

constant. 

The pattern of arylphorin disappears, much slower in middle adult 
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development than in late adult development, is closely correlated with that of 

phenylalanine and alanine turnover rates (Fig 14 and Fig 18), that are inversely 

correlated with hemolymph ecdysone level. This fact implies that arylphorin 

degradation is under developmental control, and ecdysone may playa role. Thus, 

ecdysone may directly or indirectly inhibit proteinase activity. A similar functional 

role of ecdysone has also been inferred from our previous study of flight muscle 

degradation (Tischler et al., 1990). In all cases the regulation mechanism is not clear. 

Manduca sexta arylphorin remain mainly in hemolymph after pupation 

(Caglayan and Gilbert, 1987). A quantitative rocket immunoelectrophoresis study by 

Kramer et al. (1980) showed that the extremely large amount of arylphorin 

accumulated during larva stages remains high in the pupal hemolymph (half the 

amount was still detected on pupal day 6) but decreases by 90% before adult 

emergence. The large proportion of radioactivity found in the hemolymph protein 

fraction of pupae injected with 14C-phe-arylphorin in middle but not late adult 

development (Fig 33) further confirmed that Manduca sexta arylphorin resides in 

hemolymph during adult development and its disappearance is regulated. 

In Lepidoptera, evidence of developmentally programmed clearing of storage 

hexamerin, with selectivity at least partially conserved between genera, was presented 

by Pan and Telfer (1992). Donor storage hexamerin clearing in Actias luna, that 
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were injected with Hyalophora cecropia hemolymph plus BSA, appears to be not only 

stage-specific but also protein-specific. During adult development, the relative rates 

of clearing were riboflavin-binding hexamerin > arylphorin > BSA > methionine-rich 

hexamerin, but a reversed order occurred during pupation. 

Phenylalanine derived from arylphorin is mainly used for protein synthesis 

during adult development. A small percentage of radioactivity was expired as CO2 

whether pupae were injected with 14C-phenylalanine or 14C-phe-arylphorin (Fig 30 

and 31). Similar findings were found for Calliphora vicina pupae injected with 14C_ 

phe-calliphorin (Levenbook and Bauer, 1984). These data indicate that the major 

fate of free phenylalanine during pupal development is incorporation into protein. 

A similar conclusion was drawn for free lysine in Lucilia pupae based on the finding 

that lysine turnover rate and protein synthesis rate varied similarly during adult 

development (Williams and Birt, 1972). 

Further experimental evidence supporting the hypothesis that arylphorin is a 

true storage protein that provides free amino acid for adult protein synthesis is given 

by the distribution data. In two adult development stages (middle and late) the 

distribution of radioactivity to tissues or organs is fairly similar no matter whether 

labeled phenylalanine was generated from direct injection or from labeled arylphorin. 

In addition, the variation of radioactivity accumulated in tissues or organs between 
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middle and late adult development was essentially consistent. 

Although the experiments we performed with Manduca sexta have not been 

done for any other Lepidoptera or Diptera, the functional role of arylphorin in 

Diptera has been confirmed based on the extensive evidence provided by various 

researchers. In Diptera, a large amount of experimental evidence was collected 

which show that most protein in adults is formed by de novo synthesis from free 

amino acids released by hydrolysis of larval proteins (see review by Williams and Birt, 

1972). The most extensive evidence was provided by Levenbook and Bauer (1984) 

using fully developed Calliphora vicina larva injected with 14C-phe-caIIiphorin to 

examine the distribution of label during metamorphosis. They found that a variety 

of widely different proteins from virtually all tissues incorporated caIIiphorin 

phenylalanine, about 2.5% of the administered radioactivity was expired as CO2, 10% 

was incorporated into the puparium, and 46% into flight muscle. The high 

incorporation into flight muscle was consistent with the evidence that the major site 

of 14C-Iysine incorporation in Lepidoptera is the protein of thorax before adult 

emergence (Williams and Birt, 1972), and that most of protein being synthesized at 

this time is that of flight muscle (Barritt and Birt, 1971; Gregory et aL, 1968; 

Peristianis and Gregory, 1971). 

In Diptera arylphorin absorbed from hemolymph by the epidermal cells and 
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secreted in cuticle for sclerotization has been demonstrated using various approaches 

(see review by Scheller et aI., 1990). However, the quantitative significance of 

caIIiphorin used as intact protein for adult structure formation is not clear. 

Radioactivity distribution studies provide clear evidence that Manduca sexta 

is mainly degraded into free amino acids during adult development. In Manduca 

sexta, the same proportion of radioactivity found in each corresponding tissue or 

organ of pupae injected with 14C-phenylalanine or 14C-phe-arylphorin (Fig 30, Fig 31) 

suggests that arylphorin is mainly degraded into free amino acids that generally mix 

with the free pool using for adult formation. If arylphorin is used directly as an intact 

protein for adult structure formation, it must be an insignificant amount. 

