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ABSTRACT

The insect fat body is an organ that plays major roles in metabolism, storage
and transport of nutrients. Of particular importance to the insect are changes that
occur during the larval-pupal transformation as the insect switches from ingesting
and storing nutrients to utilizing stored nutrients. Because much is known about the
biochemistry of Manduca sexta during this time but little was known of the structure
of the fat body, the structure of the fat body of M. sexta during the final, i.e. the
fifth, larval stadium was studied using light and electron microscopy. Changes in
structure of the fat body agreed with known biochemical changes that occur during
the final larval stadium. Some changes included: accumulation of lipid and
carbohydrate stores; acqufsition of protein granules and urate; and development and
loss of rough endoplasmic reticulum, Golgi complex and the plasma membrane
reticular system. The protein granules appear to serve as a store of amino acids
for adult proteins. In order to better understand the role of the high molecular
weight larval serum proteins (LSPs) found in the hemolymph and fat body, native
polyacrylamide gel electrophoresis of fat body homogenates and hemolymph was
used to indicate the relative prevalence of each of the high molecular weight larval
serum proteins found in M. sexta during the final larval stadium. LSPs 2 and 3,
found in greater amounts in females than males, appeared in the hemolymph later

than LSP4 and accumulated in the fat body to a greater extent than did LSP4. LSPs
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were isolated from both hemolymph and fat body. Antisera was raised against LSP3
and LSP4 (arylphorin). Screening of a cDNA expression library with antiserum to
LSP4 yielded cDNA clones for the two subunits of LSP4; these were sequenced to
obtain the LSP4 subunit primary structures. The two sequences are very similar,
with tyrosine and phenylalanine residues being distributed fairly evenly throughout
the proteins. When compared with known protein sequences, LSP4 was found to be

homologous to arthropod hemocyanin proteins.
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CHAPTER 1
INTRODUCTION

The topic of this dissertation is the structure and biochemistry of the fat
body of Manduca sexta, the tobacco hornworm. The insect fat body is an organ that
plays major roles in metabolism, storage and transport of nutrients. Using both light
and electron microscopy we studied the structure of the fat body during the late
larval stages, a time of great change for the insect. Using biochemical,
immunological and recombinant DNA techniques, we studied several serum proteins

made by the fat body during the late larval stage.

Organization

Chapter 2 describes some of the physiology and structure of M. sexta and
the role of the fat body. Chapters 3 through 6 address the experiments we have
done and places our work in context with the literature. Chapters 3 through 6 each
have the following sections: literature background, experiments, results, and
discussion. Fat body structure is described in Chapter 3. Chapter 4 addresses the
question of uniformity in the fat body. The answer to this question is necessary
because we want to be able to generalize our results in Chapter 3 to the entire fat
body. Chapter 5 focuses on the biochemistry of some of the larval serum proteins.
Chapter 6 includes the cDNA sequence of two subunits of one of the larval serum

proteins, arylphorin. Several appendices address supplementary work we have done



15
and/or they include data necessary for understanding some of the material in the

chapters.

Reasons for the Study

As mentioned above, the fat body is involved in metabolism, storage and
transport of important nutrients. This alone makes it a suitable subject to study. In
addition, more knowledge of some of the unique processes that occur in the fat
body may be useful in the design of better insecticides or possibly other insect
management agents (possibly in the design of agents that prevent metamorphosis,
for instance). Lastly, the fat body changes dramatically near the end of larval life.
This makes it a good choice for studying specific functions -- such as protein
production and secretion -- that are not unique to insects.

Manduca_sexta offers several advantages as a system for study. It and its

near cousin the tomato hornworm, Manduca guinquemaculata, have been studied

since the early 1900’s because they are agricultural pests. Thus, papers discussing
Manduca, then called Protoparce, were published as early as 1912 and 1923
[Peterson, 1912; Buys, 1923]). Much is already known about the insect. It grows
readily on artificial diet and its development under a variety of conditions has been
characterized [Ballard, 1982; Bell ahd Joachim, 1976; Goodman et al, 198S;
Reiﬁecke et al, 1980; Reynolds and Nottingham, 1985; Williams-Boyce and Jungreis,
1980]. The large size of mature larvae, about 10 grams, yields several advantages:

(a) Parts of the insect can be removed or cultured in vitro to study regulation; (b)
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Obtaining sufficient material for biochemical or physiological studies is generally not
an obstacle; and, (¢) Manipulations such as sex identification [see Appendix D] or
injection of hormone analogs can be done without special equipment. Many
researchers, including neurophysiologists, lipid and protein biochemists, enzymologists
and others work on M. sexta. This means a growing data base exists with which to
correlate one’s results. For these reasons, we chose to study M. sexta.

There were several reasons for studying the structure of the fat body during
the larval peridd. The fat body produces the proteins involved in lipid transport
throughout the insect [Prasad et al, 1987]. In addition, the fat body produces several
high molecular weight proteins, the larval serum proteins (LSPs) [For review see
Levenbook, 1985]. Regulation, production and characterization of the proteins
involved in lipid transport and the larval serum proteins have been extensively
studied by members of both Dr. Wells’ and Dr. Law’s laboratories. They have

employed techniques such as in vitro culture of the fat body, tissue homogenization,

polyacrylamide gel analysis with and without immunoblotting, and cloning of the
relevant genes. Future research could profitably involve cell fractionation techniques,
in_situ hybridizations, and immunocytochemistry. Knowing the basic structure of the
fat body is a prerequisite for using any of these techniques. Other researchers,
studying different aspects of M. sexta biochemistry could also benefit from
information about the structure of the fat body during the larval-pupal

transformation.
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CHAPTER 2

INTRODUCTION TO MANDUCA SEXTA

Life Cycle of M. sexta

Manduca sexta is holometabolous; that is, its life stages include egg, larva,
pupa, and adult. [Fig. 1 shows the different life stages of M. sexta. These are
described in Appendix A. Appendix B gives typical times for the various stages as
they are reared in our laboratory. Appendix C describes the rearing conditions.]

After hatching, larvae are called first instar larvae. They feed and grow for
about two days, then molt to the second instar. This cycle of feeding and molting
repeats until larvae reach the fifth instar. The fifth instar larvae feed for 4-5 days
then prepare for pupatioﬁ (unless treated with hormones to prevent pupation). As
they prepare for pupation their behavior and appearance change. This stage

between feeding and pupation is often called the wandering or prepupal stage.

Significance of Fifth Larval Stadium for Development

Perein Requirements

Pupal and adult development requires synthesis of many new proteins. Amino
acids for these new proteins must come from stored sources since at the time of
synthesis of pupal and adult proteins the insect is not eating. High molecular weight
serum proteins, the larval serum proteins (LSPs), may be the storage form of amino

acids. These proteins are large, often being hexamers of native molecular weight
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around 500 kilodaltons. Some are glycosylated; others are not. One class of these
proteins, the arylphorins, is rich in aromatic amino acids; another class is relatively
rich in methionine. In the Lepidoptera, these proteins are made in large amounts
during the final larval instar. In M. sexta, four high molecular weight potential
storage proteins have been observed [Ryan, unpublished results]. One of these is a
glycosylated arylphorin [Kramer et al, 1980; Ryan et al, 1985a). Two other LSPs of

M. sexta have been studied [Caglayan and Gilbert, 1987; Riddiford and Hice, 1985;

Ryan et al, 1985b; Ryan, unpublished results]. At least one of these proteins is
secreted into the hemolymph and then taken back into the fat body [Ryan et al,

1985b)].

Energy Requirements

In addition to storing protein, larvae must also store energy. Most of the
protein, lipid, and glycogen accumulate during the feeding part of the fifth larval
stadium. The greatest increase in total body weight of the insect occurs during the
four to five day feeding period in the fifth instar; concomitantly, the fat body weight
increases approximately tenfold [See Appendix C]. This is also the time of greatest
increase in lipid and carbohydrate stores in the fat body. Siegert [1987] found fat
body glycogen levels went from approximately 1mg to about 100mg of glycogen per
fat body. Tsuchida and Wells [1988] found the highest levels of lipid per mg fat

body in the last three days of feeding. They also found fat body most competent to
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take up labeled diacylglycerol from lipophorin during these later days of feeding in
the fifth instar.

Many of the details of lipid and glycogen accumulation by the fat body are
not yet known. The problem of lipid transport is studied in several laboratories
including those of Drs. Wells and Law [For reviews, see Chino, 1985; Shapiro et al,
1988]. The insect lipid-carrying protein, lipophorin, transports lipid in the
hemolymph. The apoproteins for lipophorin are made in the fat body during the
first few days of the fifth larval stadium [Prasad et al, 1987]. The protein
components of lipophorin remain the same throughout larval life, the amount and
type of lipid changes systematically with development [Reviewed in Shapiro et al,
1988]. After the larva stops feeding, lipophorin incorporates more lipid (i.e. it
becomes less dense) at a time when lipid is decreasing in the fat body [Ryan et al,
1987; Tsuchida and Wells, 1988)]. The composition of lipid in lipophorin at this stage
is largely independent of the type or amount of lipid consumed in the diet

[Fernando-Warnakulasuriya et al, 1988].

Waste Storage

Fifth instar larvae change from mobile, feeding and excreting organisms to
immobile, non-feeding and non-excreting ones. This transformation occurs with the
end of the feeding stage of the fifth larval stadium. Non-feeding larvae no longer
excrete faeces, so waste products of metabolism are stored until waste excretion

resumes when the adult emerges. One key waste that is excreted until the start of
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the prepupal period is uric acid [Buckner et al, 1980]. With the start of the
prepupal period, uric acid is no longer excreted but instead is stored in the fat body
[Buckner and Caldwell, 1980; Buckner et al, 1985].

From the above, it is clear the fifth larval stadium is a time of transition for
the organism and the fat body plays important roles in that transition. The fat body
cells change from exporting to importing protein and urate and from importing to
exporting sugar and lipid. These physiological changes occur within a span of
approximately twenty-four hours. The fat body structure must change to
accommodate these changes. The next chapter addresses the changes in fat body

structure.
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CHAPTER 3
DEVELOPMENTAL CHANGES IN M. SEXTA FAT BODY STRUCTURE
DURING THE FINAL LARVAL STADIUM

Gross anatomy, light microscopy, electron microscopy, and biochemistry show
that insect fat body structure varies among insect species. The gross anatomy and
light microscopy of fat body of several insects was described as early as 1923 [Buys,
1923]. In some insects, the fat body contains several different kinds of cells; in other
insects, only one cell type is found [reviewed in Dean et al, 1985 and Keeley et al,
1985]). Even in insects showing only one cell type in their fat body, there are reports
of regional differences in structure in the fat body [reviewed in Dean et al, 1985 and
Keeley et al, 1985; also see Chapter 4 of this dissertation]. Given this variation in
insect fat body structure, and the importance of M. sexta as a model insect for
studying insect physiology and biochemistry, we studied the structure of M. sexta fat
body during the final larval stadium. Much of this work was done in collaboration
with Leilani K. Bew (M. S. Biochemistry, Univ. of Arizona, 1987).

The work was conducted to provide us with a structural profile of M. sexta

fat body during the final larval instar. This allowed us to correlate the structure with
the known biochemistry of the fat body. Many of the biochemical studies on M.

sexta fat body could be enhanced by the use of immunocytochemistry and/or cell
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fractionation. Our structural profile of M. sexta fat body can serve as a base for

these studies.

This chapter discusses some of the background literature on insect fat body
structure, describes our experiments on M. sexta fat body structure, and relates our

structural findings to known biochemistry of M. sexta.

Literature Review

The structure of fat body cells is different in the various orders of insects. As
early as 1923, systematic study of fat body revealed that fat bodies come in many
different sizes, shapes, and have many different characteristics [Buys, 1923]. For

instance, in the Coleopteran beetle, Anthrenus vorax (Waterhouse), [Nair and

George, 1964] fat body cells have a large, centrally located fat globule with a
diameter of about 20 micrometers. The nucleus is pushed to one side. In the
periphery of each cell there are other globules that contain protein. In contrast, the
fat body cells of Lepidoptera and Diptera have a centrally located nucleus which is
surrounded by many fat droplets of varying size. This generalization is based on

several studies. Species studied include Drosophila melanogaster [Butterworth et al,

1965], Calpodes ethlius [Locke and Collins, 1965 and 1968], Philosamia cynthia
ricini [Ishizaki, 1965; Walker, 1966}, Galleria_mellonella [Dutkowski, 1974], the

tomato hornworm Manduca quinquemaculata [Buys, 1923; Peterson, 1912] and the

tobacco hornworm M. sexta [Buckner et al, 1985].
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The gross structure of the fat body of M. sexta’s close relative, the tomato
g y

hornworm M. quinquemaculata, was described as early as 1912 and 1923. Peterson

[1912] draws fat body cells with a central nucleus with surrounding lipid droplets.
Buys [1923] mentions fat body between the abdominal muscles and body wall.

In 1985, Buckner et al published micrographs of M. sexta fat body. Their
study was restricted to uric acid localization in the fat body and so did not include
the development of early fifth instar larvae.

Developmental studies on the structure of larval fat body have been
conducted in G. _mellonella [Dutkowski, 1974] and C. ethlius. Dutkowski’s study
started with spinning larvae -- the development of the fat body during the time of
feeding is not given. C. ethlius fat body has been extensively studied and several
papers describe fat body structure during development of the larvae [Locke and
Collins, 1965 and 1968; Dean et al, 1985; Locke, 1986]. Although the structure of
C. ethlius fat body has been well studied, only recently have biochemical studies
been done. Locke et al [1982] and Palli and Locke [1987] have published work on
some of the proteins associated with C. ethlius fat body.

In contrast, M. sexta fat body has been the object of considerable
biochemical study [Riddiford and Hice, 1985; Prasad et al, 1987; Tsuchida and
Wells, 1988; Fernando-Warnakulasuriya et al, 1988; Ziegler, 1984; Siegert, 1987;

Buckner and Caldwell, 1980; Buckner et al 1985; Caglayan and Gilbert, 1987].

Despite this, there has been little published on the structure of M. sexta fat body -

- particularly of the larval-pupal transition.
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Materials and Methods

Manduca sexta eggs were obtained from the USDA Laboratory in Fargo,
North Dakota. Larvae were reared on a 16L:8D photoperiod at 25-26°C on artificial
diet [Fernando-Warnakulasuriya et al, 1988). Larvae that had shown headcapsule
slippage (described in Appendix A) in the evening and had molted to the fifth instar
by the following morning were selected. Excepting those larvae used in the feeding
stage part of the experiment, the majority of the selected animals wandered five
days later; these were used for prepupal stage larvae.

