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Abstract 

Sequestration of the blue biliprotein, insecticyanin, into developing oocytes 

of the hawkmoth, Manduca sexta was investigated using diverse techniques. 

Oudin's immunodiffusion assays revealed that insecticyanin concentration in 

mature eggs (29.6 |iM) is slightly higher than that in hemolymph (25.8 |iM). The 

endocytotic uptake of insecticyanin was visualized at the light microscopic level 

using autoradiography. Uptake of i25|.jnsecticyanin by isolated oocytes was 

iigand specific, saturable with increasing insecticyanin concentration, and 

sensitive to parameters such as size of oocyte, constituents of media and 

temperature. Analysis of in vitro uptake data yielded values of Kuptake 

(insecticyanin concentration at half-maximal uptake rate) of 4.2 |j.M and y^ax 

(maximum rate of uptake) of 1 pmol follicle*^ h-i. Oocyte membrane proteins 

were efficiently solubilized using 40 mM detergent CHAPS. Labeled 

insecticyanin was shown to bind to crude follicle membranes and solubilized 

membrane proteins with high specificity and affinity. The (equilibrium 

dissociation constant) was estimated as 40 nM and 17 nM for crude 

membranes and solubilized membrane proteins, respectively. The 

(maximum binding) estimated from crude membrane and solubilized 

membrane protein was 1.6 and 11.4 pmol/mg proteins respectively. 

Competition studies showed that binding of labeled insecticyanin to its receptor 

was blocked by an excess of unlabeled insecticyanin but not by other major 

hemolymph proteins, lipophorin and vitellogenin of M. sexta. Additional 

binding experiments demonstrated that receptors for insecticyanin are only 

present in oocyte membranes, not in fat body, gut tissue or ovariole. The results 
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from co-immunoprecipitation showed that the apparent molecular mass for 

insecticyanin receptor is approximately 185 kDa on reducing SDS-PAGE gel 

while chemical crosslinking of the insecticyanin-receptor complex revealed a 

product with a molecular mass near 1000 kDa. This result suggests that the 

insecticyanin receptor has a multimeric structure, or that four receptor 

molecules can bind to one insecticyanin tetramer. 
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Chapter 1 

Introduction 

The egg is one of nature's most miraculous inventions. While there is no 

apparent difference for the chemical constituents or cellular structures among 

eggs of different species, out of them may emerge a hawkmoth, a frog or an 

ostrich. The major source of nutrients for the developing embryo of all 

oviparous animals is the egg yolk. The dramatic growth of the egg during the 

final stages of maturation is a result of massive deposition of proteins, lipids, 

carbohydrates and other components from the blood or hemolymph, a process 

called vitellogenesis. 

The process of vitellogenesis has been investigated in detail for a very 

large number of animals, including insects. However, the molecular 

mechanism of this process is not yet well understood. Roth and Porter (1964) 

first observed, in electron microscopic studies on the uptake of yolk proteins by 

mosquito oocytes, that coated pits pinch off from the oocyte cell surface and 

form coated vesicles that transport extracellular fluid into the cell. Later 

extensive studies on the LDL (low density lipoprotein) receptor system of 

mammals showed directly that receptor molecules clustering in coated pits is 

the essential event in this kind of endocytosis and thus established receptor-

mediated endocytosis as distinct mechanism for transport of macromolecules 

across the plasma membrane (Goldstein et al., 1985). Subsequently the 

overall endocytotic pathways and their variations in many systems, including 

insects, have been described. In the past ten years, a series of investigations 
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have begun in numerous insect species aimed at gaining a better 

understanding of the cellular and molecular mechanisms involved in insect 

oogenesis and yolk formation. These studies will be reviewed in this 

introduction, and referred to throughout this dissertation. 

The construction of insect eggs involves the internalization of proteins and 

lipids from the circulating hemolymph (insect blood) and this internalization 

process is in large part mediated by membrane-associated receptors. The 

principal protein component thus imported is vitellogenin, a major storage 

protein used by the developing embryo. It has been demonstrated that 

numerous proteins other than vitellogenin are also taken up from hemolymph 

by developing oocytes. In the case of Lepidoptera, these include insecticyanin 

(Ins) (Kang et al., 1995), other lipoproteins, microvitellogenin and pigmented 

proteins (Telfer and Pan, 1988; Law, 1990); in the case of locust, a small 

protein (Zhang et al., 1993); and in the case of mosquitoes, proenzymes and 

other small proteins (Raikhel and Dhadialla, 1992). Current efforts are 

underway to isolate and characterize endocytotic receptors of insect oocytes 

that are responsible for the sequestration of hemolymph proteins. The ultimate 

goal of these studies is to design specific methods that interfere with receptor-

ligand interactions, which may provide new ways to control insects that are 

harmful to humans. Most effort has been directed toward isolation of a receptor 

for vitellogenin which is the major form of yolk protein. This has so far been 

accomplished for the locust Locusta migratoria (Rohrkasten et al., 1989) and 

the mosquito Aedes aegypti (Sappington et al., 1995) and the fruitfly 

Drosophila me/anogasfer(Schonbaum eta!., 1995). 
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Why did I pursue the current study? 

Very little is known about the detailed mechanism for interactions between 

insect receptors and their ligands. One of the difficulties in working with a 

receptor for vitellogenin, so far the best defined Insect receptor, or a lipophorin 

receptor (Tsuchida and Wells, 1990), is that the ligand is a large, complex 

structure that contains lipids, carbohydrates and polypeptides with extensive 

post-translational modifications. This complicates the detailed understanding of 

receptor-ligand interactions. We therefore reasoned that if an endocytotic 

receptor for a relatively small and well-characterized protein can be found, 

future studies of the receptor-ligand Interactions will be facilitated. Ins, a blue 

hemolymph protein of the hawkmoth Manduca sexta seems to be an ideal 

candidate for this purpose. I therefore undertook a research on an Ins receptor, 

and report the results in this dissertation. 

The rest of this introduction consists of a review of the major events of 

receptor-mediated endocytosis in eukaryotic cells and the cellular machinery 

involved in this process, a summary of results from biochemical studies on Ins, 

and an outline of the biology of M. sexta. 
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Hallmarks of Receptor-Mediated Endocytosis in 

Eukaryotic Cells 

Receptor-mediated endocytosis is a major pathway for transport of 

macromolecules from the extracellular environment into eukaryotic cells. Our 

current understanding of biochemical and molecular aspects of this process is 

mainly obtained from the studies of vertebrate endocytotic system, among 

which the best studied are the receptors for low-density lipoprotein (LDL, 

cholesterol-carrying protein), for transferrin, for epidermal growth factor (EGF) 

and for insulin. Receptor-mediated endocytosis is now recognized as a 

ubiquitous mechanism for internalizing functionally important macromolecules 

into animal ceils (Goldstein and Brown, 1985). The key events in this 

endocytotic process in different systems studied are similar: macromolecules 

(ligand) to be transported into cells are first bound by specific receptors present 

in plasma membrane of the cell. Following binding, the ligand-receptor 

complexes are concentrated in coated pits where a clathrin lattice of hexagons 

and pentagons fomns, on the intracellular side of the plasma membrane. The 

coated pits invaginate and pinch off to form intracellular coated vesicles. These 

coated endocytotic vesicles rapidly shed their clathrin coats and fuse with the 

next cellular compartment, the endosome, where the receptors and ligands are 

sorted (Mellman etal., 1986). The ATP-dependent acidification of endosomes 

results in the dissociation of ligand-receptor complexes (Mellman etal., 1986). 

Most ligands dissociate from their receptors in the acidic environment of the 

endosome and eventually end up in lysosomes for enzymatic degradation. 
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Figure 1 Schematic illustration of the endocytotic pathway for animal cells. Entry 

into the cell is mediated by Clathrin-coated pits and vesicles (CCP and CCV). The 

adapter proteins (AP) are also recruited by CCP and CCV. These vesicles deliver their 

cargo to early endosomes (EE). Receptors that are recycled back to the plasma membrane 

transit through a recycling endosome (RE) and the endocytosed cargo is further delivered 

to late endosomes (LE), which are fused with Iysosomes for the digestion of the cargo. 

The broken arrows indicate an altemative pathway of endocytosis which takes place in 

the oocyte: the cargo transported by endosomes is first stored in the yolk bodies, and 

later is degraded by lysosome en2ymes upon mediations of signals of embryonic 

development. As shown in the diagram, the nonspecific internalization of exogenous 

substances is mediated by the macropinosome. a process called pinocytosis (cellular 

drinking). Adopted from M. S. Robinson et al. (1996) Cell. 84: 13-21. 
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while most receptors are recycled via transport vesicles back to the cell 

surface for reuse. Fig. 1 exhibits the schematic model for the intracellular 

organization of the endocytotic pathway of an animal cell. Other pathways for 

receptor-ligand complexes are also found. In the case of epidermal growth 

factor, e. g., the receptor along with ligand end up being degraded in 

lysosomes. In oocytes, however, the ligand loads are delivered to a special 

cellular organelle, the yolk body and the stored ligand is eventually degraded 

by lysosomal enzymes upon initiation of embryonic development. There also 

exists a non-specific route for internalization of fluid into cells, a process called 

pinocytosis (cellular drinking) which is executed by macropinosomes formed 

by constitutively invaginating plasma membranes lacking the coat of clathrin. 

The mechanisms controlling each step of receptor-mediated endocytosis 

have been under intensive studies. In vertebrates, many of the molecules 

required for clathrin-mediated endocytosis have been identified and 

characterized (Robinson et a!., 1996). The characteristic feature of the 

formation of coated pit and coated vesicle is the recruitment of soluble clathrin 

from the cytoplasm onto the plasma membrane. The basic clathrin assembly 

unit Is a triskelion, consisting of three copies of clathrin heavy chain (180 kDa) 

and three copies of light chain (33 and 36 kDa) (Pearse and Robinson, 1990). 

It has been shown that certain receptors such as that for LDL, transferrin, and 

EGF, are very effectively concentrated in clathrin-coated vesicles, and this 

property has been correlated with the presence of a Tyr-containing 

"internalization signal" in the cytoplasmic domain of the membrane protein 

(Sorkin and Carpenter, 1993). Another critical component of the cage structure 
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is the adapter or assembly proteins (AP), which are bifunctional in that they 

interact with clathrin molecules and cytoplasmic domains of the receptors 

packed in the vesicle membrane, thereby linking these components of a coated 

vesicle. There is at least one more component of the clathrin-coated vesicle 

machinery: dynamin, which is required for coated pits to pinch off as coated 

vesicles (Robinson et al., 1996). Once the coated vesicle is formed and 

pinched off the plasma membrane, rapid uncoating ensues, releasing the 

vesicle and allowing the coat component to recycle back to the plasma 

membrane. Dissociation of the clathrin lattice is carried out by a 70-kDa 

uncoating ATPase protein, which belongs to the 70- to 78-kDa heat-shock 

protein family (Keen, 1990). 

Compared to vertebrates, the study of endocytosis in insects is still in its 

infancy and our knowledge of structures, functions and regulations of insect 

receptors is fragmentary. Telfer pioneered this study in implicating the role of 

endocytosis in the vitellogenesis of a lepidopteran species Hyalophora 

cecropia. He found that some hemolymph-borne proteins were selectively 

accumulated in the yolk body of oocytes (Telfer, 1960, 1961 and 1965). The 

specific cellular structures, including coated pits and vesicles, were first 

described for oocytes of mosquito (Roth and Porter, 1965). The morphological 

studies on the endocytotic pathway for yolk proteins have been made in 

several insects. Using electron microscopy in combination with tracers and 

immunocytochemistry, a highly specialized oocyte cortex, the endocytotic 

complex that includes microvilli, coated pits, coated vesicles, and endosomes, 

has been observed for mosquito (Raikhel, 1984), M. sexta (Van Antwerpen et 

al., 1993), and H. cecropia and Rhodnius prolixus (Telfer et al., 1982). Coated 
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vesicles in oocytes of all insects studied have the characteristic clathrin coats. 