Phenylalanine derived from arylphorin is mainly used for protein synthesis 

especially for thoracic muscle. In thoracic muscle of pupae at late development (both 

14C-phenylalanine and 14C-phe-arylphorin injected) more than 95% of radioactivity 

was detected in acid precipitated protein fraction, while less then 5% was found in 

acid soluble fraction. These data indicated that the radioactivity injected was mainly 

used for protein synthesis. A large proportion of radioactivity was incorporated into 

thorax from labeled free phenylalanine or from phenylalanine labeled arylphorin 

during later adult development (Fig 31). It appears in good agreement with the 

observation obtained from Diptera described above, and also with the finding of 
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maximal protein synthesis rate occurring in mitochondrial fractions from pupae of late 

Manduca sexta adult development (Chen and Richardson, 1969). 

A small amount of arylphorin is possibly used as intact protein for adult 

structure formation. The proportion of radioactivity accumulated in thorax, and legs 

and wings appeared to be different in corresponding stages between pupae injected 

with 14C-phenylalanine and the pupae injected with 14C-phe-arylphorin. A possible 

indication is that in those organs, most likely in the cuticle, a small amount of 14C_ 

phe-arylphorin is incorporated into legs and wings, and thoracic cuticle without 

degradation. 

Alternatively, the difference is due to the high specific activity of free 

phenylalanine obtained at different times after injection. In the thoracic muscle, the 

protein synthesis rate decreases as adult development approach its end (Tischler et 

aI., 1989), while the high specific activity of free phenylalanine in hemolymph is 

obtained early in 14C-phenylalanine injected pupae but later in 14C-phe-arylphorin 

injected pupae. Consequently, the percentage of radioactivity incorporated into the 

thoracic muscle must be relatively higher in the pupae injected with 14C_ 

phenylalanine, but lower in the pupae injected with 14C-phe-arylphorin. 

Evidence supporting the first possible indication described above were mainly 

obtained from the study of Manduca sexta by Grun and Peter (1984). From their 
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investigation, three points were elucidated. First, arylphorin of Lepidoptera is 

involved in cuticle sclerotization because radioactivity was found incorporated into the 

cuticle fraction of pupae that were injected with 14C-tyr-arylphorin at 5th ins tar larvae 

of day 8, and arylphorin immunoreactive material was detected in the pro cuticle of 

the pharate pupae. Second, a partial proteolytic degradation of arylphorin in the 

hemolymph which might result in free tyrosine incorporation is unlikely because 

simultaneous injection of unlabeled free tyrosine and radiolabeled arylphorin resulted 

in a similar incorporation to that of radiolabeled arylphorin alone. Also low 

molecular weight degradation products of arylphorin were not detectable in 

hemolymph of early pupae. The third point is that arylphorin participate in 

sclerotization because the melanin-type polymeric material was observed in the 

cuticle acid-soluble fraction when labeled free tyrosine, peptidic tyrosine or N-B

alanyldopamine (NBAD) were injected individually into later larvae for incorporation. 

However, in Lepidoptera, unlike in Diptera, arylphorin synthesis occurs not 

only in fat body but also in the epidermal tissue (PaIli and Locke, 1987a; Riddiford 

and Hice, 1985). Because of this difference, demonstration of arylphorin 

incorporation into cuticle becomes more difficult. The finding of arylphorin 

immunoreactive material in the procuticle of the pharate pupae (Grun and Peter, 

1984) does not indicate that arylphorin in hemolymph is incorporated into the cuticle. 



147 

Therefore further study is required to clarify whether arylphorin in Lepidoptera is 

incorporated into cuticle without breakdown into free amino acids. 

Based on phenylalanine turnover rate (Table 4), we were able to estimate 

approximately that 300 ~mol phenylalanine is used for Manduca sexta adult 

development. The amount of arylphorin present in hemolymph at pupation (120 mg 

per pupa, Grun and Peter, 1984) can provide 100 ~mol phenylalanine (see appendix 

for calculation). This is about 33% of phenylalanine needed. Therefore other 

source(s) must be involved in supplying phenylalanine for adult development. 

Intersegmental muscles, which degenerate in Manduca sexta shortly after emergence, 

have been known as one of the resources (Schwartz and Truman, 1983). This fact 

might provide a possible explanation that Drosophila stocks lacking arylphorin have 

been maintained for over two years (Roberts, 1987). Degradation of other proteins 

may compensate for the lack of arylphorin. 
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SUMMARY AND FUTURE DlRECfIONS 

This dissertation developed a procedure for radioactively labeling Mallduca 

sexta arylphorin by fat body incubation. Due to the large size of Manduca sexta, ill 

vitro synthesis appeared to be a better choice than ill vivo synthesis, especially as a 

high specific activity was required. 