For samples used in Figures 2 through 5 the following protocol was followed.
After chilling the larvae on ice for 20-30 minutes, fat body was collected by either
extrusion [M. Locke, personal communication] or dissection. (1) Fat body was
extruded from the hemocoel after the posterior segment and head had been cut off
and the gut and its contents removed. To extrude the fat body, the larva was
oriented longitudinally between two ridges of tape on a glass plate. The anterior
portion of the larva was held firmly in place with forceps and a glass bar rolled over
the abdomen, thereby extruding the fat body. The fat body was then washed in
50mM phosphate, 150mM NaCl, pH 6.8 (PBS). Malpighian tubules, salivary glands
and other unwanted tissues were removed under a dissecting microscope. (2) In
cases where the larvae were either too small (Feeding Day 0 or Day 1 fifth instars)
or in the later prepupal stage (during which the fat body is very fragile), fat body

was collected by dissection in PBS.
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A portion of the fat body was fixed for 4 hours in 4% glutaraldehyde in
100mM phosphate buffer (pH 7.2) with 10% sucrose and then stored in buffer. Staff
of the University Medical Center Microscopy Laboratory then processed the
samples. For electron microscopy, tissue was post-fixed for 1 1/2 hours in 1%
osmium tetroxide in 100mM phosphate buffer (pH 7.2). Samples were embedded
in Spurr’s embedding medium [Spurr, 1969]. Thick sections were stained with 1%
toluidine blue in 1% borax (pH 9); thin sections were stained with Reynolds’ lead
citrate [Reynolds, 1963] and saturated uranyl acetate. Samples were studied on a
JEOL 100CX electron microscope. For light microscopy, samples were embedded
in paraffin and sections were stained with the periodic acid Schiff (PAS) reaction
[Armed Forces Institute of Pathology, 1968} and counterstained with hematoxylin.
Processing for samples in Figure 6 differed as follows. Glutaraldehyde was
injected into larvae anaesthetized in carbon dioxide gas. Dissected samples were
fixed for 2 hours in glutaraldehyde-phosphate-sucrose buffer, transferred to 1%
tannic acid in buffer for 2 hours, and rinsed twice in water for thirty minutes each
rinse. They were post-fixed in osmium tetroxide in water, given three rinses in water,

and stained en bloc in a solution of 1:1 saturated aqueous uranyl acetate and

ethanol. They were dehydrated with ethanol, ethanol:propylene oxide, and propylene
oxide, then embedded in Epon-Araldite. These procedures were done under the
guidance of Dave Bentley of the College of Agriculture Electron Microscopy

Facility.
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Results

Developmental changes seen in the fat body of M.sexta during the last

stadium include:

(a) Increase in ribbon size [Fig. 2];

(b) Increase in lipid (L) [Fig. 2] and glycogen (G) stores (Bew, 1987);

(c) Accumulation of urate (U) and protein (P) granules [Figs. 2, 3, 4];

(d) Accumulation then degradation of rough endoplasmic reticulum (RER)
and golgi complex (GC) [Fig. 5a and 5b show acquisition of RER; Figs. 3, 4 contrast
the amounts of RER and GC in feeding larvae versus prepupae;

(e) Development of the plasma membrane reticular system (PMRS) and its
demise [Figs. 5 and 6] near the basal lamina (BL); and,

(f) Change in shape of the nucleus (N) [Fig 3].

Fig. 2 shows the increasing size of the individual ribbons of the fat body. The
ribbon width diameter increases about sixfold from the start of feeding to the start
of the prepupal period.

Lipid and glycogen stores increased until the end of the feeding stage. PAS
staining increased to a maximum at the end of feeding and declined during the
prepupal period (shown in Bew, 1987). Pretreatment with amylase removed this
staining when compared to untreated sections, proving that the staining was due to
increasing glycogen. The net increase in lipid to the end of the feeding stage is

shown in Fig 2.
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Urate granules accumulated in the fat body starting with the onset of the
prepupal period [Figs. 2, 3 and 4]. Also with the onset of the prepupal period,
protein-containing vesicles started to accumulate [Figs. 2, 3 and 4]. Some protein-
containing vesicles appeared crystalline; others were irregular. In early prepupae,
most of the protein granules were of the non-uniform, non-crystalline form. In
contrast, by the day before pupation, a much larger proportion was of the pseudo-
crystalline form. Fig. 4 b, ¢, and d show the two types of protein granules.

Just after molting to the fifth stadium, fat body contained only small amounts
of RER and GC [Fig. 5a]. RER and GC increased in the first few days of the
stadium [Contrast 5a with Fig. 5b and Fig. 3a] then rapidly decreased in amount at
the end of the feeding stage [contrast Fig. 5b with 5f and 3a with 3c]. Remaining
RER often surrounded the nucleus [Fig. 3d].

Early in the stadium, the plasma membrane was adjacent to the basal lamina
[Fig 5a]. With development, the plasma membrane changed to a reticular system
trapping a relatively large volume of extracellular fluid between it and the basal
lamina [Figs. 5b, ¢, d and €]. By maximal development these spaces extended several
micrometers into the cell. With the onset of the prepupal period, this reticular
system disappeared and once again the plasma membrane was adjacent to the basal
lamina [Fig. 5f]. With thinner sections for electron microscopy, more detailed
structures could be seen in the PMRS. Greatest detail of these structures was seen

if tissue was post-fixed in tannic acid and stain en bloc with uranyl acetate [Fig. 6].
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During the first half of the stadium, the nucleus was spherical. In the prepupal
period the nucleus shrank to a relatively elongated ellipsoid whose long axis was
approximately the same as the diameter of the earlier spherical nucleus [contrast

Fig. 3b with 3d].

Discussion
Proteins

Protein Production. RER and GC were scarce as the fifth stadium began, but

accumulated with feeding. These observations agree with studies on the production
of proteins by the fat body during this period. Messenger RNA for M. sexta
arylphorin decreases just prior to the molt to the fifth instar and does not increase
again until between 16 and 24 hours after the molt [Riddiford and Hice, 1985].
Synthesis and secretion of lipophorin is also low at the onset of the fifth stadium but
dramatically increases by the 2nd day [Prasad et al, 1987].

Loss of RER and GC. RER and GC decrease with the onset of the

prepupal period. This has been studied in other insects and occurs by a process of
autophagy [for review, see Dean et al, 1985]. In M. sexta, the loss of organelles
responsible for protein synthesis occurs at the same time as the decline in protein
secretion from the fat body and declihe in fat body mRNA levels [Prasad et al,
1987].

Accumulation_of Protein Granules. Considerable evidence supports the

hypothesis that proteins are sequestered from the hemolymph into the fat body. In
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C. ethlius, Locke et al [1982] showed that the amounts of two polypeptides decline
in the hemolymph at a time when they increase in the fat body. They also found
that if labeled hemolymph proteins are injected into a larva, two of the labeled
proteins accumulate in the fat body. One protein, in high concentration in the
hemolymph, is not sequestered by the fat body. These three proteins have been
purified [Palli and Locke, 1987]. The protein that is not sequestered is high in
aromatic amino acids; the two that are sequestered are glycine-rich. These proteins
belong to a class of insect hemolymph proteins called larval serum proteins (LSPs)
dr storage proteins.

In Hyalophora cecropia, Tojo et al [1978] have shown that LSPs are present

in the protein granules in the fat body. Two of these proteins, SP-1 and SP-2, are
recoverable from protein ‘granules isolated from the fat body. Telfer et al [1983]
have studied H. cecropia arylphorin isolated from the hemolymph.

In M. sexta, there are several LSPs [Kramer et al, 1980; Ryan et al, 1985b].
One of the storage proteins, arylphorin or LSP4, does not appear to be sequestered
into the fat body to the same extent as two of the other high molecular weight
proteins found in the hemolymph. The appearance of the protein granules coincides

with the uptake of the storage pfoteins into the fat body (Ryan et al, 1985b).

Lipid and Glycogen
Lipid and glycogen levels in the fat body increased during the feeding period.

This is the final larval period of feeding for the insect: energy stores must be laid
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down for use in the pupal and adult stages. Analysis of lipid levels in the fat body
[Tsuchida and Wells, 1988] shows that the lipid content of the fat body increases

until the end of feeding and then starts to decline. In vitro experiments show that

labeled lipid in lipophorin is readily taken up by feeding-stage fat body whereas it
is only minimally taken up by prepupal fat body.

Glycogen content increased during the feeding period and decreased during
the prepupal stage. This is in agreement with studies on glycogen metabolism in M.

sexta [Ziegler,1984; Siegert,1987].

Urate

Urate granules appeared on the first day of the prepupal period. Buckner
and Caldwell [1980], using biochemical assays, have shown that urate starts to
accumulate in the fat body of M. sexta at the cessation of feeding. Electron
microscopy by
Buckner et al [1985] led them to conclude that all, or nearly all, cells in the fat body

stored urate. Our observations agree with this.

Plasma Membrane Reticular System

The PMRS developed during the feeding period, then declined within hours
of the start of the prepupal stage. One obvious consequence of the presence of the
reticular system is the greater surface area to volume ratio than a smooth
membrane would provide. The PMRS is most developed at the time of high rates

of protein production and secretion by fat body. This might suggest that the PMRS
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results from accumulation of membrane components derived from secretory vesicles.
However, the disappearance of the PMRS does not seem to correlate with the
massive uptake of storage protein from the hemolymph and the formation of
protein granules, since the PMRS declines on the day the prepupal period starts,
while biochemical studies indicate that protein uptake into the fat body continues
beyond that time [Ryan et al, 1985b].

The development of the PMRS in C. ethlius has been studied [Locke, 1985]
and the hypothesis has been advanced that the PMRS may function in lipid
metabolism [Locke and Huie, 1983]. Given that the PMRS is maximal at a time of
massive uptake of lipid by the fat body and declines at a time when fat body takes

up little or no lipid [Tsuchida and Wells, 1988], this hypothesis seems plausible.

Conclusion

Light and electron microscopy revealed structural changes that occur in the
fat body of M. sexta during the fifth, i.e., the final, larval stadium.

Our data on major structural changes are consistent with published data on
biochemical activities of M. sexta fat body at particular developmental stages.
Specific points of agreement include: (a) Acquisition of GC and RER concomitant
with the time of major protein produétion; (b) Loss of many cellular organelles
(such as GC and RER) as protein production drastically decreases; (c)
Accumulation of protein granules and urate granules after the onset of wandering

(i.e. during the prepupal period); and (d) Accumulation of lipid and glycogen
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throughout the feeding period. Other structural changes observed include: (a)

Development of the plasma membrane reticular system (PMRS) which reached its

zenith during maximal protein secretion and then declined abruptly at the onset of

wandering; and (b) Nuclear shape change from roughly spherical to ellipsoid in the
prepupal stage.

We have shown that the structure of M. sexta fat body resembles those of

G. mellonella and C. ethlius. While the fat body of M. sexta, G. mellonella, and C.

ethlius are quite similar, this could not have been predicted a_priori.

Throughout this part of the study we had not seen any evidence of regional
differences in structure. Since the squeeze method of isolating fat body did not give
us full control over where our fat body samples were originally positioned, we
systematically searched for regional differences. That search is the subject of

Chapter 4.
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CHAPTER 4
REGIONAL DIFFERENCES IN THE FAT BODY

In a fat body, do all cells have the same structure? Do all fat body cells
serve the same function, and to the same degree? Reports on insects other than M.
sexta indicate the answers to these questions can vary. In some instances, differences
are visible to the eye, yet no ultrastructural differences have yet been found. In
other instances, even though similar morphology is observed with the light
microscope, techniques exploiting autofluorescence uncover regional differences. In
M. sexta, are all fat body cells similar? Do they serve the same function? Many

experiments involve in vitro incubation of fat body. If less than entire fat bodies are

used, it is important to know whether the fat body is uniform.

Literature Review

Structural and biochemical differences in fat body samples isolated from
different regions of the fat body have been reported for several insect species at
larval, pupal, and adult stages. This discussion addresses only larval and early pupal
stages, and is illustrative rather than comprehensive. The literature divides poorly
into categories, so somewhat arbitrarily, this discussion is divided into three parts.
First, examples from several insects of gross differences readily seen via a dissecting
microscope are discussed. Then, some of the evidence for anterior-to-posterior and

dorsal-to-ventral structural differences visible with microscopy are addressed. Finally,
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some studies that have found (or not found) metabolic differences in different parts
of the fat body are cited.

Observable differences in the fat body have been reported for several insects.

In H. zea, the region of fat body immediately surrounding the gut turns bright blue

during the prepupal stage, whereas more peripheral fat body (located between the
abdominal muscles and body wall) remains creamy white [Haunerland and Bowers,

1988]. In Chironomus_thummi larvae, subepidermal fat body is green but visceral

fat body is creamy white [Schin et al, 1977]. In the mosquito, Aedes aegypti,
[Wigglesworth, 1942] there are readily observable differences. A flat sheet of cells
lies against the surface of the body in each segment. In contrast, groups of cells or
lobes are found more viscerally. In M. sexta larvae, fat body ribbons of the thoracic
region are almost cylindrical. In contrast, the ribbons are widest and flattest in the
space between abdominal muscles and body wall. The ribbons of fat body in the
main part of the abdomen are of intermediate width and depth.

Are these visible differences paralleled in different metabolic roles for
different parts of the fat body? Haunerland found that a blue protein is taken into

the blue fat body and not into the white fat body of H. zea [Haunerland and

Bowers, 1988]. In C. thummi, Schin et al [1977] found hemoglobin synthesis was
more prevalent in green fat body than in white. However, other studies found no
difference in hemoglobin distribution between green and white fat body [Myers et
al, 1986; Bergtrom and Robinson, 1977]. So the reason for green and white fat body

in C. thummi remains unknown.
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Wigglesworth [1967a; 1967b] found differences related to proximity to the

heart in starved Rhodnius larvae. Fat body near the heart was more depleted of
lipid and had increased ploidy compared to more distant fat body.

Differences along an anterior-posterior axis are commonly reported. For

example, prior to pupation the basement membrane of the fat body starts to be lost.

With the loss of the basement membrane, the fat body cells dissociate from one

another. The loss of the basement membrane starts at the anterior portion of the

fat body. This has been reported for Sarcophaga argyrostoma [Fraenkel and Hsiao,

1968], D. melanogaster [Kinnear and Thomson, 1975]. The difference in time of

dissociation is several hours. This could allow the posterior portion of the fat body
to continue its functions at a time when the anterior portion is no longer intact.
Protein granule concentration and DNA content per nucleus have been

correlated to position along the anterior-posterior axis in D. melanogaster. The

maximum difference in protein concentration between anterior and posterior occurs
at 72 hours in larval development. At this time, protein in the posterior portion
occupies six times as much unit area compared to protein in the anterior. By 96
hours, the difference is only two-fold. The cell size is constant throughout the fat
body for any given time in develbpme‘nt. This anterior-posterior difference is also

found in_vitro, if the parts of the fat body are incubated separately [Tysell and

Butterworth, 1978; Butterworth et al, 1979].

Using fluorescent microscopy, regions of D. melanogaster fat body, apparently

similar by light microscopy, fluoresce differently [Rizki and Rizki, 1962; Rizki, 1964].
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Differences in fluorescence are due to differences in metabolism of kynurenine and

2-amino-4-hydroxypteridine. In wild-type Oregon-R strain D. melanogaster raised

without tryptophan, kynurenine is usually restricted to anterior fat body whereas
isoxanthopterin is normally present in the posterior and absent in the anterior.
The evidence suggests that fat body may look obviously different but at the
biochemical level be very similar; or it can look the same and yet harbor dramatic
metabolic differences. In light of this, we looked for regional differences in M. sexta

fat body.