As in other eukaryotic cells, clathrin, which was isolated from the ovary, is a 

major component of L. migratoria coated vesicles. The molecular weight of 

clathrin heavy chains from L migratoria ovaries is identical to that for 

vertebrates (180 kDa) (Rohrkasten and Ferenz, 1987). Unlike somatic cells 

where most proteins intemalized by receptor-mediated endocytosis are almost 

immediately degraded in the lysosomal system (Goldstein et al., 1985), the 

proteins taken up into oocytes are accumulated and stored in mature yolk 

bodies until initiation of embryonic development, in order to show that the 

uptake of vitellogenin and other extraovarian proteins into developing oocytes 

has characteristics of a receptor-mediated process, varied studies, including in 

vitro uptake of ligand proteins by isolated follicles, binding of ligand proteins to 

crude membranes and solubilized receptors, purification and molecular 

cloning of receptors, have been conducted on many insects, which include 

Culex fatigans , A. aegypti, Schistocerca gregaria, L migratoria , Nauphoeta 

cinerea , R. proiixus, H. ceropia and M. sexta . The concepts and techniques 

used for studies on vertebrate receptors have been used for the research on 

insect receptors. It is predicted that the knowledge gained from insect receptor 

investigations will benefit our understanding of structures and functions of 

receptors for all animals. 
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Biochemistry of Insecticyanin 

As early as in 1969, Dahlman showed that in the integument of the larvae of 

the tobacco homwomn, M. sexta , the blue pigment is tightly associated with a 

protein (Dahlman, 1969). Later Cherbas (1973) developed a purification 

procedure for the blue biliprotein in the pupal hemolymph of M. sexta. He, for 

the first time, crystallized and carried out systematic biochemical 

characterization of this protein, which he named Ins. His results suggested that 

Ins had a molecular weight of approximately 70 kDa and consisted of 

monomers with a molecular mass of 23 kDa. By examining the spectrum of the 

free chromophore and chromatographic behavior of the dimethyl ester of the 

chromophore, Cherbas proposed that the chromophore was a y type biliverdin 

IX and the chromophore could not be removed from the holoprotein by 

extensive dialysis. Only by treatment with fomnamide could the prosthetic group 

and apoprotein be dissociated (Cherbas, 1973). The protein persists 

throughout the pupal stage and into the adult female hemolymph from which it 

is ultimately sequestered in the egg (Cherbas, 1973; Goodman et al., 1987). 

Riley et al. (1984) improved the procedure for purification of Ins in high yields 

and determined the amino acid sequence of the protein. They showed the 

apoprotein consists of 189 amino acids, with a molecular weight of 21,378 Da, 

containing two disulfide bridges, 9-119 and 42-176. The composition of the 

protein revealed an amino acid distribution typical of a globular protein. Using 

X-ray crystallographic study to 2.6 A resolution, Holden et al. (1987) 

demonstrated that Ins is a tetramer with an overall dimension of 44 A x 37 A x 

40 A and the main secondary structural elements of each subunit is an eight-
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stranded anti-parallel p-barrel flanked on one side by a 4.5 turn a-helix but 

open to the solvent at the other end. The electron density map unambiguously 

showed that the chromophore of Ins was indeed the y-isomer of biliverdin. The 

biliverdin lies towards the open end of the p-barrel with its two propionate side 

chains pointing towards the solvent and it adopts a rather folded conformation, 

much like a heme. The profile of the three-dimensional fold of this Ins subunit 

showed remarkable similarity to the structural motifs of bovine p-lactogiobulin, 

the human serum retinal-binding protein and the characteristic chromoprotein 

of crustacea, crusticyanin (Keen et al., 1991). All of these proteins belong to a 

large family of proteins that bind hydrophobic residues, lipocalins (Pervaiz and 

Brew, 1987). 

A group led by Riddiford found that, unlike most other hemolymph proteins 

which are exclusively made in the fat body. Ins is largely synthesized in the 

epidermis and to a lesser degree in the fat body of Manduca larvae (Kiely and 

Riddiford, 1985; Li and Riddiford, 1992 and 1994). They also found that there 

are several isoforms of Ins which share the same molecular sizes but are 

isoelectrically distinct as visualized on a two-dimensional gel, with an lEF 

(isoelectric focusing) gel in the first dimension and an SDS slab gel in the 

second dimension. Of these Ins isoforms there are two major isoelectric forms : 

the acidic form (Ins-a, pi 5.5) and the basic form (Ins-b, pi 5.7). Both major 

epidermal Ins forms were found in the cuticle and in storage granules of 

epidermal cells, but only the basic fomn was present in the hemolymph. It was 

also found that epidemnal synthesis of ins is positively regulated by juvenile 

hormone (JH), and negatively modulated by ecdysteroid (Riddiford et al., 

1990). Two distinct full-length cDNA clones have been isolated and shown to 
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encode the two major isoelectric forms of Ins (Li and Riddiford, 1992). Both 

cDNA clones contain a 618-bp open reading frame which predicts a 189-

amino-acid protein and a 17-amino-acid signal peptide. The deduced amino 

acid sequences from the two cDNAs are almost identical, with only a difference 

of 13 amino acids. The deduced sequence of Ins-b is also identical to that 

determined by peptide sequencing (Riley et al., 1984), with only a difference of 

three amino acids. Further genomic analyses revealed that these two Ins 

genes share the same organization patterns; both genes have four exons 

interrupted by five introns at the same positions. Moreover, the cis-regulatory 

elements such as the "TATA box" and "CAAT box" are completely conserved in 

the putative promoter regions of the two genes. All of these data support the 

assumption that the two genes are the result of gene duplication. Molecular 

developmental investigations indicated that the Ins genes are initially activated 

in the freshly hatched first instar lan/ae and then expressed during every larval 

feeding stage until they are shut off upon entering pupal stage (Li and 

Riddiford, 1994). 

In summary, Ins is thus far one of the best defined insect proteins. In 

addition to its being well characterized, Its structural simplicity and lack of 

complex ligand conjugations of lipids and carbohydrates render it an ideal 

molecule for elucidation of molecular mechanism for ligand-receptor 

interactions in insects. 
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Biology of Manduca sexta 

The hawkmoth M. sexta is a holometabolous moth from the family 

Sphingidae and the order Lepidoptera. The life cycle of M. sexta includes egg, 

larva, pupa and adult (Fig. 2). The eggs of this insect are usually oviposited on 

the underside of tobacco leaves, and sometimes on the leaves of other 

solanaceous species, e.g., tomatoes or peppers (Hoofmann et al., 1966). 

Around four days after oviposition, the eggs are hatched and the newly 

emerged larvae start to feed on plants voraciously. In order to get rid of the 

confinement of the rigid exoskeleton to its rapid growth, the animal sheds off 

the exoskeleton and synthesizes a larger one on a regular basis. M. sexta 

larvae molts four times over a period of 11-12 days. The term "instar" was 

coined to define the state between molts (Chapman, 1969) and the larvae of M. 

sexta, therefore will experience five such instars. When the animal is close to 

the end of the fifth instar, it has attained sufficient nutrients for the rest of its life, 

and is ready for a new stage of development. At the end of fifth instar, the 

larvae cease to feed, purge their guts of all contents, and wander around as if 

they were bun-owing in soil, and eventually pupate. The apparently immobile 

pupae experience radical morphological and physiological change, the so-

called metamorphosis, preparing for the next molt into adults. The pupal stage 

takes about eighteen days. In the last few days of pupal development, the 

cuticles darken and split before the adults emerge, a process called adult 

eclosion. The entire development from egg to the adult stage takes about thirty 

three-days. The adult moths in the field live on nectar for 4-5 days during which 

adults mate and eggs are laid. The female reproductive system of M. sexta 
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Figure 2 Life cycle of Manduca sexto.: animal at different developmental stages 

(clockwise): egg, first instar, second instar, third instar, fourth instar. fifth instar. 

wandering, pupal and adult. 



Q -

r 



- 3 0 -

consists of eight egg tubes or ovarioles. Each ovariole is approximately 6 cm 

long at the time of adult eclosion and consists of more than 200 follicles at 

different stages of development (Nijhout and Riddiford, 1979). With an increase 

in size and age, the smallest and youngest follicles are found at the anterior tip 

and mature eggs found at posterior tip of the ovariole. Each developing follicle 

has a rather complex structure: the outmost is a continuous basement 

membrane, which separates the follicle from the hemolymph. A monolayer of 

epithelial follicle cells is present underneath the basement membrane. This 

monolayer envelops the oocyte. At one pole of the oocyte is a special group of 

cells referred to as "nurse cells", the primary function of which is to supply the 

oocyte with ribosomal components. An extracellular matrix is present between 

individual follicle cells and between the epithelial cells and oocyte. It has been 

assumed that the nutrients from the hemolymph can freely pass through the 

basement membrane and the extracellular matrix of the follicle in order to 

reach the oocyte surface where selective uptake takes place. 

In many ways, the ease of rearing, the large size and the relatively short life 

cycle make M. sexta an ideal laboratory experimental animal. 
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Chapter 2 

Biochemical Evidence of Endocytotic Internalization 
of Insecticyanin into Developing Oocytes: Uptake 

Kinetics 

I describe in this chapter the studies providing evidence for a receptor-

mediated endocytosis of Ins into developing M. sexta oocytes. These studies 

include comparison of the concentrations of Ins in hemolymph and in mature 

eggs, the histological autoradiography of the endocytotic pathway and the 

kinetics of in vitro uptake of Ins by isolated oocytes. 
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Materials And Methods 

Animals 

M. sexta were reared as previously described (Prasad et al., 1986). two-

day-old adult female animals were the source of ovarian follicles which were 

used for the in vitro uptake. 

Chemicals and Reagents 

Ail chemicals of analytical grade were purchased from Sigma Chemical Co. 

(St. Louis) unless otherwise indicated. Na^^S] (17.4 Ci/mg, pH 12.5) was from 

DuPont-New England Nuclear (Wilmington, Del.). Sephadex G75 and 

Sephadex C50 were purchased from Pharmacia (Alameda, CA), Centricon-30 

concentrator from Amicon (Beverly, MA), lodobeads from Pierce (Rockford, IL), 

Econo-Pac desalting columns and molecular weight standards for 

electrophoresis from Bio-Rad (Hercules, CA) and Grace medium from 

GibcoBRL (Gaithersburg, MD). 

Protein Purification 

Hemolymph was first prepared from female adults by the "flushing out" 

method (Chino et al., 1987) and was centrifuged (8,000g, 10 min, 40C) in order 

to remove hemocytes. Protein purification procedure for Ins was carried out as 

previously described (Riley et al., 1984). Briefly, the hemolymph was subjected 

to ultracentrifugation in a KBr gradient (206,000 g , 16 h, 4° C), the blue portion 

in the subphase was applied to a Sephadex G75 gel permeation column. The 

blue portion of eluent was applied to this permeation column again. The 
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resulting blue fractions were diaiyzed and applied to a cation ion-exchange 

column of Sephadex C50. The eluted blue protein was found to be 

homogeneous by SDS-PAGE. Established procedures were employed to 

purify vitellogenin (Osir, etal., 1986) and lipophorin (Sharpiro and Law, 1983). 

lodination of Ins 

Ins was radioiodinated with Na^^si (17.4 Ci/mg) using lodobeads as adopted 

from Markwell (1982). The lodination procedure Is as follows: 

1. Just prior to use, the beads were washed with lodination buffer (100 mM 

PBS, pH 6.5) to remove any loose particles from the beads. The beads were 

dried on filter paper. 

2. Two beads were added to carrier-free Na'^l diluted with 100 |j.l solution 

of lodination buffer and allowed to react 5 min. 

3. Ins (20-200 [ig protein for 1 mCl) was added to the reaction vessel so that 

the reaction volume was 200 |il. The reaction was allowed to proceed for 8 min. 