The pool size and turnover rates of two amino acids were determined for 

entire Manduca sexta adult development. Phenylalanine pool size and turnover rates 

varied similar to alanine during adult development although the two amino acids have 

different metabolic pathways. However, the absolute values of alanine pool size and 

turnover rate were always higher in corresponding stages. An interesting correlation 

is that during Manduca sexta adult development the phenylalanine and alanine 

turnover rates were high when hemolymph ecdysone level was low and vice versa. 

Considering a possible effect of ecdysone on arylphorin degradation, pupae of middle 

development, with low turnover rate but high ecdysone level, and of late 

development, with reversed turnover rate and ecdysone level, were investigated by 

comparing the fate of labeled phenylalanine derived from free amino acid pool and 

from arylphorin. In both stages the percentage of radioactivity distributed into tissues 

or organs was similar for pupae injected with free 14C-phenylalanine or with 14C_phe_ 
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arylphorin. This evidence strongly support the hypothesis that Manduca sexta 

arylphorin is a true storage protein that supplies amino acids to the free pool for 

adult development. 

The differences in the percentage of radioactivity accumulated in thorax, and 

leg and wing possibly indicate that a small amount of hemolymph arylphorin is used 

as intact protein for adult structure formation. Further study is needed to confirm 

this indication. 

Incorporation of hemolymph arylphorin as intact protein into the tissue can 

be tested by measuring the radioactivity of arylphorin immunoreactive material from 

the tissue of pupae injected with 14C-phe-arylphorin, using western blotting and 

flu orography or counting the radioactivity of immunoprecipitate. If the hypothesis 

is correct a high radioactivity must be detected from the immunoprecipitate or 

arylphorin band. Further evidence can be obtained by comparing the percentage of 

radioactivity incorporated into the corresponding tissue of pupae injected with 14C_ 

phe-arylphorin and pupae injected with 14C-ala-arylphorin. Supporting evidence 

would show a similar proportion of introduced radioactivity found in the tissue, 

despite the fact that the turnover rates and the metabolic pathways of alanine and 

phenylalanine are significantly different. 

During Manduca sexta adult development, the pattern of daily 14C02 
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production is similar to that of amino acid turnover rates, both of which are inversely 

correlated with hemolymph ecdysone level, suggesting that ecdysone may have direct 

or indirect effect on arylphorin turnover. 

Extensive studies are required to understand this regulation mechanism. First, 

the site of arylphorin hydrolysis must be tested by in vitro study. Fat body, where 

possibly arylphorin is degraded (Dr. Law personal communication), of Man due a sexta 

pupae can be taken for incubation in Grace's medium containing 14C-phe-arylphorin 

with or without 20-hydroxyecdysone. If fat body is the site of hydrolysis, radioactivity 

must be detected in acid-soluble fraction of incubated medium. Further studies on 

the effect of incubation time, 20-hydroxyecdysone concentration, and fat body from 

different stages of adult development on arylphorin hydrolysis could be carried out. 

If the radioactivity cannot be detected in the acid-soluble fraction, the effect of 

hemolymph can be tested by adding hemolymph sample from various stages of adult 

development to fat body incubation. If hemolymph is critical for arylphorin 

hydrolysis, fractionation of the hemolymph is necessary to determine the chemical 

compound(s) that are required for hydrolysis. 

Possible evidence of where and when arylphorin is hydrolyzed can also be 

obtained from ill vivo study, such as fractionation into acid-soluble and insoluble 

fractions of hemolymph or fat body of pupae shortly after incorporation of labeled 
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arylphorin and then analyze the radioactivity by liquid scintillation counting. 

Radioactive-labeled arylphorin can also be used to detect an arylphorin 

receptor by radioligand binding techniques. Then ligand-receptor binding secificity 

and affinity can be estimated with its crude membrane preparation and detergent 

solubilized receptor. The arylphorin receptor can be purified using the affinity 

column of immobilized arylphorin. Receptor cDNA can be screened from its 

expresion library with ligand blotting analysis using labeled arylphorin. 
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APPENDIX 

The total approximate phenylalanine used during the 18 days of Man due a sexta 

adult development was calculated as follows: 

18 

Phe(J,Lmol) =Y' (Kai x24) 
~ 

where i = day of development, and Ka is the phenylalanine turnover rate 

(p,mol/h/insect) for each day (Table 4) 

Phenylalanine derived from arylphorin was calculated as follows: 

phe(j.Lmol) = 120mg xaxbx l03j.Lmol 
4.5xl05mg/mmol mmol 

where a=4119 (mol amino acid /mol arylphorin) (Willott et aL, 1989) 

b=9.12% mole percent of phenylalanine contained in arylphorin (Kramer et 

aL, 1980) 

4.5x105 = Mr of arylphorin (Ryan et aL, 1985a) 

120 mg is the total amount of arylphorin present in hemolymph of Manduea 

sexta before pupation (Grun and Peter, 1984) 
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