Materials and Methods

Experimental Rationale

To see if there wefe major structural differences between different regions
of the fat body, several experiments were conducted. Using electron microscopy, we
looked for anterior-posterior and dorsal-ventral differences. We also looked for

differences similar to those found in H. zea where fat body between the muscle and

abdominal wall differs from fat body in the main part of the abdominal cavity. In
all these cases, larvae that had just entered the prepupal stage (Prepupal Day 0)
were used.

Because electron microscopy would not show minor quantitative differences,
polyacrylamide gel electrophoresis (PAGE) of homogenates of fat body samples was
performed. Fat body samples from different positions in the larva were analyzed.

The analysis was repeated at several times in development during the fifth stadium.
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We chose the first day of the prepupal period for this study because our
developmental work (described in Chapter 2) showed M. sexta fat body underwent
great structural change at that time. If development in the posterior region lagged
behind (or preceded) that of the anterior, the start of the prepupal period seemed
a likely time to see the differences.

For the fat body homogenate analysis, fat body samples were taken from the
main abdominal cavity (anterior and posterior samples treated separately), the
thorax, and from between the abdominal muscles and body wall. Samples were from
larvae at Feeding Day 4 and Prepupal Days 0, 2 and 4. Blue and white fat body

samples from prepupal H. zea were used as a control.

Because the fat body homogenate analysis yielded reproducible differences
in the fat body from the thoracic region versus the main abdominal cavity, light
microscopy of fixed fat body was used in order to see if there were fewer protein

granules in the thoracic versus the abdominal fat body.

Specific Procedures

- Larvae were reared as described in Chapter 2. Two males and two females
of typical development for Prepupal Day 0 were anesthetized with carbon dioxide
gas and then injected with glutaraldehyde to prefix the fat body tissue. Portions of
fat body were dissected from the ventral thoracic region (Sample 1A; See Fig. 7);
the ventral abdominal region between the first and second proleg (Sample 2A); and

the ventral abdominal region nearest the fourth proleg (Sample 3A). Dorsal samples
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from positions analogous to the ventral samples were dissected (Samples 1B, 2B, 3B
respectively). Finally, fat body samples around the spiracles of the fourth and sixth
abdominal segments were excised (Samples 2C and 3C). In a separate experiment,
fat body was dissected from the area between the abdominal muscles and body wall;
control tissue was dissected from the ventral abdominal region between the first and
second proleg.

Samples for electron microscopy were fixed for 4 hours at 4°C in 4%
glutaraldehyde buffered with 0.1M phosphate, pH 7.4 with 4% sucrose, then rinsed
in 0.1M phosphate buffer, pH 7.4, 4% sucrose, and stored in this buffer plus sucrose
for 44 hours at 4°C. They were post-fixed in unbuffered 2% osmium tetroxide, or
in 1% osmium tetroxide buffered with 0.1M phosphate, pH 7.4, 4% sucrose, for 1
hour at room temperaturé, rinsed three times with distilled water and dehydrated
with increasing concentrations of ethanol, ethanol:propylene oxide, and 100%
propylene oxide. They were left overnight in a 1:1 mixture of propylene oxide:Epon-
Araldite plus accelerator, switched to fresh Epon-Araldite plus accelerator for 4
hours, then to fresh Epon-Araldite plus accelerator and incubated at 70°C for 1-3
days to harden. Gold, straw, or silver sections were considered acceptable. Sections
were stained for 20 minutes each in uranyl acetate and lead citrate and observed
in a JEOL 100CX electron microscope.

Samples for light microscopy were treated as above except they were

embedded in Spurr’s embedding medium and stained with toluidine blue as
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GROSS STRUCTURE OF MANDUCA SEXTA
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Fig. 7. Regional Study. Sampling Sites.
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described in Chapter 2. Two sets of two animals each were used. One set was
fromPrepupal Day 0, the other from Prepupal Day 4 (the day before pupation).

For homogenizations and subsequent analysis with PAGE, fat body was
dissected, washed three times in phosphate buffered saline (PBS) to remove most
of the contaminating hemolymph protein, and placed into weighed microfuge tubes.
After a one minute centrifugation, the supernatant was removed and tube plus fat
body weighed. Fat body weight was determined by subtracting the tube weight. Fat
body was homogenized in PBS (10ml PBS per gram of fat body) with protease
inhibitors to  prevent proteolysis. Inhibitors included 1ImM  di-
isopropylfluorophosphate (DFP), 1mM PMSF (phenylmethylsulfonyl fluoride),
0.5ug/ml each of chymostatin, leupeptin, and antipain, 0.1ug/ml pepstatin and Sug/ml
aprotinin. Samples were céntrifuged at 15,000g, 4°C, until the lipid formed a definite
layer, and the subnatant (aqueous phase beneath the lipid layer) transferred to a
fresh tube. Samples corresponding to equal weights of fat body were combined with
2x loading buffer for PAGE analysis. 4-20% Native PAGE [Ryan et al, 1985] and
4-15% SDS PAGE [Laemmli, 1970] were used for analysis of the samples.

Results
At both light and electron microscope (EM) levels, fat body samples from
eight different regions of the insect appeared similar [Sites tested are illustrated in
Fig. 7; Electron micrographs of the samples are given in Figs. 3.2 part 1 through 3.5

part 2]. On the first day of the prepupal period, Prepupal Day 0, all samples
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showed a decrease in RER and GC. Protein granules and urate were present. The
nucleus was no longer round but instead elliptoid. The PMRS was rarely visible and
when seen did not extend far into the cell.

In the separate EM experiment comparing the fat body from the main
portion of abdominal cavity (main fat body) and fat body from between the
abdmominal muscles and body wall (subdermal fat body), all samples showed results
similar to those listed above [data not shown].

PAGE analysis of homogenized fat body samples from either Feeding Day
4 or Prepupal Day 0 female larvae [Fig. 12] indicated no difference in protein
composition between subdermal and the main abdominal fat body in M. sexta. In

contrast, control samples from H. zea show the main fat body, compared to the

subdermal fat body, contéins considerably more high molecular weight proteins,
especially a blue-colored protein [Fig. 12]. The gel conditions allow separation of
the storage proteins that are taken up into the fat body, so the results suggest that
M. sexta fat body does not show differences in protein uptake (per weight of fat
body) at the start of the prepupal period.

Further analysis of homogenates of the main vs subdermal abdominal fat
body showed no significant diffefences’ on either the last day of feeding (Feeding
Day 4) or the first day of the prepupal period (Prepupal Day 0) [Fig. 13]. This
agreed with the results obtained by microscopy. However, differences were seen in

older prepupae.



























Fig. 12. H. zea and M. sexta comparison. Homogenates of equivalent weights of fat
body. Native 4-20% PAGE. (1) Molecular weight standards. (2) M. _sexta.
Subdermal abdominal fat body. Prepupal Day 2. (3) M. sexta. Main abdominal fat
body. Prepupal Day 2. (4) H. zea. Subdermal abdominal fat body. Prepupa (day not
known). (5) H. zea. Main abdominal fat body --"blue" fat body. Prepupa (as lane

4).

Fig. 13. Homogenates of equivalent weights of fat body. SDS 4-15% PAGE. Feeding
Day 4 and Prepupal Day 0. (1) Feeding Day 4. Anterior main abdominal fat body.
(2) Feeding Day 4. Posterior main abdominal fat body. (3) Feeding Day 4.
Subdermal abdominal fat body. (4) Feeding Day 4. Thoracic fat body. (5-8) As 1-
4 but different animal. (9-12) As 1-4 but Prepupal Day 0. (13-16) As 9-12 but
different animal. (17) Molecular weight standards.






Fig. 14. Homogenates of equivalent weights of fat body. SDS 4-15% PAGE.
Prepupal Day 2. (1) Molecular weight standards. (2) Anterior abdominal fat body.
(3) Posterior abdominal fat body. (4) Subdermal fat body. (5) Thoracic fat body. (6-
9) As 2-5 but different animal. (10) Molecular weight standards.

Fig. 15. A. Homogenates of equivalent weights of fat body. SDS 4-15% PAGE.
Prepupal Day 4. (1) Molecular weight standards. (2) Anterior abdominal fat body.
(3) Posterior abdominal fat body. (4) Subdermal abdominal fat body. (5) Thoracic
fat body. B. Homogenates of equivalent weights of fat body. Native 4-20% PAGE.
Prepupal Day 4. (1) Molecular weight standards. (2) Anterior abdominal fat body.
(3) Posterior abdominal fat body. (4) Thoracic fat body. (5) Subdermal abdominal
fat body. (6-9) As 2-5 but different animal. (10-13) As 2-5 but different animal.
[A -Anterior; P -Posterior; S -Subdermal; T -Thoracic]
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By Prepupal Day 2, differences were found between the major portion of the

fat body and those portions found in the thorax or subdermally [Fig. 14]. These

differences were even more distinct the day prior to pupation (Prepupal Day 4)

[Fig. 15]. In these samples, significantly more protein was present in the samples

from the main abdominal fat body. The difference in protein profiles seemed to be

mainly due to differences in high molecular weight proteins, LSP2 and LSP3 [Fig.
15].

Light microscopy of Prepupal Day 0 and Prepupal Day 4 larvae failed to

show any regional differences in number or size of protein granules.

Discussion and Conclusion

Using electron microscopy, M. sexta fat body showed no qualitative
differences in structure with either an anterior to posterior orientation, or with
proximity to the gut, heart, or body wall. All regions were at the same
developmental stage.

Are there quantitative differences? Specifically, are there more protein
granules in some areas than others? No difference was seen in the size or number
of the protein granules from different regions of the fat body.

PAGE analysis of fat body indicated no regional differences in protein
profiles just prior to, nor at the start of, the prepupal period, but differences were
present immediately prior to pupation. Differential amounts of proteins could arise

in several ways: the fat body may accumulate more protein in some areas (thereby
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increasing the protein:weight ratio); it could accumulate more lipid or carbohydrate
in some areas (thereby decreasing the protein:weight ratio); or, the difference could
arise from a difference in the amount of water in the samples. Since I treated all
samples similarly, the only reason I mention the third possibility is that thoracic and
subdermal samples were, in general, smaller than samples from the bulk of the fat
body. The native polyacrylamide gels of Fig. 15A and 15B suggest the reason for the
differences is differential accumulation of the high molecular weight proteins, LSP2
and LSP3.

At present, we have no explanation for the disparate results obtained by
light microscopy versus PAGE analysis of fat body homogenates. The results using
either technique are reproducible -- yet they do not seem to be consistent with each
other. Even if the differences we have observed in PAGE analysis are real, this does

not imply that results of in vitro fat body incubations are suspect: there is no

evidence suggesting that the bulk of the abdominal fat body, that portion used in
in_vitro experiments, is heterogeneous. Because there are so many reports in the
literature about regional differences within the fat body, prudence should be used
in dividing a fat body into different samples. Since the fat body divides readily into
halves along the longitudinal axis, one would expect no problems using distinct fat

body halves in experiments.
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CHAPTER 5
THE LARVAL SERUM PROTEINS

During the final larval instar of holometabolous insects, a few proteins, called
the larval serum proteins (LSPs), accumulate in large amounts in‘the hemolymph
where they can account for up to 85% of the hemolymph protein (by weight). The
LSPs are large, about 500 kilodaltons, and are composed of six subunits of
approximately 72-80 kilodaltons. There are several classes of LSPs. Not all classes
are found in any given insect but all holometabolous insects studied have at least
one LSP present in the hemolymph of the final larval instar. The proteins have also
been called storage proteins because amino acids from them are recoverable from
many different proteins in the adult {Levenbook and Bauer, 1984] suggesting that
the proteins serve as a store of amino acids for synthesis of adult proteins. The
proteins have also been implicated in cuticle sclerotization [Agrawal and Scheller,
1987; Kaliafas et al, 1984; Konig et al, 1986]. Evidence indicates they can transport
hydrophobic compounds such as ecdysteroids [Enderle et al, 1983 -cited in Roberts,
1987] and insecticides [Haunerland and Bowers, 1985]. The pattern of accumulation
of these proteins and their sheer quantity suggested that the proteins are likely to
be important for development of the holometabolous insect. However, mutant D.

melanogaster strains lacking all three genes encoding subunits of LSP-1 have
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survived for over 18 months though their fertility is severely impaired compared to
wild-type flies [Roberts, 1987].

Knowing more about these proteins would be beneficial for several reasons:
(i) Interfering with their formation or accumulation may be a good mode of action
for an insecticide since higher animal species do not contain comparable proteins;
(ii) The amino acid composition of some of these proteins is unlike that of other
proteins -- their structure may also prove novel;
(iif) These proteins are made and secreted in large amounts in a very short period
of time so the insect system may be a good model for studying cell biology questions
of protein trafficking and targeting.
My dissertation work on these proteins included:
1. Further characterization of the proteins in M. sexta by,
a) assaying their relative abundance in hemolymph and fat body during the
final larval stadium;
b) purifying the proteins from hemolymph and fat body;
c) isolating protein granules from the fat body;
d) providing samples of the proteins for N-terminal sequence analysis;
2. Generation of antisera to the proteins and using this antiserum to,
a) screen a cDNA expression library to obtain cDNAs to one of these proteins;
b) study the immunocytochemical localization of the proteins in the fat body

(This work was a collaborative project with J. Palting and Dr. R.B. Nagle).



Literature Review

Larval serum proteins of insects have been studied for over thirty years and
several reviews have been published [Levenbook, 1985; Riddiford and Law, 1983;
Roberts and Brock, 1981; Price, 1973; Wyatt, 1961]. These proteins have been called
various names: larval serum proteins (LSPs), larval hemolymph proteins (LHPs), or
storage proteins (SPs).

According to Levenbook [1985], high molecular weight proteins in insect
hemolymph were first described in 1943 [Lauffer, 1943]. The first quéntitative work,
according to Wyatt and Pan [1978] was that of Telfer and Williams [1953]. In 1958,

in_vitro cultured fat body of Bombyx mori synthesized several major hemolymph

proteins including the LSPs [Shigematsu, 1958].
More recently, in several insect species, studies have shown that 20-

hydroxyecdysone regulates ‘protein granule formation [Collins, 1969; Dean, 1978].

Proteins isolated from protein granules of Hyalophora cecropia were shown to be
electrophoretically and immunologically similar to some of the LSPs isolatable from
the hemolymph [Tojo et al, 1978]. Formation of the protein granules could arise in
either of two ways: they could arise from proteins made and retained in the fat body
or they could arise from proteins made by the fat body, secreted into hemolymph,
then sequestered back into the fat body. Work by Locke and Collins [1968] and
Ueno and Natori [1982] strongly suggested that prott;in granule formation, in C.

ethlius and Sarcophaga peregrina respectively, resulted from sequestration of

hemolymph proteins and did not involve retention of proteins within the fat body

after their synthesis. We now know that sequestration of the hemolymph proteins
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is regulated by 20-hydroxyecdysone in several insect species including B. mori [Tojo
et al, 1981] and S. peregrina [Ueno and Natori, 1982]. An early report claimed that
uptake of the hemolymph proteins was non-specific [Locke and Collins, 1968] but
more evidence indicates that preferential uptake of specific proteins occurs [Martin
et all, 1971; Locke et al, 1982; Ueno and Natori, 1982; Tojo et al, 1978]. The
characteristics determining which proteins are taken into the fat body have not yet
been determined.