4. The reaction was stopped by removing the solution from the lodobeads. 

5. Gel permeation was perfomned using a Econo-Pac desalting column to 

separate the iodinated Ins from free Na^^si, xhe lodinated Ins was concentrated 

using a Centrlcon-30 concentration unit and the specific activity of the labeled 

protein was determined using a gamma counter (Wallac 1282 High Energy 

CompuGamma CS). The incorporation efficiency ranged from 10 to 40%. 
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Quantitation of Ins Concentration in the l-lemolymph and in the Oocyte by 

the Oudin Immunodiffusion Assay 

In order to avoid the complication of the back-calculation of the true 

concentration of Ins in hemolymph and egg extracts, the animals were 

decapitated and each inverted into a centrifuge tube for collection of 

hemolymph, followed by brief centrifugation (8,000 g, 10 min) to remove 

hemocytes from the undiluted hemolymph. Similarly, without addition of buffer, 

eggs were crushed in a mortar, and subjected to centrifugation (8000 g, 15 

min). The supernatant was saved for determination of the Ins titer. An antibody 

against Ins (a gift of Dr. Ralph R. Martel, Biochemistry Department, University of 

Arizona) was used to measure the concentration of Ins in hemolymph and in 

oocytes by immunodiffusion (Oudin, 1948; Telfer and Pan, 1988). The 

immunochemical reaction was carried out in 60 x 3 mm (i.d.) glass tubes that 

had been sealed at one end by flame, and then lined with a film of agarose by 

filling with a 0.1% solution in deionized water, followed immediately by 

emptying and drying at 80° C. The anti-serum agar, which was mixed at 45° C, 

contained 1: 20 (v/v) antiserum against Ins diluted in PBS (0.1 M NaCI, 0.32 M 

KPO4, pH 7.2) containing 0.3% (w/v) agarose. Aliquots of this mixture were 

pipetted into the tubes, allowed to gel for several hours, and then overlayered 

with 0.2 ml of either hemolymph or egg extract respectively. The tubes were 

then capped with mineral oil and incubated at room temperature. Analysis of 

Ins standards of different concentration dissolved in PBS were performed in 

parallel. A single zone of precipitation was observed in all cases, and its rate of 

advance from the Interface through the antiserum-agar was expressed by the 

constant, K = h/f'2. where h is the distance (cm) traveled by a precipitation zone 
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at time t (seconds). A standard cun/e of K versus log [Ins] was plotted using a 

series of known Ins concentrations. The Ins concentrations in hemolymph and 

oocyte extracts were then estimated from the standard curve, using the K for 

each sample respectively. 

Incubation of Follicles 

Ovarioles that contained developing follicles were dissected from 2-day-old 

females in Grace's medium (pH 6.8). Under a dissecting microscope the 

muscular sheath covering the follicles was removed and follicles were 

separated into pairs, which were conveniently handled in subsequent 

maneuvers by grasping the interfollicular connective with forceps. Follicle 

lengths were measured with a micrometer. Intact follicles were rinsed with 

Grace's medium for a total of 15 min with three changes of medium to remove 

the hemolymph proteins from intercellular spaces within the follicles, and then 

transferred to a spot test plate with 22 mm i.d. x 7 mm deep wells. The plate 

was placed in a humid chamber and incubated at 25° C on a reciprocating 

shaker set fast enough to cause movements of the follicles within the wells. For 

each determination, 10 to 12 follicles were incubated in 0.1 ml of Grace's 

medium that contained labeled Ins with or without varying amounts of 

unlabeled Ins as indicated in figure legends. After incubation, the follicles were 

washed in 3 changes of Grace's medium, 5 to 10 min per wash , until no 

radioactivity in the wash solution could be detected. The morphology of the 

follicles was again examined under a dissecting microscope. Only those 

follicles with normal morphology (transparency of nurse cells at the anterior 

pole of follicles was a key indication) were chosen for determination of 
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radioactivity using a gamma counter (Wallac 1282 High Energy CompuGamma 

CS). 

Analysis of Uptake of ^^^l-lns by Autoradiography 

Follicles measuring 0.8 mm long were incubated with i25|.|ns in vitro using 

conditions as described above in the "Incubation of Follicles" experiments. The 

incubated follicles were then rinsed, crushed and centrifuged. The released 

soluble proteins were subjected to SDS-PAGE. The separated proteins were 

stained with Coomassie Blue and the gel was vacuum-dried, and then 

subjected to autoradiography to reveal the radiolabel associated with Ins. 

In order to visualize the uptake pathway of Ins by the oocytes, the follicles 

were incubated with labeled Ins for 40 min in Grace's medium as described 

above. Some of these incubated follicles, in the pulse-chase assay, were 

further incubated in a medium containing unlabeled Ins for 3 h. After 

incubation, the follicles were washed in Grace's medium twice for 10 min each. 

The follicles were then fixed in Bouin's solution, dehydrated, and embedded in 

paraffin. Sections 5 |im thick on gelatin-coated slides were overlayered with 

NTB III emulsion and exposed for two days. The slides were developed in 1:1 

D11 developer, dehydrated and mounted under coverslips with Permount 

(Kulakosky and Telfer, 1987). Photomicrographs were taken using a phase-

contrast microscope. 

Analytical Procedures 

Protein concentrations were determined spectrophotometrically using the 

BCA protein assay, with BSA (fraction V, Calbiochem, San Diego, CA) as the 
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protein standard (Smith et al., 1985). Electrophoresis (SDS-PAGE) was 

according to Laemmli (Laemmli, 1970). Gels were stained with Coomassie 

Brilliant Blue (Pierce, Rockford, IL). 

Computations 

To estimate the kinetic constants Kuptake (the half saturation value of the 

uptake mechanism) and Vmax (maximum uptake rate) in the in vitro uptake 

experiment, we used the EZ-FIT program (version 1.1, developed by Dr. Frank 

W. Perrella, Glenolden Laboratory, E. I. DuPont de Nemours & Co.), a 

regression analysis program. Molarities of Ins, lipophorin and vitellogenin were 

calculated assuming their molecular weights as follows: Ins, 88,000 (Riley et 

al., 1984; Holden et al., 1987); lipophorin, 420,000 (Shapiro et al., 1988) and 

vitellogenin, 500,000 ( Osir et al., 1986). 
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Results 

Concentrations of Ins in Oocytes and IHemolymph 

Relative amounts of Ins and other proteins in adult female hemolymph and 

oocytes were examined by comparing patterns on SDS-PAGE gels, as shown 

in Fig. 3. Equal volumes of undiluted hemolymph or undiluted egg extract were 

mixed with 2 x SDS loading buffer and applied to gels. Finished gels were 

stained with Coomassie Blue following electrophoresis. It can be seen in Fig. 3 

that the stained Ins bands are of approximately equal intensity in the lanes for 

oocyte and hemolymph , while some hemolymph proteins, for example, 

apolipophorin-lll, are present in oocytes in much smaller amounts, and others, 

e.g., vitellogenin and microvitellogenin, are much more concentrated in 

oocytes than in hemolymph. 

In order to quantitate accurately the concentrations of Ins, the 

immunochemical procedure of Oudin (Oudin, 1948; Telfer and Pan, 1988) was 

employed. The rationale of this method is that in appropriate concentration 

ranges, the K (distance traveled by the innumoprecipitation zone divided by 

the square root of traveling time in seconds) is exclusively dictated by the 

concentration of antigen, irrespective of the distance traveled. The relationship 

between the Kand log [antigen] is linear. The Oudin tests for our experiments 

indicated that the K for all samples are constant for at least 96 hours. Against a 

series of known Ins concentrations, a linear plot for K vs log [Ins] with 
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Figure 3 Comparative electrophoresis of oocyte extract and hemolymph. Lane 1: 2 

of oocyte extract, lane2: 2 |ii of hemolymph. lane 3: molecular weight markers (in kDa). 

abbreviations used: apoLp-I. II and III. apolipophorin-I. II and III: apoVg-I and II: 

apovitellogenin-I and II; mVg: microvitellogenin. 
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a correlation coefficient of 0.94 was obtained (Fig. 4) and used to determine Ins 

concentrations in hemolymph and oocytes. The results shown in Fig. 4 indicate 

that Ins content in the oocyte averaged from three determinations is 29.6 ± 0.3 

|iM, slightly higher than that for hemolymph, 25.8 ± 0.17 |iM. 

Optimization of Conditions for the in vitro Uptal<e by Oocytes 

Effects of media - I first compared the effects of lepidopteran saline (110 

mM KCl, 15 mM MgCIa, 4 mM CaCl2, 5 mM KP04. pH 6.5) and Grace's medium 

(insect cell culture medium, pH 6.8) in maintaining the optimal uptake of 

oocytes by examining the morphology of oocytes and selectivity for i25|.|ns 

after the oocytes were incubated in each solution for 2 hours. The key 

morphological indication for oocyte viability is the transparency of nurse cells at 

the anterior pole of follicles, and the presence of clear boundaries delimiting 

distinct nurse ceils. It was observed that the oocytes incubated in lepidopteran 

saline suffered a greater loss of viability than those incubated in Grace's 

medium. I then investigated if these pre-incubated oocytes still retain the 

selectivity to prevent macromolecules from diffusing into ceils. We found that 

morphologically intact oocytes still maintained selectivity for "'^si-ins: when 

these oocytes, after being incubated for 2 hours in the "cold" media, were 

briefly incubated in medium containing ""^si-ins for 15 min at 4° 0 (no 

endocytosis occurred at this temperature, see subsequent results.) followed by 

several washes, no significant radioactivity associated with oocyte ceils was 

detectable. However, oocytes with damaged morphology were found to lose 

the barrier function of the membrane, as appreciable radioactivity associated 

with oocytes could not be removed by repeated washes, indicating that the 
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radiolabeled Ins had diffused, through the lysed oocyte plasma membranes. 

Into the cytoplasm. 
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Figure 4 Oudin plot of logarithm lo of concentration vs the K of the 

corresponding band. K is calculated as the distance traveled by the band divided by the 

square root of the time. The /^(oocyte) = 10-04 and K^^,emo\ymph) = 9.8, so, the Ins 

concentration in oocyte = 2.61 + 0.026 mg/ml = 29.6 + 0.3 |j,M. and Ins concentration in 

hemolymph - 2.275 + 0.014 mg/ml = 25.8 + 0.17 |j.M. 
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Stage specificity - in vitro uptake by the oocytes was stage-specific during 

oocyte development. Follicles of different sizes were incubated with 

radiolabeled Ins at 25° C for 2 hours, and then washed and counted for 

incorporated labeled protein. Uptake of labeled Ins increased linearly as 

follicles increased in length to 0.8 mm. Follicles greater than 1 mm showed 

decreased rates of uptake. 

Time course - Results from the time course experiment (Fig. 6) revealed that 

although the in vitro uptake of i25|.|ns into oocytes could proceed up to 5 hours 

at 25° C, the number of oocytes showing poor morphology increased after 

incubation for more than 2.5 hours. We therefore performed the subsequent 

incubations for 2.5 hours. 

Temperature effects - The in vitro uptake of Ins was also proven to be 

temperature-dependent; the maximum uptake took place at 25° C, and at lower 

temperatures, the uptake was greatly reduced (Fig. 7). Though at 37° C the 

radioactive label detected was relatively high, the oocyte morphology was 

poor. 

In order to attain a high level of labeling which also reflects the real uptake 

of ''25|-ins, and meanwhile to keep reliable linearity of uptake over the entire 

incubation time, the oocytes of 0.8 mm in length were, in most experiments, 

incubated in Grace's medium at 25° C for 2.5 hours. 
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Figure 5 '^I-Ins uptake as a function of oocyte sizes. Follicles of different sizes were 

incubated with '~^I-lns (0.1 mg/ml, 10,000 cpni/|ig), at 25° C for 2.5 hours. After 

incubation, the follicles were washed in Grace's medium and the radioactivity was 

determined in a gamma counter. The results are means ̂ SD (n = 5). 



- 4 7 -

2000^ 

oocyte sizes (mm in length) 



- 4 8 -

Figure 6 '^I-Ins uptake as a function of incubation time. Follicles measuring 0.8 mm 

in length were incubated with ''^I-Ins (0.05 mg/ml, 22,000 cpm/|ig) for the indicated time 

interval. After incubation, the follicles were washed in Grace's medium and radioactivity 

was determined in a gamma counter. The results are means +^SD (n = 4). 
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Figure 7 '^I-Ins uptake as a function of temperature. Follicles measuring 0.8 mm in 

length were incubated with '^I-Ins (0.1 mg/ml. 22,000 cpm/|ag) for 2.5 h. at the indicated 

temperatures. After incubation, the follicles were washed in Grace's medium and the 

radioactivity was determined in a gamma counter. The results are means j^SD (n = 4). 
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Kinetics of the in vitro Uptake of Ins by Follicles 

It has been proposed that a receptor-mediated transport of a 

macromolecule across a cellular membrane is analogous to an enzymatic 

mechanism that fits the Michael-Menten model, with endocytosed protein being 

considered the product and the receptor representing the enzyme (Roth et ai, 

1976). The analogy of Km in this comparison is Kuptake- In our experiments the 

kinetic characteristics of uptake was studied by incubating isolated oocytes 

with increasing concentrations of Ins. Within the range of low Ins 

concentrations, the uptake rate increased very rapidly (Fig. 8). However, when 

Ins concentration increased in higher concentration ranges, the increase in 

uptake rate slowed down, and eventually plateaued (Fig. 8), exhibiting the 

typical feature of saturation seen for a saturable process. Analysis of these data 

by the EZ-FIT program yielded estimations that the value for is 4.2 [iM 

and Vfnax^s "• pmol follicle'^ h'^. The saturability of this endocytotic mechanism 

was also reflected by the competition experiment in which the in vitro uptake of 

i25|-ins by the oocytes was effectively inhibited by addition of excess unlabeled 

Ins, but not by BSA or M. sexta vitellogenin (Fig. 9). The selectivity of uptake for 

the oocytes is also supported, in an indirect way, by the result shown in Fig. 10 

in which the uptake of iodinated BSA by oocytes was not apparently altered 

even when the concentrations of iodinated BSA was significantly increased. 