Roberts and Brock [1981) summarized the characteristics of known larval
serum proteins (or storage proteins):
(i) The proteins should be few in number and present only in larval stages where
they accumulate in the hemolymph;
(if) They should be synthesized solely or primarily by fat body;
(iif) Their concentration should increase dramatically in later larval instars-especially

the last larval instar; -

(iv) They should have native molecular weights around 500 kilodaltons and be

hexamers.
The requirement that the larval serum proteins be hexamers may be too
strict: electron microscopy of negatively stained purified storage proteins of C.

ethlius indicate that the larval serum protein SP1 of that species is octameric [Palli

and Locke, 1987] (at least under the conditions for electron microscopy).
There are now two well-characterized classes of LSPs [Discussed in
Levenbook, 1985]. One class is rich in aromatic amino acids, generally 18-25%

phenylalanine and tyrosine combined; proteins in this class are called arylphorins.
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Another class is relatively rich in methionine, approximately 6%, and is often more
prevalent in females than in males. In addition to these two classes, some insects
contain other LSPs. Though the relation of these other proteins to the above classes
is not yet clear, there are probably at least four distinct classes of LSPs [See
Levenbook, 1985].
Although LSPs have been found in all holometabolous insects studied so far,
generally little is known about all the LSPs of any given insect. The insects whose
LSPs have been most extensively studied include B. mori, H. cecropia, D.

melanogaster, M. sexta and several species of Calliphora.

In M. sexta there are four high molecular weight proteins of about 500,000
kilodaltons that separate on native 4-20% polyacrylamide gels [Ryan, unpublished
data; also see Fig. 16]. These have been called LSP1 through LSP4 based on
decreasing apparent molecular weight on native polyacrylamide gels. LSPs 2 and 4
have been characterized in greatest detail. They are both hexameric [Kramer, 1980;
Ryan 1985b]. LSP4 was the first M. sexta storage protein studied [Kramer et al,
1980]. LSP4 has two subunits of approximately 72 and 76 kilodaltons and both
subunits are glycosylated with high mannose structure [Ryan et al, 1985a). LSP4 is
an arylphorin, containing 19.7% tyrosine and phenylalanine [Kramer, 1980]. It is
present in both males and females throughout larval development though its
concentration in the hemolymph increases greatly during the feeding stage of the
fifth larval stadium and its concentration in hemolymph remains high into the pupal
period [Kramer, 1980]. In contrast, LSP2 is rich in methionine, is only found during

the final larval stadium, its concentration in hemolymph is much higher in females,
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and its hemolymph concentration drops prior to pupation [Ryan, 1985b]. As the
hemolymph concentration drops, the fat body concentration of LSP2 increases
[Ryan, 1985b]. LSP3 is more labile than either LSP2 or LSP4 and much less is
known about it. It has been observed by Ryan of Law’s group [unpublished results]
and by Riddiford’s group and is reported to be non sex-specific [Riddiford and Hice,
1985]. It may be analogous to a protein in H. cecropia that is not rich in aromatic
amino acids but, like LSP3, is found in the fat body [Tojo et al, 1978]. LSP1 is
present in only small amounts and has not been studied. Given its higher native
molecular weight, possibly it is not even hexameric since on SDS-PAGE its subunits
run as approximately 76 kilodaltons.

In B. mori, two storage proteins are made by the fat body, secreted into the
hemolymph, then sequestered into the fat body [Tojo et al, 1981]. A decrease in
juvenile hormone during the final larval instar results in synthesis of the two
proteins; both a decrease in juvenile hormone and the presence of 20-
hydroxyecdysone cause sequestration of these proteins [Tojo et al, 1981]. One of
these proteins, SP-1 is found in both male and female larvae until the last larval
instar when it decreases in males and increases sharply in females [Mine et al,
1983]. SP-1 is rich in methionine [Izumi et al, 1988]. SP-2 is an arylphorin: it
contains 19% phenylalanine and tyrosine [Tojo et al, 1981] and reacts with antisera

to M. sexta arylphorin [Ryan et al, 1985b]. Total amounts of both proteins decrease

slightly during the early part of the pupal period, then rapidly decline just prior to

adult emergence [Ogawa and Tojo, 1981]. The amount of SP-1 mRNA reflects the
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hemolymph concentration of SP-1, indicating that the stage- and sex-specific
production of SP-1 is regulated at the level of mRNA [Izumi et al, 1988].

H. cecropia contains at least several larval serum proteins, two of which are .
sequestered into the fat body [Tojo et al, 1978]. The arylphorin remains in high
concentration in the hemolymph during the larval-pupal transformation [Telfer et
al, 1983]. The two proteins sequestered into the fat body can be recovered from the
protein granules [Tojo et al, 1978]. Another protein, also isolated from the
hemolymph of H. cecropia, binds riboflavin and copper and does not seem to have
an analog in M. sexta since antiserum to it does not react with hemolymph proteins
of M. sexta [Telfer and Massey, 1987).

The main larval serum protein of Calliphora erythrocephala, calliphorin,

comprises up to 80% of total hemolymph proteins [Wyatt and Pan, 1978]. It is

resorbed into the fat body prior to pupation [Price, 1973; Levenbook and Bauer,

1980] and is precipitable by antiserum to LSP1 of D. melanogaster [Wolfe et al,
1977]. mRNA for this protein first appears following third larval ecdysis [Sekeris and
Scheller, 1977; Levenbook and Bauer, 1980]. mRNA remains detectable until
pupariation although synthesis of the protein ceases before that time [Sekeris and
Scheller, 1977; Kemp et al, 1978). In fact, the gene is transcribed until pupariation

[Schenkel and Scheller, 1986].

Two larval serum proteins of D. melanogaster have been studied. LSP1 is

comprised of three different subunits, all closely related since the genes hybridize
to one another under quite stringent conditions . LSP2 is made only by third instar

fat body but is synthesized coordinately with arylphorin. It is relatively high in
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aromatic amino acids, but is immunologically distinct. Roberts [1987] cites Brock and
Roberts [1980] that LSP2 is related to LSP1, and that 50% of the methionine-

containing peptides are similar.

In Calpodes ethlius, at least three larval serum proteins are present [Locke

et al, 1982]. Apparently, two of the proteins are taken into the fat body at a time
corresponding to formation of protein granules. The two that are sequestered are
made at a later time than the one that is not taken into the fat body. This parallels
the situation in M. sexta [Riddiford and Hice, 1985].

Immunological studies show similarities between LSPs from different insects.
In immunoblots after SDS-PAGE, antiserum against LSP4 of M. sexta detects SP-

2, the arylphorin, of B. mori [Ryan et al, 1985a] and arylphorin from the honeybee,

Apis mellifera [Ryan et al, 1984]. Ouchterlony tests show crossreactivity of anti-
LSP4 of M. sexta with arylphorin from H. cecropia [Telfer et al, 1983] and with

MSP-2, the arylphorin, of Papilio polyxenes [Ryan et al, 1986]; Antiserum against
H. cecropia arylphorin also reacts with LSP4 of M. sexta in Ouchterlony tests
[Telfer et al, 1983]. Both immunoblots after SDS-PAGE and Ouchterlony tests
indicate LSP2 of M. sexta is immunologically related to MSP-1 of P. polvxenes
[Ryan et al, 1986]. In contrast, antisera to M. sexta or H. cecropia arylphorin failed

to immunoprecipitate arylphorin from C. erythrocephala [Telfer et al, 1983];

whereas antiserum to D. melanogaster arylphorin did react with arylphorin of C.
erythrocephala [Wolfe et al, 1977]

Amino acid compositions of LSPs reveal several similarities [For review of

twelve LSPs whose compositions were known by 1983, see Levenbook, 1985]. From
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data at that time, he summarized that LSPs often are abundant in aspartic acid plus
asparagine and they contain little cysteine. Those conclusions are also valid when
the arylphorins of H. cecropia [Telfer et al, 1983] and A. mellifera [Ryan et al,
1984] and MSPs 1 and 2 of P. polyxenes [Ryan et al, 1986] are added.

Clearly, the LSPs of different insect species are related. But what is the
nature of that relationship? Also, what characteristics determine whether an LSP will
be sequestered into the fat body? What is the nature of LSP3 of M. sexta? Does
it correspond to proteins in other insects? Which LSPs of M. sexta are found in the
protein granules? How and when are the proteins sequestered? The following work

was done in order to start to answer these questions.

Materials and Methods

Larvae were reared and staged as described in Chapter 2. Sexing of larvae
was as described in Appendix D for feeding fifth instar Jarvae. All prepupal samples

were dissected and the presence or absence of testes used to confirm earlier sexing.

Protein Profiles of Hemolymph and Fat Body

For analyzing the prevalence of the storage proteins in hemolymph,
hemolymph was collected by inserting the cut-off tip of a hypodermic needle into
the dorsal vessel and allowing the hemolymph to drip from the larva through the
needle-end into a known amount of chilled b]eediné buffer (PBS, 1mM DFP, 1mM
PMSF, 10mg/6.7ml glutathione). Samples equivalent to 2ul (for the first three
samples) or 1ul (for the remaining samples) of hemolymph were diluted with PBS

to 30ul. Thirty microliters of native loading buffer (10% sucrose + 0.02%
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bromophenol blue) was added. Samples were electrophoresed on 4-20% native
polyacrylamide gels for 27 hours at 150V with cooling [Ryan, 1985b]. Gels were
stained with brilliant blue (Serva) for 1 1/2 to 2 hours and destained in 9% acetic
acid:10% methanol.

Fat body homogenates were obtained as follows. Fat bodies were dissected
from chilled, staged larvae and washed 3 times for approximately 10 minutes each
in PBS to remove loosely associated proteins. Excess moisture was removed by
placing the fat 'bodies on nylon net cloth above blotting paper. This blotting
procedure was more effective with feeding stage larvae than prepupae, so more
residual buffer and hemolymph may be associated with later stage larvae. Fat bodies
were freeze-clamped, weighed, and stored at -70°C until homogenized. A known
weight of fat body was homogenized in PBS (10ml PBS per gram of fat body), pH
6.8, containing lug/ml each of chymostatin, leupeptin and antipain, 0.2ug/ml
pepstatin, 10ug/ml aprotinin, ImM DFP and 1mM PMSF'. The homogenate was
centrifuged at 10,000g for 20min and clear supernatant (fluid below the lipid film)
removed. The pellet was re-extracted with the same volume used initially
(Insignificant amounts of protein were recovered by further extractions). Four
hundred microliters of the first extract plus 500ul of the second were pooled. Thirty
microliters of the pooled sample was mixed with 30ul native loading buffer and

electrophoresed on native PAGE as described above.
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Composition of Protein Granules in the Fat Body

Protein granules were isolated according to the procedure for H. cecropia by
Tojo et al [1978] except that DFP and protease inhibitors were added. Two grams
of female late prepupal (Prepupal Days 3 and 4) fat body was homogenized in 20ml
cold 300mM sodium-potassium-phosphate buffer (NKP), pH 6.8, containing 10mM
MgCl, for 15 strokes on a Potter-Elvehjem tissue grinder then centrifuged for 10min
at 600g in 15ml tubes in a swinging bucket rotor. A sample of supernatant was
saved (sample #1). The pellet was resuspended in NKP, filtered through 4 layers
of cheesecloth (sample #2 taken), layered over 10ml of 1.8M sucrose in NKP, and
centrifuged 10min at 600g. Solution at the interface was collected, diluted with
NKP, layered on a discontinuous gradient of 1.2, 1.5 and 1.8M sucrose in NKP, and
centrifuged for 20 minutes at 22,500g. Protein was found at the 1.2-1.5M sucrose
interface (sample #3), the 1.5-1.8M sucrose interface (sample #4) and dispersed in
the 1.5M sucrose layer (sample #5). Samples were dialyzed against PBS with 10mM
EDTA and stored at -70°C. Native PAGE was performed as described above.

Protein Purification

To acquire sufficient purified protein to use as immunogen or for sequence
analysis the following procedures were used. Larvafa of suitable stage were chilled,
a proleg clipped and hemolymph allowed to drip into chilled 10mM phosphate, pH
7.4, 10mM EDTA, 75mM NaCl, 1mM PMSF, 1mM DFP and Smg/ml glutathione
(20 larvae would be bled into 5Sml of the above solution). The resulting solution was

centrifuged at 3000g, Smin, 4°C. Potassium bromide, 8.9g, was added to each 20m!
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of supernatant and this solution was added to 39ml quick-seal ultracentrifuge tubes.
The tubes were filled by layering 0.9% NaCl over the potassium bromide solution,
sealed, and centrifuged at 50,000rpm, 10°C, for at least 4 hours. The blue-colored
fraction at the bottom of the tube was collected, diluted with concanavalin A
sepharose column buffer (20mM Tris, pH 7.4, 0.5M NaCl, 1mM CaCl,, ImM
MgCl,, 0.02% NaN,) and passed through a BioGel AS column, 108cm x 0.8cm.
Fractions were assayed by absorbance at 280nm and SDS-PAGE. Fractions
containing the larval serum proteins were run over a 3ml concanavalin A sepharose
column, the flow-through fractions (containing LSP2, LSP3 and some unbound
LSP4) were pooled and concentrated. The column was washed with 20ml
concanavalin A buffer. A step gradient was used to elute the bound LSP4: first
2.0ml of concanavalin A buffer plus 0.10g a-methylmannoside, then 5Sml of
concanavalin A buffer p]ué 0.5g a-methylmannoside, and finally 5ml concanavalin
A buffer plus 1g @-methylmannoside was added. -

Purity of LSP4 was assayed by native and SDS PAGE. LSP2 and LSP3 were
purified from the flow-through by electroelution or homogenization of bands after
native PAGE. Highest yields with electroelution were obtained if native gels were
stained in aqueous brilliant blue, soaked in 4M Tris-acetate, pH 8.6, 2mM EDTA,
2% SDS, and 0.1% DTT for at least one hour, then eluted for 4 hours at room
temperature in an electroelutor (Isco) with 4mM Tris-acetate, pH 8.6, 2mM EDTA,
0.5% SDS as the inner buffer and 40mM Tris-acetate, pH 8.6, 2mM EDTA as the

outer (This is a modification of the procedure of Hunkapillar et al, 1983).
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Antisera Generation
LSP3. Preimmune serum was collected by bleeding from the ear vessels of
the rabbit prior to giving the primary injection of immunogen. For the primary
injection, LSP3 was electroeluted by the procedure described above after native
PAGE of the flow-through from the concanavalin A column, mixed with an equal
volume of Freund’s complete adjuvant and injected subdermally. Two weeks later
booster immunizations were given by injecting subdermally homogenizations of gel
bands containing LSP3. After ten days a further injection of homogenized gel
containing LSP3 was given and the rabbit was test-bled. Two weeks later a final
injection of LSP3 in homogenized gel was given. The following week the rabbit was
terminally bled.
LSP4. Preimmune serum was collected as above. Preparation of immunogen
was as described for LSP3 'except that the eluant from the concanavalin A column
was run on SDS-PAGE and LSP4 electroeluted or homogenized. The immunization

and bleeding schedule was similar to that above.

Immunoblotting

Purified proteins.  Proteins purified by the above procedures using

electroelution were serially diluted 1:4 in PBS, dotted onto nitrocellulose and
allowed to air dry. The first dots contain 2-Sug protein. Nitrocellulose strips were
blocked with 5% bovine serum albumin (BSA) in 10mM Tris, pH 7.4, 0.15M NaCl,
0.02% sodium azide (TSN) for 4 hours; incubated with a 1-3% antiserum solution
in TSN with 3% BSA for 2 hours; washed 3 times for 15 minutes each in TSN plus

3% powdered dry milk plus 0.1% Triton X100; rinsed twice briefly in TSN plus
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Triton X100; incubated 1.5 hour with '¥I labeled protein-A (at 1,000,000 counts/ml)

in TSN; washed 3 times for 15 minutes each in TSN, 3% milk powder, 0.1% Triton

X100, 0.05% SDS; briefly rinsed twice in TSN, 0.1% Triton X100, 0.05% SDS;
biotted dry and autoradiographed for 12-36 hours.

To test whether crossreaction of the antiserum could be reduced by the

addition of pure proteins, homogenates of polyacrylamide gel pieces containing

purified protein were added to some of the antisera preparations.

Hemolymph or fat body homogenates

A similar procedure to that used in obtaining the protein profiles was used
except that protease inhibitors were added to fat body homogenizations (described
above). For blots from SDS-PAGE, denaturing sample buffer (0.125M Tris, pH 6.8,
4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.001% bromophenol blue) was
added and samples were run at 30mA on a 4-15% SDS-polyacrylamide gel until the
dye front reached the gel bottom. For the native-PAGE blot to test anti-LSP4
antiserum, non-denaturing loading buffer was added and the sample was run on a
4-20% native polyacrylamide gel. Proteins were transferred to nitrocellulose for
approximately 16 hours at 400mA in 20mM Tris, 150mM glycine, 20% methanol.
Both a radiolabeled and a color labeling reaction have been used to analyze
specificity of the antiserum. In either reaction, blocking and primary antibody
reactions were as described above. For fat body homogenate testing of the
specificity of anti-LSP3 antiserum, the above procedure using radiolabeled protein
A was followed. For hemolymph testing of the specificity of both anti-LSP3 and

anti-LSP4 antisera an alkaline phosphatase system was used to visualize the protein
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bands to which the antisera bound. For this, nitrocellulose was washed with 20mM
Tris, pH 7.5, 0.5M NaCl (TBS) plus 0.05% Tween. Blots were incubated in goat
anti-rabbit secondary antibodies conjugated to alkaline phosphatase (Promega) in
TBS; washed 3 times in TBS plus 0.05% Tween and rinsed twice in TBS. Alkaline
phosphatase color development reagents (Biorad) in alkaline phosphatase buffer
(100mM Tris-HCl, pH 9.5, 100mM NaCl, 5SmM MgCI?) developed the color. Color

development was stopped by placing nitrocellulose in distilled water plus 25mM

EDTA.

Protein Samples for N-Terminal Amino Acid Sequencing

LSP3 protein purified by electroelution and dialyzed against 0.05% SDS was
given to W. Clark (Division of Biotechnology, Univ. of Arizona) for N-terminal
sequencing. By SDS-gel analysis using BSA standards run alongside the sample, a
minimal estimate of the amount of protein given for sequencing was 200ug in 100ul
(or approximately 2.5nmoles). )

1.SP4 protein purified by electroelution and dialyzed against 4mM phosphate
buffer v&as also given for N-terminal sequencing. By SDS-PAGE analysis using BSA

as a standard, we estimated that 12.5pmoles of each subunit of LSP4 (25pmole

total) was loaded in the gas-phase sequenator for N-terminal sequencing.
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Results
LSPs of M. Sexta
Fig. 16 shows the separation of the four LSPs of M. sexta. LSP1 has an
apparent molecular weight greater than 669 kilodaltons, the other LSPs range in

between 440 and 669 kilodaltons.

Protein Profiles
The protein profiles of male and female hemolymph and fat body of fifth

instar larvae are shown in Figs. 4.2 through 4.5. These profiles indicate the

following:

(1)  Both male and female contained all four storage proteins (Figs 4.3 and 4.5).

(2)  Males had less LSP2 and LSP3 than females had. Compare Figs 4.2 and 4.3
with 4.4 and 4.5.

(3) LSP2 and LSP3 appeared in the hemolymph later than LSP4 did. This is
most clearly seen in Fig 4.4.

(4) A greater proportion of LSP2 and LSP3 accumulated in fat body than did
LSP4 (Figs 4.3 and 4.5). |

(5) LSP3 appeared in the hemolymph prior to the appearance of LSP2 (Fig 4.4).

(6) A considerable proportion of the storage proteins appeared to be LSP2 and
LSP3.

(7)  LSP4 stayed at a high concentration in hemolymph throughout the prepupal
period.

(8) LSPs were found in the fat body at a time when protein granules were first

observable by light or electron microscopy [See Chapter 2].
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Purification of Fat Body Protein Granules

Applying the procedure of Tojo et al [1978] to M. sexta fat body gave
preliminary results indicating LSPs 2 and/or 3 were found in the protein granules
[Fig. 21]. Samples from the 1.5M sucrose layer and at the 1.5 to 1.8M sucrose

interface were greatly enriched in LSP2 and/or LSP3.

Protein Purification

Figs. 4.7 and 4.8 show the separation achieved by BioGel A5 fractionation
of the blue-colored subphase after potassium bromide gradient ultracentrifugation
of hemolymph from female early prepupae. The absorbance at 280nm of fractions
33 through 36, undiluted, was over 3.0 [Fig. 22] which was concentrated enough that
they could be run directly over the Concanavalin A sepharose column. 4-20% native
PAGE analysis of the fractions is shown in Fig. 23.

Separation by the concanavalin A column is shown in Figs. 4.9 and 4.10. In
the sample column for Fig. 25, the binding capacity of the ?;ml column was probably
exceeded since LSP4 was found in the flowthrough fractions. Fig. 26 shows
separation achieved when the column was not overloaded. The results of
electroelution of the proteins are shown in Fig. 27 A and B. LSP4 electroeluted
after SDS-PAGE and then subjected to native-PAGE gave several bands. On SDS-
PAGE, LSP4 gave only the bands expected. The two bands of LSP4 are shown

alongside molecular weight markers in Fig. 28.






Fig. 17 Legend

Native 4-20% PAGE of Male Hemolymph of Fifth Instar Larvae.
Lane (2) Day G Feeding. (3) Day 1 Feeding. (4) Day 2 Feeding. (5) Day 3 Feeding.
(6) Day 4 Feeding. (7) Day 5 Feeding. (8) Day 0 Prepupa. (9) Day 1 Prepupa.
(10) Day 2 Prepupa. (11) Day 3 Prepupa. (12) Day 4 Prepupa. (13) Day 4 Prepupa
a bit more advanced. (14) Molecular weight markers.
Lanes 2-4 contain 2ul equivalents of hemolymph, remaining lanes contain 1ul

Fig. 18 Legend

Native 4-20% PAGE of Male Fat Body Homogenates of Fifth Instar Larvae.
Lane (1) Just prior to molt fo fifth instar. (2) Day 0 Feeding. (3) Day 1 Feeding.
(4) Day 2 Feeding. (5) Day 3 Feeding. (6) AM of Day 4 Feeding. (7) PM of Day
4 Feeding. (8) AM of Day 0 Prepupa. (9) PM of Day 0 Prepupa. (10) AM of Day
1 Prepupa. (11) Day 2 Prepupa. (12) Day 3 Prepupa. (13) Day 4 Prepupa. (14) Day
4 Prepupa a bit more advanced. (15) Molecular weight markers.
Samples represent equal weights of fat body.






Fig. 19 Legend

Native 4-20% PAGE of Female Hemolymph of Fifth Instar Larvae.
Lane (2) Day 0 Feeding. (3) Day 1 Feeding. (4) Day 2 Feeding. (5) Day 3 Feeding.
(6) Day 4 Feeding. (7) Day 5 Feeding. (8) Day 0 Prepupa. (9) Day 1 Prepupa.
(10) Day 2 Prepupa. (11) Day 3 Prepupa. (12) Day 4 Prepupa. (13) Day 4 Prepupa
a bit more advanced. (14) Molecular weight markers.
Lanes 2-4 contain 2ul equivalents of hemolymph, remaining lanes contain 1ul.

Fig. 20 Legend

Native 4-20% PAGE of Female Fat Body Homogenates of Fifth Instar
Larvae. Lane (1) Just prior to molt fo fifth instar. (2) Day 0 Feeding. (3) Day 1
Feeding. (4) Day 2 Feeding. (5) Day 3 Feeding. (6) AM of Day 4 Feeding. (7) PM
of Day 4 Feeding. (8) AM of Day 0 Prepupa. (9) PM of Day 0 Prepupa. (10) AM
of Day 1 Prepupa. (11) Day 2 Prepupa. (12) Day 3 Prepupa. (13) Day 4 Prepupa.
(14) Day 4 Prepupa a bit more advanced. (15) Molecular weight markers.
Samples represent equal weights of fat body.
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Characterization of Antisera to LSP3 and LSP4

Antiserum to LSP3 crossreacted with purified LSP4, but most of this
crossreactivity could be removed by adding to the antiserum a gel homogenate
containing purified LSP4. In contrast, crossreactivity of anti-LSP4 antiserum with
LSP3 was not removed by addition of gel homogenates containing LSP3 protein.
Control antiserum, anti-LSP4 serum (provided by R. Ryan), reacted with both
proteins [Fig. 29].

Immunoblotting of hemolymph, fat body homogenates, and purified proteins
indicate that anti-LSP3 and anti-LSP4 antisera at dilutions of 1% or greater reacted
strongly with their respective antigens [Figs. 4.15 and 4.16]. Using 1% antisera, other
bands were visible with prolonged incubations of heavily loaded immunoblots (data
not shown). Preimmune sera at 3% concentration reacted slightly with the LSP

band.

Protein for N-Terminal Sequencing
Fig. 32 shows the protein sample of LSP4 given to W. Clark (Biotechnology
Center, University of Arizona) for N-terminal sequencing. The protein appeared
pure and undegraded and in sufficient quantity for the gas phase sequenator.
The LSP3 protein for N-terminal sequencing (sequencing done by W. Clark)
gave the sequence below. However, this sequence must be considered tentative,
since only some of the residues gave good peaks.

Ser/Arg-Pro-Glu-Tyr-Asp-Asp-Asn-Tyr
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Discussion

Early work on the larval serum proteins must be interpreted with care since
often what appeared to be pure protein would actually have been contaminated with
other larval serum proteins, since several different proteins in the same insect will
often comigrate on SDS PAGE and elute from gel filtration simultaneously.

This problem with impure proteins can lead to difficulties in interpreting
the literature. For example, early literature suggested that arylphorin of M. sexta
is sequestered into the fat body during the prepupal period [Kramer et al, 1980].
Later work claimed that LSP2 is sequestered to a much greater degree than
arylphorin [Ryan, 1985b]. Although these data are not contradictory, they tend to
generate a different picture of the distribution of the LSPs. Work by Ryan et al
[1985a; 1985b] suggests that the procedures used by Kramer et al [1980] would not
have separated the LSPs and so the best interpretation of Kramer et al’s data is
that at least one of the LSPs is taken into the fat body. Similarly the protein in
Ryan [1985] probably contained LSP3 along with the LSP2 since the LSP3 protein
had not yet been identified. However, the results are not to be doubted quite as

much as one might infer from the above statements. One of the reasons the other
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LSPs were not seen earlier is that the methods of isolation were not conducive to
their recovery. Kramer et al [1980] probably only had small amounts of LSP2 and
LSP3 in their samples because using mixed sex larvae would not have optimized for
LSPs 2 and 3. Likewise, the lack of protease inhibitors in purifications by Ryan et

al [1985b] would not have optimized for LSP3 preservation.

Protein Profiles of Hemolymph and Fat Body

Other workers have generated protein profiles of M. sexta hemolymph and
fat body during the final stadium [Ryan, unpublished data; Caglayan and Gilbert,
1987]. Caglayan and Gilbert do not indicate which sex was used for their profile,
although their rearing conditions were similar to those above except they used a
18L:6D cycle. In Ryan et al [1985b], larvae development was accelerated and
pupation occurred on Day 7 of the fifth stadium. In contrast, under rearing
conditions described here, each of the feeding and prepupal stages of the fifth
stadium lasted five days. The method of generating the protein profile of this study
differed from that used for the other profiles in the following ways: (i) Individual,
sexed larvae were used; (ii) Hemolymph was collected differently (discussed below);
and (iii) Protease inhibitors were added to homogenizations to reduce proteolysis.

The method of hemolymph acquisition made a considerable difference in
the amounts of proteins visible on native-PAGE [data not shown]. If bleeding was
from a needle inserted into the dorsal vessel then & much higher percentage of

total hemolymph protein was LSP2 and LSP3 and the proportion of LSP4 dropped.
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For the protein profiles, each sample contained hemolymph from an individual
larva. Although this method did not take advantage of statistical benefits of pooling
samples, it made sexing feasible -- each prepupal sample’s sex was confirmed by
searching for testes during dissection following hemolymph collection.

The profiles indicate that the qualification of Ryan et al [1985b] in calling
LSP2 a predominantly female specific protein was justified. LSP2 (and LSP3) were
found in either males or females [Figs. 4.2 through 4.5]. Like Ryan et al [1985b;
unpublished work] males were found to have less LSP2 and LSP3 relative to total
protein than females [Figs. 4.2 through 4.5].

Riddiford and Hice [1985] found that mRNAs for LSPs 2 and 3 were
detectable at a later time than that for LSP4. This is in agreement with the
accumulation of LSPs 2 and 3 in the hemolymph at a later time than the massive
increase in LSP4 [Figs. 4.2 and 4.4]. Although Caglayan and Gilbert [1987] do not
differentiate LSPs 2 and 3, their work appears to indicate the same resulit,

Which proteins are taken back into the fat body has been a question in the

literature. The profiles here show that M. sexta arylphorin, LSP4, was not the major

protein found in the fat body of prepupa. LSPs 2 and 3 accumulated in fat body to
a greater degree than LSP4 despite their lower concentration in the hemolymph.
This agrees with Caglayan and Gilbert (apparently for both proteins) [1987] and
with Ryan et al for LSP2 [1985b] who showed that label from iodinated LSP2 is
recoverable from the fat body [Ryan et al, 1985b]. The profiles presented here

indicate that there is an increase in fat body LSPs 2 and 3 and a decline in
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hemolymph LSPs 2 and 3 during the time corresponding to the uptake of label of
iodinated LSP2. The increase in fat body LSP2 occurred at the same time as the

formation and enlargement of protein granules in the fat body [See Chapter 2].