Figure 8 ''^I-Ins uptake as a function of Ins concentration. Follicles measuring 0.8 

mm in length were incubated with the indicated concentrations of '~^I-Ins (LOGO 

cpm/ug) for 2.5 hours at 25° C. After incubation, the follicles were washed in Grace's 

medium and radioactivity was determined in a gamma counter. The results are means 

+ SD (n = 4). The data were analyzed using a robust regression program (EZ-FIT). 

Estimates of the V^uptake ^ind '^max in dais experiment were 4.2 (iM and I 

pmol/follicle/h. respectively. 
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Figure 9 Competition of *^I-Ins uptalce by unlabeled Ins, vitellogenin (Vg) and 

BSA. Follicles measuring 0.8 mm in length were incubated with '"^I-Ins (0.5 mg/ml, 

5.500 cpm/|ig) in the presence of various amounts of one of the unlabeled proteins, at 25° 

C for 2.5 hours. After incubation, the follicles were washed in Grace's medium and 

radioactivity was determined in a gamma counter. The results are means j^SD (n = 4). 
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Figure 10 '^I-BSA uptake by oocyte. Follicles measuring 0.8 mm in length were 

incubated with increasing amounts of '"^I-BSA (5.000 cpm/|ag) for 90 min at 25° C, in 

the presence (triangle) or absence (circle) of 75-foId excess of unlabeled BSA. After 

incubation, the follicles were washed in Grace's medium and the radioactivity was 

determined in a gamma counter. The results are means + SD (n = 3). 
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In order to confirm the uptake of i25|_||-,s into the oocytes, rather than non

specific association with membrane component(s), the oocytes which had 

been incubated with ""ssi-ins were washed, crushed and centrifuged to 

separate oocyte plasma membranes from the soluble cytoplasmic proteins in 

the supernatant. The soluble proteins were subjected to SDS-PAGE. The 

autoradiographic analysis of the SDS gel showed that the radioactive material 

found inside oocytes, which comigrated with authentic Ins, represented actual 

uptake of protein (Fig. 11). The results in Fig. 11 also revealed that the i25|-|ns 

uptake into the oocytes was competitively inhibited by its unlabeled 

counterpart. 

Autoradiographic Study of Ins uptal<e by Follicle 

Developing follicles were incubated with ^25|.|ng_ fjxed, sectioned and 

prepared for autoradiography. Fig. 12 shows the autoradiograms of the pulse-

chase experiments. In sections from follicles incubated briefly with labeled Ins 

(Fig. 12 A), silver grains were mostly located over the oocyte cortex, which is 

known to contain large amounts of ciathrin-coated vesicles, endosomes and 

small yolk spheres (van Antwerpen et al., 1993). Following a chase with 

unlabeled Ins, however, silver grains were largely concentrated over larger 

yolk spheres (Fig. 12 B). In both cases, few silver grains were seen over the 

follicular epithelium, the nurse cells, or the yolk spheres located deeper in the 

oocyte. There is a negligible background of silver grains over the oocyte 

cytoplasm, the extracellular matrix and the basement membrane of the 

follicular epithelium. 
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Figure 11 Autoradiography of '^I-Ins before and after uptake into oocytes. Follicles 

measuring 0.8 mm in length were incubated with '^^I-Ins (0.5 mg/ml, 750,000 cpm/|ag) 

for 2.5 hours at 25° C, in the presence or absence of 20-fold excess of unlabeled Ins. After 

incubation, the follicles were washed in Grace's medium (3 x), crushed and subjected to 

SDS-PAGE. followed by autoradiography. Lanes 1-3: SDS-PAGE gel with Coomasie 

staining and lane 4-6: autoradiograph of the same gel. Lanes I and 4: incubation with *"^1-

1ns only; lanes 2 and 5: incubation with both '"^1-Ins and unlabeled Ins; lanes 3 and 6: 

pure '"^1-lns (2 ^g, 220.000 cpni/|ig). 
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Figure 12 Histological autoradiography of endocytotic pathway of FC: 

follicular cells; NC: nurse cells; BY: yolk body. (A) Follicles measuring 0.8 mm in length 

were incubated with '"^I-Ins (0.1 mg/ml, 10,000 cpm/jag) for 45 min at 25° C. then fixed, 

sectioned and exposed as described in the "'Materials and Methods". Autoradiograms 

were exposed for 2 days. The arrows indicate that many coated vesicles are localized in 

the cortex region of the oocyte. (B) Follicles were first incubated as described in (A) and 

then chased in Grace's medium containing unlabeled Ins (I mg/ml) for 3 hours, and 

processed as described in (A). The arrows indicate that the sequestered Ins has been 

transported into yolk bodies which are distributed in the subcortex region in cytoplasm. 

(1600 x). 
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Discussion 

Two routes may account for the entrance of extraovarian proteins into cells: 

fluid-phase engulfment (pinocytosis), which is a nonspecific process, and 

receptor-mediated endocytosis which is specific and selective, and thought to 

be responsible for internalization of most functionally important 

macromolecules. One major point of the study of endocytosis is to distinguish 

between the two mechanisms. In vitro uptake of insect hemolymph proteins by 

isolated oocytes or follicles has been used to demonstrate the existence of a 

membrane-associated receptor for several insects: A. aegypti, S. gregaria, H. 

ceropia, L migratoria, M. sexta, N. cinerea and R. prolixus (for a review, see 

Raikhel and Dhadialla, 1992). The Ins concentrations in eggs (29.6 p.M) is 

slightly higher than that in hemolymph (25.8 |iM), which excludes the possibility 

that this protein enters the oocytes via nonspecific fluid-phase engulfment 

since the simple fluid-phase engulfment could not account for such an 

accumulation of Ins in the eggs. Using an in vitro uptake system, Telfer and 

Pan (1988) quantitated the uptake of several H. cecropia yolk proteins 

contributed by both fluid-mediated engulfment and receptor-mediated 

endocytosis. They demonstrated the fluid-mediated engulfment accounted for 

only 1% to 15% of the total internalization of these yolk proteins. As a negative 

control we measured the uptake of "'25|.bsa which, like Ins, is a globular 

protein and shares similar molecular mass to Ins. In our case the maximal 

uptake of Ins was about 10 times as high as that for the non-oocyte protein, 

BSA, while both proteins had the same concentration in the Incubation medium 

(Fig. 8 and Fig. 10). 
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One common feature for receptor-mediated endocytosis is tfiat the uptake 

mechanisms can be saturated by high concentrations of ligands in the medium. 

Another criterion for this endocytosis is that the uptake should be highly 

selective: only the ligand protein matched to a specific receptor can be 

significantly internalized into cells. Moreover, like an enzymatic reaction, an 

effective endocytosis depends on optimization of all parameters of the reaction 

mixtures. 

We established incubation conditions for Ins which maintains the essential 

features of the endocytotic apparatus of isolated follicles for 2.5 hours. The 

accumulation of Ins in developing oocytes varies with the sizes of oocytes: the 

uptake starts at the onset of the oocyte development and increases rapidly until 

the oocytes reach the size of 0.8 mm in length. After that, uptake gradually 

decreases: when the oocyte size reaches 1.4 mm, the uptake is barely 

detectable. The conspicuous stage-specificity of uptake by oocytes was also 

documented for the uptake of vitellogenin, the major yolk protein of M. sexta 

(Osir and Law, 1986), and for other yolk precursors of H. cecropia (Kulakosky 

and Telfer, 1987). These observations contrast with the in vitro study by 

Rohrkasten and Ferenz (1985), who found that L. migratoria follicles continue 

to endocytose vitellogenin even after choriogenesis has begun. These 

discrepancies may reflect phylogenetic variation, rather than technical 

differences. 

The saturability of Ins uptake is reflected by two facts: insensitivity of uptake 

rate to the Ins concentration in the high range, and more importantly, the 

competitive inhibition of uptake of iodinated Ins by its unlabeled counterpart. 
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These are critical standards in distinguishing between selective uptake and 

nonspecific engulfment. It is interesting that when very low concentration of 

unlabeled Ins was added to the incubation nnedium, the uptake of radioactive 

label was even slightly higher (Fig. 9). One explanation is that the presence of 

very low concentration of unlabeled Ins may have a general stimulatory effect 

in activating the endocytotic machinery, and at this point there is an excess of 

binding sites for Ins, and the competition between labeled and unlabeled Ins 

for binding sites is not keen. When the concentration of unlabeled Ins was 

increased to a certain extent it occupied most of the binding sites, thus 

reducing the binding by labeled Ins. 

The kinetic parameters Kuptake and Vmax are good Indexes for the saturation 

state of the uptake mechanism in vivo. The Kuptake for Ins (4.2 |iM) is much 

below the Ins concentration in hemolymph (25.8 jiM), which means that in 

animals the uptake mechanism for Ins is saturated and therefore is insensitive 

to small concentration changes of Ins. In other words, the hemolymph Ins 

concentration guarantees its maximal uptake, and the control of uptake rate 

may be mediated by receptor number or/and receptor recycling turnover, but 

not by the hemolymph concentration of ligand. Here is given a calculation for 

the deposition of Ins into the eggs. The volume of an oocyte of 0.8 mm in length 

is calculated as 2.68 x 10'"^ L (4/3 x 7t x r^) and each oocyte thus contains 8 

pmol of Ins (2.68 x 10*^ L x 29.6 |iM). According to the Vmax (1 

pmol/follicle/hour), one oocyte (assuming 48 hours of development) should 

have accumulated 48 pmol of Ins (1 pmol/follicle/hour x 48 hours). There 

seems to be a big discrepancy between the detected (8 pmol) and calculated 

(48) Ins contents in an oocyte. However, considering that before the oocytes 
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reached 0.8 mm in length, their uptake rates must have been far below the 

Vmax, the 8 pmol is a fairly reasonable value. 

The multicellular feature of insect follicles sometimes complicates the 

characterization of selective uptake by oocytes. Anderson and Telfer (1970) 

found that the matrix surrounding the follicle cells of H. cecropia traps 

hemolymph proteins at concentrations several-fold higher than they occur in 

the extrafollicular medium. This concentrating effect of the matrix may be 

caused by the sulfated proteoglycans. Furthermore, unless convincing 

evidence is obtained, it is premature to exclude possibly significant 

internalization of hemolymph proteins into epithelial follicular cells and nurse 

cells. An effective way to solve this problem is to locate histologically a labeled 

ligand of interest. In this study the auto radiograms (Fig. 12) of follicles 

incubated with i25.|ns confirm the accumulation of Ins by an endocytotic 

pathway and its transfer into yolk spheres, and rule out any significant 

adsorption of i25.(ns to extracellular matrix or accumulation in cells other than 

the oocytes. 

A final concern in receptor-mediated uptake is the integrity of the 

endocytosed ligand. It is known that there are minor structural differences 

between the endocytosed form, vitellin, and its precursor vitellogenin in both M. 

sexta (Osir et ai, 1986) and Locusta (Rohrkasten A and Ferenz, 1985), which 

was reflected by the difference in their electrophoretic mobilities. In our study, 

however, the endocytosed i25|.||-,s comigrated with the hemolymph form (Fig. 

11), indicating that the endocytosed Ins does not undergo any modification. 

These observations reveal a significant difference between oocyte and somatic 
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cell systems in that the endocytosed proteins are stored intact in oocytes, not 

degraded immediately in lysosomes of somatic cells, as in the case for LDL 

(Goldstein et al, 1985). 
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Chapter 3 

Binding Assays of Insecticyanin 

The question of whether a receptor system is involved in the incorporation 

of a specific insect protein is usually investigated at three sequential levels: (i) 

in vitro uptake by isolated oocytes or follicles; (ii) isolation of oocyte 

membranes and study of their ability to specifically bind the iigand; and (iii) 

solubilization of oocyte membranes for the isolation and purification of the 

receptor. In the previous chapter, using the in vitro uptake system, we gathered 

preliminary evidence for the presence of a receptor for Ins in the oocytes. In 

order to characterize further this receptor as a membrane-bound protein with 

high specificity and affinity towards Ins, we undertook binding assays using 

crude oocyte membranes. Moreover, as a first step in receptor purification, the 

receptor should be separated from the biological membrane. The receptor, 

separated from biological membranes into detergent micelles, may maintain its 

biological activity, and thus can also be studied as a unique biochemical entity. 

In this chapter, we report the approaches to characterize further the Ins 

receptor by using both isolated oocyte membrane fragments and solubilized 

oocyte membrane proteins. 
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Materials And Methods 

In addition to the materials used in Chapter 2, detergents CHAPS (3-[(3-

cholamidopropyl)-dimethylaminoniol]-1-propane sulfonate), Triton X-100 and 

octyl-p-glucoside (OG) were purchased from Sigma, a polyvinylidene fluoride 

membrane filter with a pore size of 0.22 [im (GVWP 02500) was from Miliipore 

(Bedford, MA). 

The experimental procedures for protein purification, radioiodination of 

protein and protein analysis were as described in Chapter 2. 

Binding Buffer. 20 mM MES, 150 mM NaCI, 5 mM CaCIa, 5 mg/ml BSA, pH 

6.8 

Preparation of Follicle Membranes 

Typically, each batch of membranes was derived from more than 100 

follicles. After dissection and counting, the follicles were stored frozen at -80° C 

until use. All operations were performed at 4oC. The thawed follicles were first 

punctured to release the contents of the oocytes, and membranes were 

washed several times with cold binding buffer to remove any adhering cellular 

contents. The membranes were homogenized using a 15-ml glass 

homogenizer (15 strokes each of pestle A and B). The homogenate was 

centrifuged at 12,000 g for 30 min at 4° C. The pellet was resuspended and 

washed in binding buffer twice more. After the final centrifugation, the 

membranes were suspended in binding buffer so that the protein concentration 

was approximately 5 mg/ml. In order to obtain uniform membrane fragments. 
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the preparation was sonicated briefly on ice with a sonifier cell disrupter (model 

200, Branson Sonic Power Company, Danbury, Ct) using a microprobe at 

setting 6 for 8 seconds. Only freshly prepared follicle membranes were used for 

the binding experiments. 

Solubilization of membrane proteins by detergent 

Preliminary experiments were carried out to determine the solubilizing 

capacities of different detergents, Triton X-100, octyl-p-D-glucoside and 

CHAPS and the optimal concentration of the chosen detergent, based on the 

protein recoveries. While the differences between the detergents in the 

solubilization of membranes were not significant, 40 mM of CHAPS gave 

slightly higher membrane protein yield than 15 mM and 25 mM (Fig. 13). 

Therefore 40 mM CHAPS was used for subsequent solubilizations of 

membrane proteins in this study. 

For solubilization, the oocyte membranes were adjusted to a protein 

concentration of 5 mg/ml with lepidopteran saline. CHAPS (1 M) dissolved in 

the same buffer was added to a final concentration of 40 mM. The suspension 

was kept on ice for 1 hour with occasional vortexing, then diluted to 15 mM 

CHAPS using lepidopteran saline, followed by centrlfugation at 100,000 g for 1 

hour at 4° C. The supernatant containing solubilized proteins was adjusted to 5 

mM CHAPS, and was brought to a minimum volume using a Centricon-30 

concentrator unit. The proteins were aliquoted and stored at -80° C. The 

solubilization of membrane proteins from fat body, midgut and ovariole sheath 

of M. sexta were perfonned in the same way. 
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Binding of ^^^l-lns to Follicle Membrane Proteins 

All binding assays were performed in polyethylene Eppendorf tubes (0.5 

ml). The binding conditions varied with experiments for different purposes and 

have been detailed in the figure legends. Typically each reaction mixture 

consisted of 70 (il binding buffer, indicated amounts of membrane preparation 

and i25|.|ns, or other proteins as stated in the appropriate figure legends. 

Nonspecific binding was detennined by carrying out the binding assay in the 

presence of an excess of unlabeled Ins. Each experiment consisted of three 

determinations. After 90 min of incubation at 4° C, 300 |il binding buffer was 

added to the reaction mixture and the mixtures were centrifuged (10,000 g, 10 

min) in a microcentrifuge. The supernatant solutions were removed cautiously, 

with a fine tip Pasteur pipette and the pellets were washed 4 times with 200 }il 

binding buffer each, without disrupting the pellet. The tubes were then placed 

into counting vials and the bound radioactivity was measured using a gamma 

counter. The specific binding was calculated as the difference between total 

and nonspecific binding. To test the ability of two other major hemolymph 

proteins, vitellogenin and lipophorin to compete with i25|.|ns for binding to the 

membranes, an excess of each of the unlabeled proteins was added to the 

incubation. Tissue specificity for Ins binding was assayed by incubation of 

Ins with membrane preparations from oocytes, fat body or midgut respectively. 

The assays for binding of i25|.|ns to solubilized membrane proteins were 

performed basically the same as was done for the crude membranes above. A 

typical incubation mixture consisted of 100 (il binding buffer, indicated amounts 

of solubilized membrane proteins, i25i.|r,s, or other proteins as indicated in the 
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figure legends. Non-specific binding was determined by carrying out the 

binding assay in the presence of an excess of unlabeled Ins in a parallel 

incubation. Each experiment consisted of three determinations. After 

incubation, the volume of each incubation was brought to 1 ml by adding cold 

binding buffer. The diluted incubation mixtures were then transferred onto 

poly(vinylidene fluoride) membrane filters with a pore size of 0.22 ^im, which 

had been pre-incubated overnight at 4° C with the binding buffer 

supplemented with 0.01% Ins to minimize non-specific binding of ""ssi-ins to 

filters. Each filter was washed 6 times using cold binding buffer, 1 ml per wash. 

The washed filters were briefly air-dried and placed into a plastic counting vial 

for measuring the radioactivity remaining on the filters. The assays for the 

competitive binding of vitellogenin and lipophorin with Ins, and tissue-

specificity of Ins binding were performed in a way similar to that described for 

crude membranes, except that solubiiized proteins were substituted for 

membranes. 

Computations 

The dissociation constant, (ligand concentration at which receptor is half-

saturated) and Bm (maximum binding site per follicle) for the crude membranes 

were estimated using the EZ-FIT program (version 1.1, developed by Dr. Frank 

W. Perrella, Glenolden Laboratory, E. I. DuPont de Nemours & Co.). The K(j 

and Bm (maximum specific binding/mg protein) for solubiiized proteins were 

obtained by fitting saturation binding curves using the built-in equations from 

the software GraphPad PrismTM (1994, GraphPad Software, Inc., San Diego). 
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Molarities of proteins used in this study were calculated as described in 

Chapter 2. 
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Result 

Solubilization of membrane proteins 

While numerous detergents have been available to solubilize eukaryotic 

cell membranes, it is an empirical practice to choose the proper detergent for 

optimal solubilization of a specific membrane protein. Experiments were 

initiated to compare the solubillzing capacities of three detergents, Triton X-

100, octyi-p-D-glucoside and CHAPS and the optimal concentration of the 

chosen detergent. The results showed that 40 mM of CHAPS gave slightly 

higher membrane protein yields than other treatments (Fig. 13). 

The results of binding assays for both crude membranes and solubilized 

proteins are very similar, and therefore are presented in parallel. 

Time course of ^^^l-lns binding to its receptor 

Like the interaction between an enzyme and its substrate, the ligand-

receptor binding is a dynamic process during which association and 

dissociation of ligand-receptor complex concomitantly proceed, and time is 

required for this process to reach equilibrium. Equal amounts of crude 

membranes or solubilized proteins were incubated with a fixed amount of 

Ins for various times. The results shown in Fig. 14 indicate that binding of Ins to 

its receptor, in both crude membranes and in a solubilized state, increased 

rapidly during the first 40 min and reached quilibrium in about 90 min. The non

specific binding, determined by including an excess of unlabeled Ins in a 
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parallel incubation, as with i25|_|ns alone, did not increase significantly over the 

same period. 
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Figure 13 Comparison of three detergents for their effects in solubilization of oocyte 

membranes. 040: OG (40 rtiM); Tl: Triton X-100 (1%, v/v); C40: CHAPS (40 niM); 

C20: CHAPS (25 mM); C5: CHAPS (15 mM). The relative value of protein yield for 40 

mM CHAPS is 100. 
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Figure 14 ''^I-Ins binding as a function of incubation time. Binding of '"^I-Ins to 

crude oocyte membrane: in each tube, 2 |ig of membranes and 1 jag of '"^I-Ins 

(700.000 cpm/|ig) were incubated in binding buffer, pH 7. at 4° C for the indicated 

time interval. Binding of '"^I-Ins to solubilized oocyte membrane protein; in each 

tube. 2 jag of solubilized membrane proteins and 2 |ag '"^I-Ins (900,000 cpm/|j.g) were 

incubated in binding buffer, pH 7, at 4° C for indicated time intervals. In both cases 

non-specific binding was determined by including a 75-fold excess of unlabeled Ins in 

a parallel incubations. The specific binding was calculated as the difference between 

the total and non-specific binding. The circles represent specific binding and triangles 

represent non-specific binding. The data points are the means + SD (n = 3). 
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Ca^-^-dependence of ^^^l-lns binding to its receptor 

It has been demonstrated that divalent cations, especially Ca2+ may have 

profound effects on receptor-ligand interactions. Thus efforts were taken to 

determine if Ca2+ is a requirement for optimal binding of Ins to its receptor. In 

our studies using crude membranes and solubilized proteins, the specific 

binding was apparently enhanced by increasing Ca2+ concentration up to 5 

mM (Fig. 15). 

pH-dependence of ^^Sj-ins binding to its receptor 

In order to determine the optimal pH for binding of Ins to its receptor, 

binding assays were carried out at different pH values ranging from pH 5 to 9. 

Under our experimental conditions, a pH optimum of 6.5 to 7.2 was obtained 

for both crude membranes and solubilized proteins (Fig. 16). 

Heat-lability of ^^^l-lns receptor 

When crude membranes or solubilized proteins were heated at 80° C for 15 

min prior to incubation with Ins, the specific binding capacity of Ins was greatly 

diminished (Fig. 17). 
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Figure 15. Effects of Ca'^ oo '^I-Ins binding to its receptor Binding of '~^I-Ins to 

crude oocyte membrane: In each tube, 2 jig of membranes and I |ag of '"^I-Ins (700,000 

cpm/|ag) were incubated in binding buffer (pH 7) at 4° C for 90 min, with addition of the 

indicated concentrations of Ca"^. Binding of '"^I-Ins to soiubilized oocyte membrane 

protein: in each tube. 2 fig of soiubilized membrane proteins and 2 jig '"^I-Ins (900,000 

cpm/fig) were incubated in binding buffer at 4° C for 90 min. with addition of the 

indicated amount of Ca"^. The results are the means + SD (n = 3). When 0 mM was used, 

the incubation was supplemented with 5 mM EGTA. 
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Figure 16 Effects of pH on '^I-Ins binding to its receptor. Binding of *"^I-Ins to crude 

oocyte membranes: In each tube, 2 |ig of membranes and I |ig of '"^I-Ins (700,000 

cpm/ug) were incubated in binding buffer at 4° C for 90 min. under different pH values 

which were varied using a 20 mM MES-Tris buffer system. Non-specific binding was 

determined by including a 75-fold excess of unlabeled Ins in parallel incubations. 