Putative Protein Granules
When the procedure of Tojo et al [1978] for H. cecropia was applied to M.

sexta similar observations during purification were made except that the greatest

concentration of visible aggregates was found within the 1.5M sucrose layer instead
of at the interfaces of 1.5M and 1.8M sucrose. This might mean there is a slight
difference in density of the granules between the two species or it may mean
conditions of purification (possibly degree of homogenization or temperature of
homogenization) were slightly different. Microscopy was not used to confirm the
presence of granules, therefore the results [Fig. 21] are not conclusive. However,
they supported the idea that LSP4 is not specifically sequestered into the protein
granules of M. sexta and that LSP2 and/or LSP3 are found in the protein granules.
Further work involving microscopy, immunocytochemistry and native-PAGE of
purified protein granules would be required to conclusively show that LSP2 and
LSP3 are found in protein granules and that the granules are devoid (or nearly so)

of LSP4.

Protein Purification
The protein purification procedure presented here differs from that of earlier

workers [Kramer et al, 1980; Ryan et al, 1985a; Ryan et al, 1985b]. The procedure
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of Ryan et al [1985b] was initially followed but better yields were obtained by
eliminating extensive dialysis and concentration steps by using the same buffer for
both gel exclusion and concanavalin A chromatography. The gel exclusion profile
[Fig. 22] was similar to that obtained by Kramer et al [1980] and Ryan et al [1985b].
Increasing the concentration of a-methylmannoside in the elution buffer of
concanavalin A chromatography substantially increased the yield of pure LSP4 under
the conditions c_lescribed above.

Two problems arose in the purification. Concentration of the proteins using
Amicon filtration or Minicon concentrators resulted in considerable loss of protein,
especially of LSPs 2 and 3. Also, decreasing the ionic strength of buffers led to
aggregation of all of the LSPs. The aggregation that occurred with decreased ionic
strength was reversible since if protein assays were performed on dialyzed samples
one could obtain the following result: if the sample was vortexed prior to taking a
portion for protein analysis, then much more protein was found than if the sample
was centrifuged and the supernatant taken. Although this was not used in the
purification scheme above, it offers potential as a means of concentrating the
proteins when necessary.

Another potential improvement on the purification of these proteins could
result from exploiting affinity chromatography. There are often difficulties in
removing bound protein from the affinity column. However, if the affinity column
was used to remove contaminating proteins, and the desired protein would be in

the flowthrough, then the problems associated with affinity chromatography would
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be largely avoided. It might be possible then, to purify LSP2 by a combination of
ultracentrifugation, gel permeation chromatography, then affinity chromatography
through anti-LSP3 and anti-LSP4 columns.

Levenbook [1985] cautions against using a Lowry assay for protein assays
of arylphorin because the high tyrosine content could lead to an apparent value
triple the true valué. Because of this, for protein determination for N-terminal
analysis, protein samples and BSA standards were subjected to SDS-PAGE and

stained with Serva brilliant blue.

Immunoblotting

Even using caution in the interpretation of immunoblots or Ouchterlony
diffusion assays, it is clear that arylphorins of different species are related. Also,
the proteins in the class of relatively methionine rich LSPs are related to each
other. However, it would obviously be better if antisera were protein specific. As
can be seen in the immunodotblot of purified LSP3 and LSP4 in Fig. 29, antiserum
raised by R. Ryan against LSP4 crossreacts with LSP3. Much of this crossreaction
does not seem to be a function of similarity in the proteins since the anti-LSP4
antiserum made for this dissertation work did not crossreact to the same extent.
Several of the immunological studies cbmparing M. sexta LSPs with those of other

species have used the antiserum generated by R. Ryan or the earlier antiserum of
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S. J. Kramer (whose separation procedure would not have resolved the LSPs). In
many of these studies, the antisera has conclusively identified a single protein in a
different species.

Although some crossreaction between anti-LSP4 sera and LSP3 protein
occurred, it was less than that of the anti-LSP4 serum raised by R. Ryan and used
in many recent studies. Most of the reactivity of anti-LSP3 serum with LSP4 was
removeable by the addition of LSP4 gel homogenate to the anti-LSP3 antiserum.
Difficulties in the separation of LSP2 and LSP3 by PAGE may have resulted in
contamination of the LSP3 antigen preparation with LSP2; however anti-LSP3 serum
did not generate a band above the expected LSP3 in Fig. 31B. This suggests that
at a 1% concentration of antiserum, crossreactivity should not be a problem and
that the anti-LSP3 antiserum could be used for screening a cDNA expression library
in order to acquire LSP3 cDNAs. The anti-LSP4 antiserum has been used

successfully for this purpose [See Chapter 5].

N-Terminal Analysis

Several groups have tried N-terminal sequencing of LSPs and been
unsuccessful. They have interpreted the lack of results in a variety of ways: that
the high tyrosine content formed tyrésine-dansyl derivatives that interfered with
sequencing [Munn, 1971; Pau and Levenbook, unpublished; both cited in
Levenbook, 1985]; or, that the N-terminal is blocked since reduced, carboxamido-

methylated M. sexta arylphorin yielded no phenylthiohydantoin derivatives [Kramer
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et al, 1980]. However, another possibility exists. If the oligomeric state is favored
under conditions of sequencing, then possibly an insufficient amount of the N-
terminal portion is available for the sequencing reaction. My work indicated that in
the buffers desired for sequencing, both M. sexta LSP3 and LSP4 formed visible
precipitable aggregates (data not shown). Even if LSP4 was eluted after SDS-PAGE,
it did not remain as monomers (Figs. 4.12 and 4.13) but formed a variety of
oligomers. In other species, arylphorin also can form a variety of oligomers [See
Levenbook, 1985 for review].

The LSPs are large, possibly the N-terminal of each is buried within the
protein and therefore may not be accessible for the sequencing reaction. However,
the residues found at the N-terminals of these proteins are not those one would
expect to be buried. The tentative N-terminal sequence of LSP4 obtained by
Kramer, Keim, and Law [unpublished data]

Ser-Ala/Glu-Val-Pro/Val-Val-Lys-Lys-Tyr-Glu/Phe-Phe
and the tentative N-terminal sequence of LSP3 obtained here,
Ser or Arg-Pro-Glu-Tyr-Asp-Asp-Asn-Tyr

are not sequences one would predict would be buried.

Conclusions and Suggestions for Future Work

Immunocytochemistry of intact fat body and isolated cell fractions could

identify which proteins are present in the fat body and their location within the
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cell. At the EM level, immunocytochemistry might provide information concerning
the trafficking, release, sequestration of hemolymph proteins by the fat body.

The anti-LSP3 antiserum could be used to screen a cDNA expression library
in order to obtain LSP3 cDNAs. Knowing the cDNA nucleotide sequence of LSP3,
and hence its amino acid sequence and composition, would allow better comparisons
of the LSPs of M. sexta.

Using a gas-phase sequenator, N-terminal sequencing could be tried using
blotting onto Immobilon membranes after SDS-PAGE. Since under these conditions,
the LSPs would be denatured by SDS and then immobilized onto the membranes,

the N-terminals might be more likely to be exposed.
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CHAPTER 6
c¢DNA SEQUENCES OF LSP4 SUBUNITS

In recent years, techniques of molecular biology have been used to study the
gene organization and regulation of expression of the larval serum proteins genes.
The results suggest that the number and arrangement of the LSP genes difier from
species to species, and that the regulation of expression may be quite different for
the different classes of LSPs within an insect. Several groups have been studying
genes encoding the arylphorin class of LSPs and a few reports exist on the cDNAs
and genes encoding the predominantly or exclusively female specific proteins of M.

sexta and B. mori respectively. These are briefly reviewed in the following section.

There were several reasons for sequencing the cDNAs encoding the LSP4
subunits of M. sexta.
(1) The subunits have not been successfully isolated from each other so even such
basic information as amino acid composition or N-terminal sequence of the subunits
is not available. Acquiring the nucleotide sequence of the cDNAs would yield
considerable information about the individual subunits.
(2) Having the sequence of the protein-encoding region of the cDNA would allow
comparisons of the nucleotide and amino acid sequences of the two subunits, which
might give some indication of the evolution of the two subunits. When other

sequences become available from other species, this type of analysis might be used
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in building a better picture of the evolution of insects -- since the arylphorins are
highly conserved in amino acid composition and their presence is so striking at a
specific time in development, their sequences may be ideal for such a task.

(3) Analysis of the sequences of LSPs from different species may yield some insight
into the cause of the different physiological fates of LSPs. For instance, within the
arylphorin class of LSPs, the presence or absence of a particular sequence might
target the arylphorin for sequestration in the fat body of those insects in which it
is sequestered.

(4) Identification of cDNAs encoding the LSPs would permit use of such cDNAs to

screen genomic libraries to acquire the LSP genes and hence their regulatory

" elements.

Literature Background

The arylphorin class of LSP often contains several different subunits. These
are encoded by a multigene family in some insects. The extent and arrangement of
this gene family varies considerably. The largest known LSP multigene family is in

Calliphora vicina. C. vicina contains eleven genes for calliphorin, its major

hemolymph protein. These genes are arranged in groups of two or three as directly
repeating sequences [Schenkel et al, 1985], with all the genes apparently being
located closely together on a single chromosome [Kemp et al, 1978]. In contrast, in

D. melanogaster, the larval serum proteins LSP1 and LSP2 are encoded by only

four genes and these are not adjacent on the chromosome [Smith et al, 1981]. S.
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peregrina contains at least three genes encoding the 75,000 dalton subunits of its

major LSP [Tahara et al, 1984]. M. sexta probably contains only two genes encoding

LSP4 [Wang, personal communication].
In the insects studied so far, the genes for the arylphorin class of LSP are

highly similar. By heteroduplex analysis Smith [1981] showed the genes for the three

subunits of LSP1 of D. melanogaster are similar with @ and R exhibiting greatest
similarity. X.-y. Wang [personal communication] and Webb and Riddiford [1989]
have found that probes from cDNA clones for the different subunits of M. sexta
LSP4 hybridize to both M. sexta LSP4 genes.

The upstream regulatory sequences of D. melanogaster LSP1 genes have

been cloned and sequenced. The 5’ region of the genes are conserved [Delaney et
al, 1986]. When the genes are being expressed, DNAse sensitive regions are found
upstream of the genes [Jowett, 1985]. The sequence of this regulatory region and
the initial 150 bases of the encoding region for the LSP-1a gene has been published
[Jowett, 1985]. Comparable portions of LSP-18 and LSP-1y are also available
[Delaney et al, 1986].

In S. peregrina, a portion of the upstream region and the 5’ end of its
storage protein gene have been sequenced [Matsumoto et al, 1986].

The sequence of the gene for the methionine-rich female specific LSP of B.
mori has been published [Sakurai et al, 1988a; Sakurai et al, 1988b]. cDNA clones
for this protein have also been acquired and used to study gene expression [Izumi

et al, 1988].
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Overview of This Work

The work presented here includes the sequences of the protein-encoding
portion of the cDNAs for the two subunits of M. sexta arylphorin, LSP4. These
sequences were compared to NBRF-PIR (National Biomedical Research Foundation
Protein Identification Resource) protein sequence data base and the GenBank DNA
sequence data base. In addition, they have been analyzed for amino acid

composition, pl, potential structure, and similarities with each other.

Materials and Methods

Already available in Dr. Wells’ laboratory were a lambda gt11 expression
cDNA library made by Dr. Mangala Prasad and a set of cDNA clones that were
mainly or solely expressed in larval stage fat body [The initial cDNA library had
been made by M. Prasad; differential hybridization using larval and adult mRNAs
was conducted by K. Cole.]. The cDNA library was first screened with anti-LSP4
sera provided by R. Ryan; later screenings were with the anti-LSP4 sera described
in Chapter 4.

Most restriction enzymes, ligase, Klenow fragment of DNA polymerase,
exonuclease III and accompanying buffers were from BRL. pTZ vectors and
Sequenase were obtained from U.S. Biochemicals. *S-dATP came from ICN. Kodak
XAR film was used for autoradiography of sequencing gels and Northern blots.
Similarities between the two subunits were analyzed with the sequence alignment

program PRTALN (D.J. Lipman and W.J. Wilbur, Mathematical Research Branch,
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NIADDK, NIH). Multiple alignments of the two subunits with other homologous
proteins were made with computer programs kindly provided by Feng and Doolittle
[Feng and Doolittle, 1987]. Using International Biotechnologies, Inc. DNA/Protein
Sequence Analysis software, the hydrophobicity profile of the two subunits was
determined. Chou-Fasman [Chou and Fasman, 1978] based predictions of secondary
structure were made with the computer program MSEQ: Protein Structure Analysis
Program (Black and Glorioso, University of Michigan Software. The Regents of the
University of Michigan, c.1985).

The lambda gtll expression library and the differentially expressed clones
were screened as described by Cole et al [1987] with antiserum to LSP4. LSP4-
encoding sequences were subcloned from positive clones by exploiting convenient
DNA restriction sites in lambda gt11l, pTZ18R and pTZ19R vectors or by using
these in conjunction with DNA amplification with the polymerase chain reaction
[Oste, 1988]. To obtain suitable-length DNA pieces in the cDNA for LSP4«,
exonuclease III reactions were also used [Henikoff, 1987]. Standard published
procedures for DNA manipulation were used whenever possible [Maniatis et al,

1982; Current Protocols in Molecular Biology, 1987].

DNA amplification with the polymerase chain reaction was performed
according to manufacturer’s standard program number five. 0.4ug of each of two
primers specific for lambda DNA that flanked the insert were used since these
would result in amplification of the insert DNA. About Ing of the lambda DNA

clones were mixed with primers, reaction buffer, dNTP’s and Taq polymerase
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according to manufacturer’s suggestions. Resulting DNA was gel purified, cut with
suitable restriction enzymes and subcloned into pTZ vectors.

Sequencing template was obtained from pTZ vectors by generating single
stranded DNA from the f1 origin of replication of these plasmids [Dente et al,
1983].

The sequencing protocol of U.S. Biochemical Corp. for Sequenase (Trade
mark U.S. Biochemical Corp. for T7 DNA polymerase) was followed. Where
secondary structure made modification of the standard procedure necessary, changes

were as suggested in U.S. Biochemical’s literature on Sequenase.

Results

The cDNA library was first screened with anti-LSP4 sera provided by R.
Ryan; later screenings were with the anti-LSP4 sera described in Chapter 4. Several
positive clones were identified but their inserts were small. Screening of the clones
containing messages preferentially expressed in larvae was more successful: two
clones expressed proteins reactive with anti-LSP4 antisera and contained multiple
Eco-RI sites. The sum of the sizes of the inserts suggested these clones included the
full protein-encoding portion of the cDNAs. A Northern blot of fat body RNA
probed with part of the 3’ portion of the cDNA for LSP4g indicated that the cDNA
clone hybridized to a message or messages of approximately 2400 bases (This work

was done by E. Hanneman. See Fig. 33). Only one main band is visible.



108

Figure 5.2 includes partial restriction maps of each of the cDNA inserts and
also maps the portions of cDNA sequenced from individual subclones. Ordering of
the EcoR1 fragments labeled B-F-E-C-A in the cDNA for LSP4R was confirmed by
the gene sequence [personal communication, X.-y. Wang].

The nucleotide and deduced amino acid sequences of the two subunits are
given in Figs. 5.3 and 5.4. Each sequence contains a putative signal peptide and two
glycosylation sites. Within each sequence, a few stretches of amino acids are found
repeated, although no clear pattern of internal repeating elements is observable.
Tyrosine and phenylalanine are distributed fairly evenly throughout the sequence
-- this is more clearly seen in Fig. 37. Proline distribution is given in Fig. 38.

The deduced amino acid compositions and calculated pI’s of the entire
proteins, the signal sequences, and the processed proteins are given in Table 1. Also
included is the amino acid composition of Kramer et al [1980].

The amino acid sequences of the two subunits show a high degree of
similarity [Fig. 39].

When the sequence of LSP4a was used to search the NBRF protein
sequence and the GenBank databases, the program considered only a few sequences
as possible matches. Four of these sequences, the hemocyanin subunits d and e of
the American tarantula, and hemocyanin subunits from the spiny lobster and the
horseshoe crab [Nakashima et al, 1986] were compared with the LSP4 subunits
using a progressive multiple alignment program of Feng and Doolittle [1987]. The

results are shown in Figure 40.
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Fig. 33. Northern blot of fat body mRNA from mixed-sex feeding stage larvae
probed with a portion of the 5’ region of LSP4a cDNA. Lanes 1-3. Increasing
amounts of mRNA. Molecular weight standards in kilobases.
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Fig. 35. Nucleotide and amino acid sequence of LSP4a.
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Fig. 35 (continued). Nucleotide and amino acid sequence of LSP4a.
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TRANSLATED SEQUENCE OF LSP4&

1 ATG AAG ACT GTC ATA ATC CTA GCG GGG TTG GTG GCC CTG GCC CTC GGC AGC
M K T Vv 1 1 L A 6 L V A L A L G S
61 GTC AAG CAC TCC TTC AAA GTT AAG GAT GTT GAT GCG GCT TTC GTC GAA CGT
vV K # 8§ F XK VvV X b vV D A A F V E R
121 GTC TTA GAT CTT TTC CAA GAT GTC GAC CAA GTA AAT CCT AAC GAT GAG TAC
v L b L F @ D VvV D @ vV N P N D E Y
181 GGC AAG GAA TAC AAC ATC GAG GCT AAC ATC GAC AAT TAC TCG AAC AAG AAG
6 K E Y N I E A K I D W Y S8 N K K
241 GAA TTC TTG CAG TTA TAC AGG ACA GGT TTC TTG CCT AAG TAC TAT GAA TTT
E F L @ L Y R T G F L P K Y Y E F
301 TAT GAC AGA CTA AGG GAC GAG GCC ATT GGT GTT TTC CAC CTC TTT TAC TAC
Yy D R L R D E A I G V F H L F Y Y
361 TTT GAT ACG TTC TAC AAA TCT GCC GCA TGG GCG CGT GTG TAC CTC AAC GAA
F b T F Y K § A A W A R V Y L N E
421 TTA TAC GCC TAC TAC ATT GCT GTG ATT CAG CGT AAA GAT ACT CAG GGC TTC
L Yy A Y Y I A V I Q@ R K D T @ G F
481 GCA CCG TAT GAA GTC TAC CCT CAA TTC TTC GCA AAC TTG AAC ACT ATG CTC
A P Y E V Y P Q@ F F A N L N T M L
5641 CGT ACC AAA ATG CAG GAT GGA GTT GTT AGT GCC GAT TTA GCT GCA CAA CAC
R T K M @ P 6 V V S A D L A A Q H
601 AAG GAG AAA AAC TAC TAC GTA TAC TAT GCC AAT TAC TCC AAC TCA TTA GTG
K E K N Y Y V Y Y A N Y S N § L V
661 GAG GAA CAG AGA CTG TCG TAC TTC ACT GAG GAC ATC GGC TTG AAT TCG TAC
E E @ R L S Y F T E D I G L N s Y
721 TTC CAC TCT CAC TTG CCT TTC TGG TGG AAT TCT GAG AGA TAC GGA GCA CTA
F H § H L P F W W N S E R Y G A L
781 CGT GGT GAA ATC TAC TAT TAC TTC TAT CAG CAA TTA ATT GCA CGT TAT TAC
R 6 E I Yy Y Y F Y @ @ L I A R Y Y
841 CTC TCG AAC GGC CTG GGT GAC ATT CCC GAA TTC TCA TGG TAC TCA CCA GTC
L $§$ N G L 6 D I P E F S W Y S§ P V
901 TAC TAT CCA CTG ATG TCT TCT TAT TAC TAC CCC TTC GCT CAA AGG CCC AAC
Y Y P L M S S Y Y Y P F A Q@ R P N
961 GTG CAC AGC GAA GAA AAC TAC GAG AAA GTA CGA TTC TTG GAC ACG TAT GAA
vV B § E E N Y E K V R F L D T Y E
1021 CTT CAG TTC CTC CAA AAC GGA CAC TTC AAA GCG TTT GAC CAG AAG ATT GAC
L @ F L @ N G H.F K A F D @ K 1 D
1081 TTC AAA GCT ATC AAC TTT GTT GGA AAC TAC TGG CAA GAT AAT GCT GAC CTG
F K A I N F V G N Y W @ D N A D L
1141 GAA GTT ACT AAG GAC TAC CAA CGT TCA TAT GAA ATT ATA GCC CGC CAA GTG
E VvV T K D Y @ R S Y E I I A R Q@ V

Fig. 36. Nucleotide and amino acid sequence of LSP4x.
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1321
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1861

1921

1981

2041

2101

GCA CCT AAA CCA TTC GAC AAG TAC ACA TTC ATG CCC AGC GCT TTA GAC TTC TAC CAG ACG
AP K P F D K Y T F MW P 8 A L D F Y Q@ T

TCT CTG CGT GAC CCA ATG TTC TAC CAA CTT TAC AAC AGA ATT CTG AAG TAC ATA TAT GAG
$ L R D P M F Y Q@ L Y N R I L K Y I Y E

TAC AAG CAG TAC CTG CAA CCG TAC TCT TCA GAA AAA CTG GCA TTC AAG GGT GTC AAG GTG
Yy K @ vy L @ P Y s S8 E K L A F K G V K V

GTC GAT GTT GTA GTA GAC AAA CTG GTT ACC TTC TTC GAG TAC TAC GAC TTT GAT GCG TCC
v bV v Vv b K L v T F F E Y Y D F D A S

AAC AGC GTT TTC TGG AGC AAA GAG GAG GTT AAA TCT AGC TAC CCC CAT GAT TTC AAG ATC
N § V F W 8 K E E V K 8 8§ Y P H D F K 1

CGT CAG CCA CGC CTT AAC CAC AAG CCA TTC TCT GTC TCT ATC GAC ATC AAA TCT GAA GCT
R @ P R L N H K P F $ V s 1 D I K S E A

GCC GTT GAT GCC GTT GTC AAG ATA TTC ATG GCA CCT AAA TAC GAC GAT AAT GGA TTC CCT
AV D A VvV V K I F M A P K Y D D N G F P

CTG AAA TTA GAA AAC AAC TGG AAC AAA TTC TTC GAG CTG GAC TGG TTC ACA TAC AAT TTG
L K L E N N W N K F F E L D W F T Y N L

TTG CTG GTG ACA ACA AAT CGT GAG GAA CTC AAC GAC TTC TTG ATC TTC AAG ACG ACT CTG
L L VvV T T ¥ R E E L N D F L I F K T T L

TTC CCC ATG ACT GAG TTG TAC AAA TTA TTA GAA CAA AAT AAG GTT CCA CAC GAC ATG TCC
F P M T E L Y K L L E @ N K V P H D M s

GAG GAT TAC GGC TAC CTG CCT AAA AGA CTG ATG CTG CCA AGA GGT ACT GAG GGT GGT T7TC
E D Y 66 Y L P K R L M L P R G T E 6 G F

CA TTC CAG TTC TTC GTT TTC GTA TAT CCA TTC AAC GCT GAC AGC AAA GAT CTT GCA CCG
P F @ F F V F vV Y P F N A D S K D L A P

TTC GAG GCC TTC ATC CAG GAC AAC AAA CCT TTG GGC TAT CCA TTC GAC CGT CCC GTT GTT
F E A F I @ D N K P L 6 Y P F D R P V V

GAC GCT TAC TTC AAG CAA CAC AAC ATG TTC TTC AAG GAC GTC TTC GTA TAC CAT GAC GGC
D A Y F K Q@ H W W F F K D VvV F V Y H D G

GAG TAC TTC CCG TAC AAG TTC AAT GTT CCT TCC CAT GTG ATG CAC TCA AAC GTT GTT CCT
E Y F P Y K F N V P § H V B B S N V V P

AAA CAC TGA AAA GGA ATT TGC TTA AAT AGC ATA GAT CAC ATT ATA TTG TAT TGA AAT GTG
K H -

. TGC AAA GTA ACT TAA ATA AAA CAG ATT CAT ATT AAA AAA A

Fig. 36 (continued). Nucleotide and amino acid sequence of LSP4z.
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TYROSINE AND PHENYLALANINE DISTRIBUTION IN LSP4 SUBUNITS

----------------------- Ym==Y=r mmeme-F--= —=—=Fe-Fe= —o-c-Y-e-Y
------------------------ Fm==== ===Fe===w=-= —cc=Fe-—a- —=mee—YY--
. Bl e e e S e F--FYY
e G Yoo - Fe==Y==-F ===YY-F==F Y—--me-—e—e - F-=FYY---
~==F==FY=~ =-Fememem—e— —oF=Y=Y¥=n —mc—m—eeae —aea- Y--Y- ~YF--ee—- F
Fe-FY-==== ——- Y-m——— F =Y-YY=m=== cmmcewFe== —=Y=eY==FF ==----—mn Y
---------- Fe———===YY ==Ym===eY= FY--Ymmee— Y=eeoa--oy FY-=-----Y
------------------------- YY-YY~m ~Y=mm=oYe= —mmeeeYFem cmeee-YYYY
YYYF--=-~ F ==--—= Y=-F —=--=mm YYY FY--m=em YY mmmmmmmmmm e F--Y~==
Fo-mme F--- -—- Ymmmmom —mee YYYFY= —-==- YYFmm mmmm——m——- e
-==YY-=-Y~ —YY-F~=mm- YYmmmemme Y =m==F==-F= ==F==Y-=== =F==Fo----
YY-mmom YYY =F-===-Y== =-meweYeee —Few=Y-c-F ==F-=---F- -F-----F-=
R I e Yo mmYmmmmems —mmeen Fm= Y=-Fm=———- F
Fm==-F===y ———meee e e e ) FY--
e F Y=-Y—=mm-m Y ===Fe-Y-—- Y e e YF-YY~F
------ FY-= Y=====¥=Y= YeeYme-Y=e —==-Femeoe —=—eoa——ee FF-YY-F---
mmmmmeFeme mmeeoFeYeY —mmmme———— - I F-= Fem—-Y-——-
—==Fm=mmmm —e- YmmemFom mmm—e——— F —m—mmmmeoe mmmeeeee F- ---Y----F-
e B R e F-FF- “===-—==- Y =mmmmmmmee
--------- F Fr—==F=Y== ==mmemmeee cwFecFemme FecomoYooe —comeeeome
---------------------- Y-F==F~F =Y-Y===mm= =—=Fececee -—-F-Y-F--
e O G PEE R F -F~FF-F~Y= Fommo=e—a- F-=F====== ==Y-P-———-
mmmmmmmmme e F- —mmmmmmm—— - F-F=Fm=—— - F--

~~YFmu——m F F=—=F=Y=== =YF-Y~F=== ——m=mcee—oe -

Top line: LSP4«
Bottom line: LSP48

Fig. 37. Tyrosine and phenylalanine distribution in LSP4 subunits.
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PREDICTED SIGNAL PEPTIDES, POTENTIAL GLYCOSYLATION SITES,
AND PROLINE DISTRIBUTION IN LSP4 SUBUNITS

MKTVVILAGL VALALSS==P PP--e=-==- -p e TP SRR
MKTVIILAGL VALALGS==P ==—-==mc-=== mmmc———ce cmmaaeee oo pP-————m-
---------- ~NYSN-==== =m—mmcmce— cmcaPo—mee cmmmmee mdeee o
---------- “NYSN—==== ==-mmmmece —Puc———uPe memmmmeeoe ammme— o
------------------------------------------ ) .
--------------------------------------- P =Pm-mm-Pmm= mmmmeemeee
--------------------------------- NYSN-=m =Pemmeemme meee—caee
------------------------------ NYSN=m=mm= —mmmmmmmeom ccmmmee e
-------- e 2l i Tttt
—— Prmm= mmmmmmmmm mmmemmeeem cm————— —————— P- —m=m- p---~
----- Prmm= =mmPmmmePe mmecmm—eee —mmmme— e e mmme—— me——e—eee
~=Pmmm———— 1 el e e e T L P
-------------------------------------------- P-P-=- ==—=P-----
----------------------------------------- P-Pmm——== —Pmme————e
——————— P_— ————— - - _-__..._..__P - —— - O W > - —— . VO > . A = D G S o -
———_P ————————————————————— P _________________________________
---------------- Pemm ——==p P e
-------------- P-=wmwm m=PmemmmePe mmmmee———e eeemeceee —Pe—e———-P
S Premmme e e I P-
———— e ————— —————————— —————————— - Premm———— ————— P

--------- P -==--P-m=m ==ePem—mem —=PmmeePee —ePe-——-P- —=P-—-P-—-

—————— P--= ==P-——=w-- P-- P --- P ==—-====-P =--P-=-P--

Top line: LSP4«
Bottom line: LSP4g

Fig. 38. Signal peptides, potential glycosylation sites, and proline distribution in
LSP4 subunits.



Alanine
Valine
Leucine
Isoleucine
Proline
Methionine
Phenylalanine
Tryptophan
Glycine
Serine
Threonine
Cysteine
Tyrosine
Asparagine
Aspartic Acid
Glutamine
Glutamic Acid
Lysine
Arginine
Histidine

* indicates included with above amino acid;
Experimental data from Kramer et al, 1980.