Binding of '"^I-Ins to solubilized oocyte membrane proteins was performed as described 

for the membrane binding assay above, except for that in each tube. 2 |ig of solubilized 

membrane proteins and 2 |ig '"^I-Ins (900,000 cpm/|ig) were used. The results are the 

means + SD (n = 3). 
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Figure 17 Heat-iability of '^I-Ins binding to its receptor. Binding of '"^I-Ins to crude 

oocyte membranes: In each mbe. 2 i^g of membranes and 1 |ag of '^^I-Ins (700,000 

cpm/|ig) were incubated in binding buffer at 4° C for 90 min, with or without 

pretreatment of membranes at 80" C for 15 min. Binding of '"^I-Ins to solubiiized oocyte 

membrane proteins was performed as described for the membrane binding assay above, 

except for that in each tube, 2 }j.g of solubiiized membrane proteins and 2 |j.g '"^I-Ins 

(900,000 cpm/|ag) were used. The results are the means + SD (n = 3). 
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Concentration-dependent binding of ^^^l-lns to its receptor 

An important criterion for demonstrating receptor binding is that this binding 

should be saturable with increasing concentrations of the ligand. Fixed 

amounts of crude oocyte membranes or solubilized proteins were incubated 

with increasing concentrations of radiolabeled Ins under equilibrium conditions 

(at 4° C, pH 7, 5 mM Ca2+, 90 min). The results shown in Fig. 18 demonstrate 

that the specific binding of the labeled Ins showed saturability, while non

specific binding increased slowly in a linear fashion. These results strongly 

suggest the presence of a finite number of specific binding sites for Ins on the 

oocyte membranes. Analysis of these data for crude membranes by the EZ-FIT 

program yielded estimations of the values for the equilibrium dissociation 

constant, Kd as 40 nM, as well as the maximum binding Bm as 1.6 pmoi/mg 

membrane. The apparent Kd and the Bm for solubilized proteins, given by 

saturation curve fitting, were 17 nM and 11.4 pmol/mg solubilized protein, 

respectively. The results were very close to those estimated from a Scatchard 

plot (Scatchard, 1949), as shown in Fig. 18 (inset). On the other hand, when a 

fixed amount of ""^si-ins was incubated with increasing amounts of membrane 

proteins, the specific binding increased linearly (Fig. 19). 
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Figure 18 '"^I-Ins binding as a function of Ins concentration. (A) '~'I-Ins binding to 

crude membranes. In each tube, a fixed amount of membranes derived firom 20 follicles 

was incubated with varying amounts of '"^I-Ins (17.5 x 10^ cpm/fig). After incubation (90 

min, 4° C) and washing, bound Ins was determined in a gamma counter. Nonspecific 

binding was determined by including an 80-fold excess of unlabeled Ins, and the specific 

binding was calculated as the difference between total and nonspecific binding. The data 

points are the means + SD (n = 3). (B) '~^I-Ins binding to solubilized oocyte membrane 

proteins. In each tube. 2 p-g solubilized membrane proteins and increasing amounts of '"^I-

Ins were processed as in (A). Squares represent specific binding and triangles represent 

nonspecific binding. 

The curves for specific binding represent the equation: bound Ins = x [free Ins / {Kd + 

free Ins)] where is the equilibrium dissociation constant and Bm stands for maximum 

specific binding. The inset is a Scatchard plot of the specific binding data. 
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Figure 19 '~^I-Ins binding as a function of membrane protein concentration. (A) '~^I-Ins 

binding to crude membranes. In each tube, a fixed amount of '"^I-Ins (12 |J.g/ml, 6,300 cpm/|ig) 

was incubated with varying amounts of membranes from the indicated numbers of oocytes. 

After incubation (90 min, 4° C) and washing, bound Ins was determined in a gamma counter. 

The data points are the means + SD (n = 3). (B) 0.2 |ag of '""I-Ins (900,000 cpm/[ig) and the 

indicated amounts of solubilized membrane proteins were processed as described in (A). 
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Competition of binding by vitellogenin and lipophorin 

Competition between Ins and other hemolymph proteins, vitellogenin and 

lipophorin, that are also taken up by the developing oocytes via membrane-

associated receptors (Osir and Law, 1986; Kawooya et al., 1988), was 

examined by incubating membranes or solubilized proteins with radioactively 

labeled Ins in the presence of excess of unlabeled vitellogenin or lipophorin. 

The results shown in Fig. 20 indicated that these two major hemolymph 

proteins had no apparent binding affinity for the Ins receptor. 

Tissue specificity of ''^^l-lns binding 

In order to test the tissue specificity of Ins receptor, crude membranes or 

solubilized proteins from other tissues of M. sexta, fat body, midgut or ovariole 

were tested for their affinity for ••25|-ins. As shown in Fig. 21, these preparations 

showed no significant specific binding affinity for Ins. 
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Figure 20 Competition of '^I-Ins and unlabeled hemolymph proteins for 

binding to Ins receptor. (A) Crude membrane assay: Crude membranes from 10 

follicles were incubated (4° C, 90 min) with '"^I-Ins (10 |ag/ml, 63 x 10' cpm/|ig), in 

the presence of increasing amounts of each of the unlabeled proteins. The results 

were means + SD (n = 3). (B) Solubilized proteins assay: 2 |ag solubilized membrane 

proteins and 0.2 ^g '"^I-Ins (900,000 cpm/|ig) were incubated in the presence of 20 

ixg of one of the unlabeled proteins as indicated, at 4° C for 90 min. The data points 

are the means + SD (n = 3). Cont: control, without addition of unlabeled protein. Vg: 

vitellogenin, Lp: lipophorin. 
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Figure 21 Tissue specificity of '^I-Ins binding to its receptor. (A) Assay for crude 

membranes. 100 (a.g of each membranes from oocytes, fat bodies and midguts were incubated, 

respectively, with '"^I-Ins (10 ^g/ml, 63 x 10^ cpm/|ig) at 4° C for 90 min. Results were means 

+ SD (n = 3). (B) Assay for solubilized proteins. 2 (ig '^I-lns (900,000 cpra/|ig) was incubated 

with 2 |ig of the solubilized membrane proteins from different tissues of M sexta as indicated 

at 4*^ C for 90 min. The data are the means + SD (n = 3). Ot: oocyte, Fb: fat body, Mt: midgut, 

Os: ovariole sheath. 
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Discussion 

The initial event in a receptor mediated endocytosis is thought to be binding 

of ligand to a specific oocyte surface protein or receptor. There is, therefore, 

great interest in identifying and purifying receptor species and in studying their 

interactions with ligand proteins and other possible membrane components in 

a controlled way. 

Every approach to the purification of a membrane-bound protein 

unavoidably begins with solubilization of the membranes. Effective 

solubilization of membrane proteins is dictated by both the selection of a 

detergent and appropriate solubilization conditions. The primary consideration 

for the selection of a detergent is its solubilizing efficiency and stability to 

preserve the protein in the desired structural or functional state. Unfortunately, 

so far there has not been a general rule to follow in deciding the compatibility 

between a detergent and a protein to be solubilized; the task of finding the 

suitable detergent for a particular application is usually accomplished by trial 

and error process. Solubilization of insect membrane receptors has been 

accomplished for insects L. migratoria (Rohrkasten et ai, 1989), Blatella 

germanica (Konig et al., 1988), N. cinerea (Indrasith ef a/., 1990) M. sexta 

(Tsuchida and Wells, 1990) and A. aegypti (Sappington et al., 1995). The 

detergents used for solubilization of these receptors include two nonionic 

detergents, Triton X-100 and octyl-|3-D-glucoside (OG), and one zwiterionic 

detergent, 3-[(3-cholamidopropyl)-dimethylaminoniol]-1 -propane sulfonate 

(CHAPS). The effects of these detergents in solubilizing membranes of the 

above insects varied with different species. In my case all three detergents 
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were examined for tiieir capacity to solubilize oocyte membranes of M. sexta. 

CHAPS was found to the best reagent for our purpose. In addition to its slightly 

higher efficiency of solubilization of the oocyte membranes, it has two added 

advantages over other two detergents (Neugebauer, 1990) for my subsequent 

experiments. First of all, CHAPS does not interfere with UV monitoring at 280 

nm as it lacks aromatic groups. Secondly, CHAPS does not precipitate with 

divalent cations such as Ca2+ which is critical to the fomriation of the ligand-

receptor complex. 

The identity of specific ligand-receptor interactions is established by several 

criteria: certain time is required for this process to reach a dynamic equilibrium, 

the specific binding is tissue-specific, ligand-selective, saturable with 

increasing ligand concentrations, and in addition, sensitive to alterations in 

temperature, pH and certain divalent cations. 

In this study, the crude oocyte membranes and the solubilized Ins receptor 

exhibited the common features shared by the insect receptors so far identified. 

Binding of Ins to its receptor increased over time as a second-order reaction, 

reaching equilibrium in 90 min, which basically differed from the linear mode of 

non-specific binding. This binding depended on the pH, with optimal pH in 

proximity to 7.0 which is close to the pH of hemolymph of adult M. sexta. 

Increasing Ca2+ from 0 to 5 mM enhanced the specific binding of Ins to its 

receptor, suggesting that this cation is important to the ligand-receptor complex 

formation. The same Ca2+ requirement was also demonstrated for the binding 

of M. sexta vitellogenin to its crude oocyte membranes (Osir and Law, 1986). 

The requirement for Ca2+ suggests that the mechanism of binding of ligand 
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proteins to their membrane receptors in insects is similar to that of LDL 

(Goldstein et a!., 1985). It is not yet clear how Ca2+ affects the interaction 

between a receptor and its ligand. Heating of the membranes or solubiiized 

proteins abolished binding of Ins, indicating that the receptor is a protein. 

It has been reported that in H. cecropia the same receptor that is 

responsible for vitellogenin uptake may also bind some form of the major 

hemoiymph lipoprotein, lipophorin (Kulakosky and Telfer, 1990). The similar 

phenomenon was also obsen/ed in M. sexta (Van Antwerpen and Law, 

unpublished). The endocytotic pathway of several proteins including 

vitellogenin and lipophorin in M. sexta has been reported (Van Antwerpen et 

al., 1993). Therefore it is necessary to investigate if the endocytosis of Ins 

shares a common mechanism with vitellogenin or lipophorin. Our results (Fig. 

20) indicated that the endocytotic receptor for Ins was distinct from that for 

vitellogenin or lipophorin, as the binding of Ins to its receptor was not affected 

by the presence of excess vitellogenin or lipophorin of M. sexta. 

The Ins-receptor interactions also exhibited explicit tissue specificity: a 

significant amount of i25|.|ns was only bound to membrane proteins from 

developing oocytes, not to proteins from fat body, midgut or ovariole sheath of 

M. sexta. 

Data from the Scatchard plot of the ligand concentration-dependent 

saturation curves demonstrated the presence of a saturable, single class of 

binding site on the M. sexta oocyte membranes. While so far the cockroach N. 

cinerea is the only insect for which the existence of two separate binding sites 

for vitellogenin have been reported (Konig et al., 1988), other research 
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indlcated this might be an artifact (Raikhel, unpublished). The dissociation 

constant nM derived with solubilized proteins was lower than 40 nM by 

crude membrane extracts. We postulate that the removal of non-specific Ins 

binding sites by the solubilization process may account for, at least in part, this 

lower Kd value. Actually, the phenomenon that an increase in relative purity of 

receptor proteins was associated with a decrease in K'c^ value has been 

reported for the vitellogenin receptors of several insect species (Table 1). 

In summary we have solubilized the M. sexta oocyte receptor for Ins and 

characterized its properties. The knowledge obtained from these studies may 

help us to understand better how Ins gains entry into the oocytes, it may also 

help us to design methods for purification of this receptor. 
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Table 1 A summary of insect receptors studied for their 
dissociation constants (Kj) and apparent molecular weights 
(Mr) 

Kd (nM) 
Insect Tissue Crude 

membrane 
Solubilized *Mr 

(kDa) 
Ligand Refere 

A. aegypti Ovary 180 30 205 vitellogenin I 

B. germanica Follicle 79 vitellogenin n 

L niigratoria Follicle 109 42 156 vitellogenin II 

M. sexta Follicle 13 vitellogenin II 

M. sexta Follicle 40 17 185 insecticyanin m 

M. sexta Fat body 41 120 lipophorin IV 

N. cinerea Follicle 490 200 vitellogenin n 

S. gregaria Follicle 100 72 186 vitellogeni V 

*A11 apparent molecular masses were determined using non-reducing SDS-PAGE except 

insecticyanin which was visualized by reducing SDS-PAGE as reported in this study. 

I. Sappington et al., 1995. 

II. Raikhel and Dhadialla, 1992. 

m. Kang et al., 1995 and this study. 

rV. Tsuchida and Wells, 1990. 

V. Hafer and Ferenz, 1994. 
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Chapter 4 

Visualization of the Ins receptor 

An important aspect of receptor research is visualization of receptor 

proteins by immunoblotting or ligand blotting. The information acquired may 

reveal the molecular size and possible higher-order structures of receptors, 

which is useful for designing methods for the purification and molecular cloning 

of receptors. Visualization of insect receptors has been pursued by ligand 

blotting which was first described by Daniel et al. (1983) for the identification of 

LDL receptors. So far, four vitellogenin receptors of insects, L. migratoria, S. 

gregaria, N. cinerea, and A. aegypti, and one lipophorin receptor from M. sexta 

fat body, have been visualized using the ligand blotting technique (Table 1). 

This chapter deals with the visualization of the Ins receptor. Since repeated 

attempts to visualize the receptor for Ins by ligand blotting have failed, we 

resorted to two other techniques: co-immunoprecipitation and chemical 

crosslinking, which have proven to be successful in studies on receptors from 

species other than insects. Co-immunoprecipitation exploits the binding affinity 

between two distinct proteins and the affinity of one of the proteins for its 

antibody. A revolutionary advance in immunobiochemistry which makes 

specific immunoprecipitation feasible is the discovery of Protein A. The most 

important feature of Protein A is its highly specific affinity for the Fc fragment of 

IgG, irrespective of what antigen an IgG is raised against (Kessler, 1975). 
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In order to obtain further information about formation of ins-receptor 

complex, the chemical crosslinking strategy was introduced in my study of the 

Ins receptor. A chemical crosslinker is generally a bifunctional reagent which 

retains two separate reactive groups. The crosslinkers are valuable tools for 

researchers who study near-neighbor relationships in proteins, three-

dimensional structures of proteins, solid-phase immobilization and ligand-

receptor interactions. The rationale behind this strategy is that a bifunctional 

crosslinker can react with two distinct macromoiecules which are in close 

contact, each with one of the reactive groups of the crosslinker, thus covalently 

linking the two molecules. Necessary information can be drawn by analyzing 

the crosslinked complex in electrophoresis or chromatography. In general 

crosslinkers employ functional groups that couple to amino acid side chains of 

peptides. Like many applications, it is necessary to maintain the native 

structure of the protein complex, so crosslinking must be performed under mild 

pH and buffer conditions. 

Bifunctional reagents may be classified on the basis of several criteria, but 

the most commonly used standards include: functional groups (chemical 

specificity): whether the two reactive groups are identical (homobifunctional) or 

different (heterobifuncticnal); and whether the reagent is cieavable. Reactive 

groups of targeted molecules include amines, sulfhydryls, carbonyls, hydroxyls 

and carboxylic acids. Because amines are commonly found in proteins, 

homobifunctional N-hydroxysuccinimidyl (NHS)-ester crosslinkers are the most 

commonly used conjugation reagents, because they yield stable products 

upon reaction with primary or secondary amines. While five amino acids have 

nitrogen in their side chains, only the e-amines of lysine react significantly with 
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NHS-esters (Cuatrecasas and Parikh, 1972). A covalent amide bond is fomned 

when the NHS-ester cross-linking agent reacts with primary amines, releasing 

N-hydroxysuccinimide. The schematic illustration of this reaction is shown in 

Fig. 22. NHS-ester crosslinkers have been successfully used to detect 

membrane-associated receptors in many mammalian species. The examples 

include rat insulin receptor (Pilch and Czech, 1979), murine IL-2 receptor (Cox 

et ai, 1990), human interferon receptor (Rashidbaigi et aL, 1986), bovine 

parathyroid hormone receptor (Wright et a/., 1987), human interferon Y 

receptor (Novick et a/., 1987), rat vasoactive intestinal peptide receptor 

(Laburthe et ai, 1884). This list is rapidly getting longer and longer. 
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Figure 22 Scheme of DSS-mediated chemical cross-linking of 

proteins. 
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Methods and Materials 

Materials 

The sources for chemical reagents and other materials used were the same 

as described in previous chapters. The crosslinkers, DSS, DTSP and BS^ were 

from Pierce, Protein A was from Sigma. 

affinity-column elution buffer. 0.1 M acetate, 0.5 M NaCI, pH 4.0. 

Immune precipitation of ''^^Ins-receptor complex 

Crude oocyte membranes and solubilized oocyte membrane proteins were 

prepared as described in the previous chapter. In order to remove endogenous 

Ins remaining in the membrane proteins, and to remove labeled membrane 

components that might nonspecifically bind to immune complexes and Protein 

A agarose gels, aliquots of iodinated solubilized oocyte membrane proteins 

were first kept in binding buffer lacking Ca2+ for several hours to dissociate the 

bound Ins from its receptor. This solution was then incubated with antibodies 

against Ins at 4° C for 2 hours, followed by incubation with Protein A agarose 

gel for 2 hours. The mixture was centrifuged and the supernatant was saved for 

the next round of treatment. This process was repeated a total of 3 times. The 

final supernatant was supplemented with Ca2+ to a final concentration of 5 mM 

and used in the subsequent binding and immunoprecipitation experiments. 

Typically the binding reaction consisted of i25|.membrane proteins. Ins and 5 

mM CHAPS (to prevent aggregation of membrane proteins). The incubation 

mixture (100 |j.i) was kept at 4° C for 90 min with gentle shaking. 20 |il 

antibodies against Ins was added and incubated for another 2 hours, at 4° C. 
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Then 50 |il of 50% (v/v) protein A agarose suspension was added and further 

incubated at 4° C for 2 hours. The protein A gel was pelleted at maximum 

speed in a microcentrifuge for 15 seconds and the supernatant was discarded. 

The pellet was resuspended by briefly vortexing in 0.5 ml binding buffer 

containing 0.01% Ins and subjected to centrifugation again. This washing step 

was repeated for 4-5 times until the radioactivity in the supernatant was barely 

detectable. The last washed protein A pellet was violently vortexed in 50 |j,l 

SDS-PAGE sample buffer for 30 seconds and boiled for 15 min. The resulting 

sample was briefly centrifuged and then subjected to SDS-PAGE and 

autoradiography. One control for this immunoprecipitation assay lacked the 

ligand Ins, one was supplemented with a 100-fold excess of unlabeled 

membrane proteins, and another one was treated by an antibody against cl (a 

repressor protein of phage [(Pharmacia]), rather than against Ins. 

An Ins affinity column was prepared by coupling 1 mg Ins to a CNBr-

activated Sepharose 4B Column (1 ml capacity, Pharmacia) according to the 

manufacturer's instruction. Solubilized i25|.membrane proteins were injected 

into the affinity column which had been washed with affinity-column elution 

buffer and subsequently equilibrated with binding buffer, and incubated at 4° C 

for 2 hours. Then the column was washed with binding buffer until the 

radioactivity in the effluent approached the background. The bound 

receptor was eluted from the column using affinity-column elution buffer 

containing 0.01% Ins. The eluate was concentrated using a Centricon-30 

concentrator unit and analyzed by SDS-PAGE. 

Optimization of affinity cross-linking conditions 
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Conditions for cross-linking varied among experiments and can be found in 

the legends of figures. In general the concentration of crossllnking reagents 

used was 5 mM and the crosslinking time was one hour at room temperature. 

For crosslinking of i25|.|ns to crude oocyte membrane preparations, the 

membrane preparations were first incubated with i25|.|ns, in 100 |j.l binding 

buffer at 4° C for 2 hours, in the presence or absence of a 150-fold excess of 

unlabeled Ins. The incubations were washed with binding buffer twice to 

remove unbound ""^si-ins. The pellets were resuspended in 100 jil of 0.1 M 

HEPES buffer, pH 7.5. The appropriate cross-linking reagent dissolved in 

DMSO was added so that the concentration of DMSO in the final solution was 

5%. Crosslinking reactions were stopped by Tris buffer (final concentration of 

20 mM, pH 8.5 ). CHAPS detergent was then added to a final concentration of 

40 mM and incubated on ice for 1 hour to solubilize membrane proteins. 

Crosslinking of ^^^l-lns-receptor complex 

The crosslinking of i25|.membrane proteins to Ins was carried out in the 

same way as described above except that the incubation volume was 50 p.1, in 

the presence or absence of 100-fold excess of unlabeled membrane proteins. 

After incubation of i25|.membranes with Ins, to each reaction was added 50 |J.I 

of 0.2 M HEPES buffer, pH 7.5 and appropriate crosslinking reagent. 

Crosslinking reactions were stopped as described above and the cross-linking 

reagent was removed by ultrafiltration to minimize the possible crosslinking of 

•"^si-membrane proteins to antibody or protein A components. The resulting 

sample was then used for the immunoprecipitation experiment as described 

above. 
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Electrophoresis and autoradiography 

Reducing SDS-PAGE was carried out according to Laemmli (Laemmli, 

1970). When 1-30% gradient gels were used, a modification was made in that 

0.5% of agarose (low melting point grade) was included in the lower 

concentration gel preparation and stacking gel (1%). After electrophoresis, the 

gels were exposed to Kodak XAR-5 film at -80° C to obtain an autoradiogram. 

Kaleidoscope protein molecular weight markers (Bio-Rad) and IgM (970 kDa, 

Pierce) were used to estimate the protein sizes of interest. 
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Results 

Visualization of Ins receptor on SDS-PAGE gel via co-immunoprecipitation 

In our procedure, Ins was first incubated with solubilized 125|.membrane 

proteins. Then, antibodies against Ins were added to fornri a receptor-ligand-

antibody complex. This immune complex was then precipitated using Protein A 

agarose gel which has high affinity for the Fc portion of IgG. The unbound 

radioactive membrane proteins were removed by repeated washing of the 

Protein A gel using binding buffer, while the bound proteins were readily 

dissociated from Protein A by SDS-PAGE sample buffer containing p-

mercaptoethanol. On the autoradiogram derived from a 4-20% gradient SDS-

PAGE gel, the selectively enriched membrane proteins gave a band at the 

position of 185 kDa (Fig. 23 A, lane 1). The presence of a 150-fold excess of 

unlabeled oocyte membrane proteins effectively eliminated this band (Fig. 23 

A, lane 2). In our preliminary experiments, a control in which no exogenous Ins 

was added to the incubation, a weaker band was inconsistently observed at 

the position where the Ins receptor was identified. We reasoned this band 

might be caused by endogenous Ins which remained bound to membrane 

proteins during the process of solubilizing membrane proteins. When the 125|. 

membrane proteins were thoroughly pre-treated with antibodies against Ins, 

this background was abolished (Fig. 23 A, lane 3). In order to see if the band 

denoting putative Ins receptor was an artifact caused by radiolabeled high 

molecular weight proteins which might be non-specifically bound to antibodies, 

a control in which antibodies against Ins was replaced by an antibody against 

a prokaryotic protein of phage X was perfomied. The result revealed that the 
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signal was not caused by nonspecific binding of i25|.membrane component to 

antibodies (Fig. 23 A, lane 4). Moreover, the issi-membrane protein eluted from 

the Ins-affinity column gave a single band on a SDS-PAGE gel, which had the 

same size as detected above (Fig. 23 B). From these data we conclude that this 

185 kDa protein is, or is part of, the receptor for Ins. 
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FIGURE 23 SDS-PAGE of '^I-Ins-receptor complex. (A) 10 [ag of solubilized 

membrane proteins (14 x 10^cpmy'(a.g) were pretreated with antibody against 

Ins and Protein A gel as described in the "Materials and Methods" to remove any 

Ins bound to membrane proteins. The resulting final solution was divided into 4 

equal parts, 100 |iil each, and used for the following experiments. Lane 1: '~'l-

solubilized membrane proteins were incubated with 0.2 |ig Ins in 200 jil binding 

buffer supplemented with 5 mM CHAPS, at 4° C for 90 min. Then 20 |il of 

antibody against Ins was added to the incubation mixture and incubated for 2 

hour at 4" C followed by addition of 50 |j.I of Protein-A slurry (50% in binding 

buffer). The incubation was continued at 4° C for 2 hours and the Protein-A gel 

was pelleted by brief centrifugation. The resultant pellet was washed repeatedly 

with binding buffer (4-5 times) until the radioactivity of the effluent was barely 

detectable. 50 |il SDS-PAGE sample buffer containing P-mercaptoethanol was 

added to the Protein-A pellet and mixed by vortexing. The mixture was 

centrifuged briefly and the supematant was loaded onto a 4-20% gradient gel to 

resolve the receptor-Ins-antibody immune complex. Electrophoresis was carried 

out at a constant voltage of 200 V for 3 hours. The gel was autoradiographed at -

80° C for 24 hours. The band which appears to be at 185 kDa is believed to be 

the Ins receptor. The treatments for the samples presented in the other lanes were 

the same £is for lane 1. but with a change for each incubation as described in the 

following, lane 2: 150 |ag unlabeled solubilized oocyte membrane proteins were 
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included in the incubation; lane 3: Ins was omitted in the incubation; lane 4: 

antibody against Ins was replaced by that against cl (a prokaryotic protein); lane 

5 : was loaded with 25 ng of '"^I-solubilized membrane proteins(l4 x 10" 

cpm/|j.g). (B): 20 |j.g of '""I-solubilized membrane proteins (25,000 cpm/|j.g) were 

injected into the Ins-affinity column and washed. The bound receptor was then 

eluted as described in the "Materials and Methods" section. The eluted 

radioactivity' accounted for some 0.1% of the total amount injected. The eluate 

was concentrated using a Centricon-30 (Amicon) and loaded onto 4-20% 

gradient reducing SDS-PAGE gel, and electrophoresed at a constant voltage of 

200 V for 3 hours. The gel was autoradiographed at -80'^ C for 96 hours. 
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Crosslinking of Ins to its receptor 

In order to obtain further information about the Ins-receptor conriplex, the 

receptor was covalently crosslinked to i25|.|ns and analyzed by SDS-PAGE. 

Initially we tested the effects of three commonly used reagents: disuccinimidyl 

suberate (DSS), dithiobis(succinimidyl propionate)(DTSP) and 

bis(sulfosuccinimidyl)suberate (BS^), on crosslinking of i25|-|ns to its oocyte 

membrane receptor. The results showed that both DSS and DTSP were 

effective in crosslinking i25|_(ns to critical membrane component(s) while BS^ 

was quite inefficient (Fig. 24). The extent of the crosslinking increased with time 

of exposure and the concentration of the reagent. Exposure to 5 mM reagent 

for 1 hour appeared to be optimal (Fig. 25). Considering the high efficiency and 

low cost, we chose to use DSS as the crosslinker for the rest of crosslinking 

experiments, "'^sj-ins was first incubated with oocyte membrane preparations 

as described in the legend of Fig. 24. After unbound i25|.|ns was removed by 

centrifugation, the i25|.|ns-receptor complex was chemically crosslinked by 

incubation with DSS. The mixture was then solubilized, separated by SDS-

PAGE electrophoresis, and autoradiographed. Several bands were detected 

on the autoradiogram (Fig. 26, lane 2). The band at the top, with the same 

molecular mass to IgM (970 kDa) corresponded to the i25|.|ns-receptor 

complex since it was eliminated by excess unlabeled Ins (Fig. 26, lane 3). The 

other 4 bands (Fig. 26, lanes 2 and 3), ranging from 22 kDa to 88 kDa, 

represent the i25|,|ns monomer, dimer, trimer and tetramer respectively. In 

order to confirm the receptor identity of the species with high molecular mass, 

we reciprocally crosslinked i25|.membrane proteins to Ins, followed by 

immunoprecipitation of the Ins-receptor complex and electrophoretic analysis. 
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FIGURE 24. Efficiency of different chemical reagents on crosslinking of to 

oocyte membranes. Each incubation contained 6 ng of crude membrane preparation and 

0.43 jig (900,000 cpm/)ig) in 100 j^I binding buffer. Binding reactions were 

performed at 4° C for 2 hours. The membranes were then washed twice with 0.5 ml 

binding buffer each and resuspended in 100 |al HEPES (0.1 M, pH 7.5). Different 

crosslinkers were added, as indicated by (+) in the figure, to a final concentration of 5 

mM and crosslinking reactions were carried out at room temperature for 1 hour, 

followed by addition of Tris (pH 8.5) to a final concentration of 20 mM to stop 

crosslinking. CHAPS was then added to the reaction mixture to a final concentration of 

40 mM and placed on ice for 1 hour to solubilize membrane proteins. 100 |.il SDS-PAGE 

sample buffer (reducing) was added to each sample, boiled for 15 min and subjected to 

1-30% gradient SDS-PAGE. The kaleidoscope protein marker and IgM were run in a 

parallel lane as molecular weight standards. A constant voltage of 200 V was applied for 

8 hours. The gel was subjected to autoradiography at -80° C for 20 hours. 
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Figure 25 Optimization of reagent concentration and crosslinking time. (A) Time 

course of DSS-induced crosslinking. 2.5 )ig of crude oocyte membranes were incubated 

with 0.43 |ig of '^I-Ins (900,000 cpm/ |ig) in 100 |il binding buffer at 4° C for 2.5 hours, 

followed by washing twice with binding buffer. The membranes were resuspended in 50 

|al PEEPES (100 mM, pH 7.5) containing 5 mM DSS (dissolved in DMSO), and incubated 

at room temperature for the indicated time intervals. At the end of each time interval, Tris 

(1 M, pH 8.5) was added to a final concentration of 20 mM to stop the reaction. CHAPS 

was added to the mixture at a final concentration of 40 mM for solubilization of the 

membranes at 4° C for 1 hour. The resulting sample was resolved in reducing SDS-PAGE 

gel (1-30% gradient), 200 V for 6 hours. The gel slices (0.5 cm in length) were cut off 2 

cm dowTi fi"om the start line of resolving gel, and counted for radioactivity in a y-counter. 

(B) Titration of DSS concentration for optimal crosslinking. It was performed as 

described above except that the crosslinking time was 60 min, and DSS concentrations 

varied as indicated. 
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as described above. This identified an ins-receptor complex (Fig. 26, lane 5), 

with the same mobility on gel as identified by the altematlve crosslinking (Fig. 

26, lane 2) and this band could be specifically competed out by an excess of 

unlabeled membrane proteins (Fig. 26, lane 6). When only the solvent DMSO 

was included in the reaction mixture, neither intramolecular nor intermolecular 

crosslinking occurred (Fig. 26, lanes 1 and 4). However, the band of 185 kDa 

was present in Fig. 26, lane 4 where no crosslinking took place, since 

receptor for Ins was still co-immunoprecipitated. 
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FIGURE 26 Reciprocal crosslinking of *^I-Ins to membrane proteins and 

solubilized membrane proteins to Ins. The experimental procedures were described in 

"Materials And Methods". SDS-PAGE concentration gradient, molecular weight standards, 

termination of crosslinking, solubilization of the membrane proteins after crosslinking and 

autoradiography were the same as described in the legend for Fig.24. Lanes I to 3 show 

crosslinking of '"'I-Ins to membrane proteins where each reaction contained 5 jj,l of '"^I-Ins 

(0.43|ig/ial. 900,000 cpm/|ag). 2 |al membrane proteins (1.5 {ig/^l) or other component as 

indicated in the figure. Lanes 4 to 6 exhibit the crosslinking of '"^I-membrane proteins to Ins 

where each reaction contained 0.2 ^g '"'I-membrane proteins. 0.5 |ag Ins or other component 

as indicated in the figure. DSS : the addition of DSS with a final concentration of 5 mM 

after binding reaction. E.\cess Ins : the addition of al50-fold excess of unlabeled Ins, Excess 

Membrane proteins: addition of a 100-fold excess of unlabeled membrane proteins. In the 

reactions corresponding to lane 1 and lane 4, DMSO was substituted for DSS. 
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Discussion 

We estimated the apparent molecular size of the Ins receptor as 185 kDa by 

co-immunoprecipitation and SDS-PAGE analysis. This size is comparable to 

that for a mosquito vitellogenin receptor of 205 kDa (Sappington et a!., 1995), a 

cockroach vitellogenin receptor of 200 kDa (Indrasith et ai, 1990), a locust 

vitellogenin receptor of 156 kDa (Rohrkasten at al., 1989), another locust (5. 

gregaria) vitellogenin receptor of 186 kDa (Hafer and Ferenz, 1994) and a M. 

sexta lipophorin receptor of 120 kDa (Tsuchida and Wells, 1990). A common 

feature of the above reported receptors is that the intactness of certain disulfide 

bonds are necessary for the ligand-receptor interaction, as only in the absence 

of reducing agents such as 2-mercaptoethanol or dithiothreitoi, were the 

ligands able to bind to their receptors on blots. However, we did not succeed in 

visualizing the Ins receptor by following or modifying the published procedures 

for ligand blotting. One of the possible causes for this failure might be that 

when the Ins receptor is denatured in SDS-PAGE, it does not refold into a 

native structure similar to other receptors even after SDS is removed, and thus 

no longer binds to its ligand. Therefore we adapted the strategy of co-

immunoprecipitation which has been widely used in receptor studies in 

vertebrates. This method exploits several advantages: Ins-receptor binding 

under optimum conditions, the high specificity of Ins for antibody, the high 

affinity of protein A for IgG and the expediency of SDS-PAGE analysis for 

resolving the immune complex, thus circumventing the technical difficulty in 

binding Ins to denatured or incompletely renatured receptor on blotting 

membranes. This technique may be especially useful when a receptor 

possesses a structure of non-covalently associated homo- or hetero- oligomer 
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and the cooperativity of the subunits is a requirement for its binding to ligand, 

and ligand blotting is obviously not applicable. 

Further information on the Ins-receptor interaction was obtained by 

chemical crosslinking experiments. To our knowledge, this was the first time 

that this method was used in the study of an insect receptor. Chemical 

crosslinking is a valuable tool to study protein-protein interactions and has 

been extensively employed to gather information about the sizes and spatial 

organizations of receptors in mammalian species (Wong, 1991). Parameters of 

the crosslinking reagent, such as the nature of reactive groups, the length of 

arm between reactive groups, solubility or chemical stability, could play a part 

in determining if a crosslinking reaction is successful. In this study we have 

tested three commonly used homobifunctional NHS(N-hydroxysuccinimidyl)-

ester crosslinkers: DSS, DTSP and BS3 for their effects on crosslinking ins to 

its receptor. DSS and DTSP are water-immiscible while BS3 is water-soluble. 

Our results revealed that DSS and DTSP are effective in crosslinking Ins to its 

membrane receptor, and the efficiency of BS^ was poor (Fig. 24). 

As revealed in investigations on vertebrate receptors, the effect of DSS in 

crosslinking Ins to its receptor is dictated by its concentration and crosslinking 

time (Fig. 25). 

When •'25|.|ns was cross-linked to its binding site on M. sexta oocyte 

membranes and analyzed on SDS-PAGE gel, the apparent molecular weight 

of the cross-linked species was approximately 1000 kDa. This high molecular 

weight band was eliminated by including excess unlabeled Ins, which 

indicated the interaction between the ligand and receptor was specific. More 
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convincingly, when i25|.membrane proteins from M. sexta oocytes were 

reciprocally cross-linked to Ins, followed by immunoprecipitation with 

antibodies against Ins and SDS-PAGE analysis, a complex of the same size 

was detected, which was also competed out by an excess of unlabeled 

membrane proteins. A possible explanation of these results is that the Ins 

receptor is composed of several (probably four) monomers. It is common that 

endocytotic receptors in their native state possess multimeric organization 

which may be held together through disulfide linkages or through non-covaient 

interaction (van Driel et al., 1987). The human transferrin receptor, for example, 

is a disulfide-linked homodimer (Newman et al., 1982) while the mammalian 

low-density lipoprotein receptor (LDLR) and the chicken hepatic lipoprotein 

receptor are non-covalent oligomers (van Driel et al., 1987; Loeb and 

Drickamer, 1987). An oligomeric structure was also observed for the mosquito 

oocyte vitellogenin receptor (Sappington et al., 1995). A second possibility is 

that the receptor is normally monomeric, but when it binds one of the four 

identical Ins subunits, it clusters with other receptors which bind the additional 

subunits of a single Ins molecule, resulting in four receptors binding to one Ins 

molecule. Further characterization of the Ins receptor will be necessary before 

we can decide between these possibilities. 
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Summary And Future Work 
The overall aim of this dissertation concerns two correlated aspects: to 

obtain evidence for the existence of a receptor for insecticyanin in the 

developing oocytes of the hawkmoth, M. sexta, and to perform a detailed 

biochemical characterization of this receptor. The assays used are diverse 

which include autoradiographic observation of the endocytotic pathway for Ins, 

in vitro uptake of Ins by isolated oocytes, binding of Ins to crude membranes 

and soiubilized membrane proteins, and visualization of the receptor as well as 

ligand-receptor complex on SDS-PAGE gel. From all of the results we can 

conclude that the internalization of Ins into oocytes of the insect is indeed 

mediated by a specific membrane-associated protein, or receptor. Many 

parameters such as time, temperature, pH and divalent cation concentration, 

play a part in affecting the interactions between Ins and the receptor. This 

receptor is exclusively present in developing oocytes, not in other tissues of the 

animal. The receptor shows high selectivity in that it binds only to Ins, not to 

vitellogenin and lipophorin which also enter into the oocytes via receptor-

mediated endocytosis. The immunoprecipitation and chemical crosslinking 

techniques were first employed in the study on insect receptor and the results 

from the experiments reveal the apparent molecular mass of this receptor as 

185 kDa, and suggest its possible higher-order structures as atetramer. 

An objective of future efforts should be designing methods for purification 

and molecular cloning of this receptor, and investigation into the molecular 

mechanism of insecticyanin-receptor interactions. 
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