Calculated pl

Molecular Weight
# of Amino Acids
Average amino acid residue weight: 119.9

Average amino acid residue weight in E. coli proteins: 108.7

AMINO ACID COMPOSITION OF LSP4

Signal Peptide
o B
18.75 18.75
18.75 12.50
25.00 25.00
6.25 12.50
0 0
6.25 6.25
0 0
0 0
6.25 12.50
6.25 0
6.25 6.25
0 0
0 0
0 0
0 0
0 0
0 0
6.25 6.25
0 0
0 0

10.19

1581

16

- 10.19
1565

16

Mature Protein Experimental

«
4.5
6.3
7.0
4.3
5.9
2.5
9.0
0.9
3.7
6.6
3.5
0.4

103
6.0
5.8
3.6
5.9
7.3
4.4
2.1

7.53
82257
688

B
5.5
7.6
1.5
33
5.2
1.7
9.3
1.3
3.7
54
2.6

0

10.5
5.8
6.7
4.2
5.8
7.4
3.5
2.3

6.22
82255
686

(both subunits)
5.5
7.8
6.5
33
6.0
2.1
9.1
23
5.0
5.2
3.0
0.4

10.6
13.1
*

11.0
*
1.9

3.6
3.0

Table 1. Amino acid compositions and calculated pI’s of LSP4 subunits.
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MKTVIILAGLVALALGSEVPVKHSFKVKD~~~VDAAFVERQKKVLDLFQDVDQVNPNDEY

MKTVVILAGLVALALSSAVPPPKYQHHYKTSPVDAIFVEKQKKVFSLFKNVNQLDYEAEY
10 20 30 40 50

60 70 80 90 100 110
YKIGKEYNIEANIDNYSNKKAVEEFLQLYRTGFLPKYYEFSPFYDRLRDEAIGVFHLFYY

. . . . e e e s 000000 o« L] I EEREREX] o .o .. . . [ ) H s o0
e - MR .. .. M ERRE .. e o s e - - * e e 00

YKIGKDYDVEANIDNYSNKKVVEDFLLLYRTGFMPKGFEFSIFYERMREEATALFELFYY
70 80 90 100 110

120 130 140 150 160 170
AKDFDTFYKSAAWARVYLNEGQFLYAYYIAVIQRKDTQGFVVPAPYEVYPQFFANLNTML

« e s e « o0 e . s s s s s s e 00 0000 e .. . .

AKDFETFYKTASFARVHVNEGMFLYAYYIAVIQRMDTNGLVLPAPYEVYPQYFTNMEVLF
130 140 150 160 170

i80 190 200 210 . 220 230
KVYRTKMQDGVVSADLAAQHGIVKEKNYYVYYANYSNSLVYNNEEQRLSYFTEDIGLNSY

KVDRIKMQDGFLNKDLAAYYGMYHENDNYVFYANYSNSLSYPNEEERIAYFYEDIGLNSY
190 200 210 220 230

240 250 - 260 270 280 290 .
YYYFHSHLPFWWNSERYGALKSRRGEIYYYFYQQLIARYYFERLSNGLGDIPEFSWYSPV

[ “ e o s 00800 s » 0 e 0008000 as0s0nrse o e . . s v ser e e
40 0 0. I EEREEERE] H ® v s e s e e s 0 e s s e . s . o« e 0. o e 0 e

YYYFHMHLPFWWNSEKYGPFKERRGEIYYYFYQQLIARYYLERLTNGLGEIPEFSWYSPV
250 260 270 280 290

300 310 320 330 340 350
KSGYYPLMSSYYYPFAQRPNYWNVHSEENYEKVRFLDTYEMSFLQFLQNGHFKAFDQKID

. . s e s e v 0 a0 s e ¢« s o n L) .. e IEEEEEE]
. HE e e s e s s 0 a0 o o0 e e oo .o e = o e s 00 00

KTGYYPMLYGSYYPFAQRPNYYDIHNDKNYEQIRFLDMFEMTFLQYLQKGHFKAFDKEIN
310 320 330 340 350

360 370 380 390 400 410
FHDFKAINFVGNYWQDNADLYGEEVTKDYQRSYEIIARQVLGAAPKPFDKYTFMPSALDF

L .o e s e e v o v e s e s e oo s I IR .. I R EEREEX] o . 3 I EEEEE]
v e o e R EEREEE] e s s 00 RIS e s e o0 0 . ® e e 0 000 00 .. . e o o8 00

FHDVKAVNFVGNYWQANADLYNEEVTKLYQRSYEINARHVLGAAPKPFNKYSFIPSALDF
370 380 390 400 410

Fig. 39. Sequence alignment and similarities between the two subunits of
LSP4. Upper line is LSP4g; lower line is LSP4a.
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420 430 440 450 460 470
YQTSLRDPMFYQLYNRILKYIYEYKQYLOQPYSSEKLAFKGVKVVDVVVDKLVTFFEYYDF

* s s 09000 R . . Te . I RN e e . « o s . I R REEE]
EEEEEER e e 00 . .. . HHHE M s e .. e s e - MR RIS

YQTSLRDPVFYQLYDRIINYINEFKQYLOQPYNQNDLHFVGVKISDVKVDKLATYFEYYDF
430 440 450 460 470

480 490 500 510 520 530
DASNSVFWSKEEVKSSYPHDFKIRQPRLNHKPFSVSIDIKSEAAVDAVVKIFMAPKYDDN

s s 0 e s 00 e o o 0 H

. PR Y . . .
. e * a0 H HEE R I - . e s e 0

DVSNSVFVSKKDIKNFPYGYKV—RQPRLNHKPFSVSIGVKSDVAVDAVFKIFLGPKYDSN
490 500 510 520 530

540 550 560 570 580 590
GFPLKLENNWNKFFELDWFTYNLLLVTTNREELN DFLIFKTTLFPMTELYKLLEQNKVP

e . R . .
.

GFPIPLAKNWNKFYELDWFVHKVMPGQNHIVRQSSDFLFFKEDSLPMSEIYKLLDECKIP
540 550 560 570 © 580 590

600 610 620 630 640 650
HDMSEDYGYLPKRLMLPRGTEGGFPFQFFVFVYPFNADSKDLAPFEAFIQDNKPLGYPFD

e v e L e s 8 000 ¢ e e s a0 s
.. R

SDMSNSSDTLPQRLMLPRGTKDGYPFQLFVFVYPYQAVPKEMEPFKSIVPDSKPFGYPFD
600 610 620 630 640 650

660 670 680 690 ‘700
RPVVDAYFKQHNMFFKDVFVYHDGEYFPYKFNVPSHVMHSNVVPKH

RPSTLNTSSSPTCTSRMCTFTTRENSSRTSSTFLFTFRKRLRFER
660 670 680 690 700

NUMBER OF MATCHED AMINO ACIDS=444

Fig. 39 (continued). Sequence alignment and similarities between the two
subunits of LSP4. Upper line is LSP4g; lower line is LSP4&.
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ALPH
BETA
BMOR
TARE
TARD
HSCB
SPLB

ALPH
BETA
BMOR
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TARD
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SPLB

ALPH
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TARE
TARD
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SPLB

ALPH
BETA
BMOR
TARE
TARD
HSCB
SPLB

MULTIPLE ALIGNMENT OF LSP4 SEQUENCES WITH SIMILAR SEQUENCES
* I ! # ] **
MKTVVILAGLVALALSSAVPPPKYQHHY KTSPVDAIFVEKQKKVFSLFKNVNQLDYEAEYYKIGKDYDVEANIDNYSNKKVVEDFL ~LLYRTGFMPKGFEFSIFYERMREEAIALFEL
MKTVIILAGLVALALGSEVPV  KHSF KVKDVDAAFVERQGKKVLDLFQDVDQVNPNDEYYKIGKEYNIEANIDNYSNKKAVEEFL QLYRTGFLPKYYEFSPFYDRLRDEAIGVFHL
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Fig. 40. Multiple alignment of LSP4a (ALPH) and LSP48 (BETA) with B. mori SP1 (BMOR), tarantula
hemocyanin "E" chain (TARE), tarantula hemocyanin "D" chain (TARD), horseshoe crab hemocyanin
(HSCB), and spiny lobster hemocyanin (SPLB). * indicates identity in all sequences; | indicates identity
between spiny lobster hemocyanin and LSP4; # indicates Y and F conservation between spiny lobster
hemocyanin and LSP4.
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Fig. 40 (Continued). Multiple alignment of LSP4a (ALPH) and LSP4p (BETA) with B. mori SP1 (BMOR),
tarantula hemocyanin "E" chain (TARE), tarantula hemocyanin "D" chain (TARD), horseshoe crab
hemocyanin (HSCB), and spiny lobster hemocyanin (SPLB). * indicates identity in all sequences; | indicates
identity between spiny lobster hemocyanin and LSP4; # indicates Y and F conservation between spiny
lobster hemocyanin and LSP4.
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The predicted hydrophobicity profiles of the two subunits are given in Figs.

5.9 and 5.10. These indicate hydrophobic regions in both subunits spanning residues
1-25, 150-190, 285-310, 330-355, and 520-570. A strongly hydrophilic spike is found
around residue 261. The calculated profiles of the propensity to form alpha helices
are given in Figs. 5.11 and 5.12; those of beta strands are shown in Figs. 5.13 and
5.14. Regions possibly of alpha helix structure are found at residues 90-110, 320-
350, 635-650 though these are not strongly predicted to be alpha helices. In each
subunit, there are three regions with strong predictions of beta strand structure:

residues 1-10, 190-210, and 615-630.

Discussion

The size of the mRNA detected on the Northern blot corresponded well with
the expected size for a message encoding a protein of about 72 kilodaltons. Only
one main band is visible in the Northern blot. Given the similarities in size of the
two subunits, and reports that DNA sequences of the two subunits cross-hybridize
[X.-y. Wang, personal (.:ommum'cation; Webb and Riddiford, 1989], it is probable
that the mRNAs encoding the two subunits are sufficiently similar in size that they
are not resolved under these conditions.

The deduced amino acid seqﬁence of each of the subunits indicated a
putative signal peptide prior to a sequence similar to the N-terminal sequence

obtained by Kramer et al [unpublished data] printed in Chapter 4. The putative



ZERO-ORDER HYDROPHOBICITY PROFILE OF LSP4«

Ay aroptiobicity

I

I

1 ] I I | I

1 | | 1 [ 1

70

140 210 280 350 420 490
Hesiduve Number

Fig. 41. Zero-order hydrophobicity profile of LSP4a.

560 630

700

XA



Hyarophobiciity

ZERO-ORDER HYDROPHOBICITY PROFILE OF LSP48

!

1 I ] P | ]

] 1 ! | ] |

70

140 210 280 350 420 490
Fesidue Number

Fig. 42. Zero-order hydrophobicity profile of LSP4g.

560 B30 700

174}



CHOU-FASMAN PREDICTED SECONDARY STRUCTURE OF LSP4a -ALPHA HELICES

robsbi /ity

1

T T T

.(_L)‘b.tﬂm\lCDLO

P | )
o
ETTTm T T T ITIe T T T T

0 70 140 210 280 350 420 480 560 630 700
~esiauve Number

Fig. 43. Chou-Fasman predicted alpha helices in LSP4a.

[a—
[\
wn



robebilily

T O = T R e

h b
o V\ |
S M RV LRI ik

CHOU-FASMAN PREDICTED SECONDARY STRUCTURE OF LSP4g -ALPHA HELICES
.7 r T

0 70 140 210 280 350 420 490 560 630 700
Aesiove Number

Fig. 44. Chou-Fasman predicted alpha helices in LSP48.

91



CHOU-FASMAN PREDICTED SECONDARY STRUCTURE OF LSP4a -BETA STRANDS
.7

FProbability

1

I N =Y

W A OO0 N O W

=~ NN W hHh OO

0]

N

T { i { T il 1 ! {

TIIT T T A0 T 10 1 A

70 140 210 280 350 420 490 560 630 700
Aesiove Number

Fig. 45. Chou-Fasman predicted beta-strands in LSP4a.

LTI



CHOU-FASMAN PREDICTED SECONDARY STRUCTURE OF LSP4p -BETA STRANDS
.7

1

Frobability

e = WY

W N O NDmO

= NN W N OO

I | 1

uM

T T

I

1

il

I

]

I

St —— R

| |

T T

{ l

M

70 140 210 28B0 350 420 4380 5860 630 700

Resicuve Number
Fig. 46. Chou-Fasman predicted beta strands in LSP4p.

8¢I



129
signal peptides exhibit a hydrophobic core and a sequence upstream of the cleavage
site that agrees with the rules of signal sequence cleavage derived by Von Heijne
[1986; 1983].

The sequences also contained two putative glycosylation sites per subunit.
Ryan et al [1985a] found each subunit to be glycosylated but concluded there was
only one carbohydrate chain per subunit since carbohydrate accounted for
approximately 2% of the molecular weight. It is possible that only one of the two
sites are used, but it is interesting that all four potential glycosylation sites are
located in identical amino acid triplets of NYS. Only one known hemocyanin protein

is glycosylated, that of Palurinus_interruptus. The site of glycosylation in P.

interruptus is known and it does not correspond to either site in LSP4 [Linzen et
al, 1985].

The deduced amino acid sequence indicated that the aromatic amino acids,
tyrosine and phenylalanine, are distributed throughout the protein. The deduced
amino acid composition of the subunits without the signal peptide is similar to the
amino acid composition of Kramer et al [1980]. Of interest is the average amino
acid residue weight of 118 daltons, rather than the usual average amino acid residue
weight of 108.7 daltons [Schulz and Schirmer, 1979]. This could account in part for
the discrepancies in molecular weight ‘calculations. The molecular weight deduced
from the cDNA sequence is approximately 83,000 daltons; by SDS-PAGE analysis,
the subunits are approximately 72 and 77 kilodaltons when glycosylated and 72 and

69 kilodaltons after treatment with endogylosidase H [Ryan et al, 1985a]. If the
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mobility during SDS-PAGE is determined primarily by SDS binding to the peptide
backbone, then polypeptide length and not weight per se is what is assayed during
SDS-PAGE analysis. If the average residue molecular weight is 118 instead of 108.7
daltons then this could account for some of the discrepancy in calculated molecular
weights.

The distribution of prolines makes extensive a-helix structure unlikely [See
Fig. 38] except for three regions in which prolines are absent for at least forty
amino acids. The Chou-Fasman calculations do not show any regions with a strong
propensity for alpha helix structure. However, comparison of regions that may be
alpha helixes with corresponding regions of the spiny lobster hemocyanin (whose
structure is known to 3.2A [Gaykema et al, 1984] yields several correlations. In the
region of the 2.2 alpha helix of the spiny lobster hemocyanin, 8 out of 24 amino

acid residues are conserved in all the hemocyanins and in B._mori SP1 and LSP4.

However, Chou and Fasman calculations indicate a greater propensity for beta
strand than for alpha helix. Figures 5.11 and 5.12 suggest a potential alpha helix
around residues 110-115 and in a region before residue 350. These regions are
conserved in the two LSP4 subunits but not with the other sequences.
Corresponding regions of P. interruptus hemocyanin are alpha helices suggesting
that LSP4 may also be alpha helical in this region.

At the end of the 2.2 alpha helix in P. interruptus there is a strongly
hydrophilic region [Linzen et al, 1985]. This corresponds very well to the strong

hydrophilic spike seen around residue 261 in LSP4 subunits. In P. interruptus
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hemocyanin the charged residues are involved in salt bridges [Linzen et al, 1985].
Several of these residues are conserved throughout all of the known hemocyanin

sequences, as well as B. mori SP1 and LSP4.

Chou-Fasman predictions of beta strand conformation at around residues
200-210 correlate well with the structure of the comparable area in P. interruptus
hemocyanin [Linzen et al, 1985].

One major difference exists between the hemocyanins and the insect
sequences: the oxygen binding site of the hemocyanins is absent in the insect
proteins. In the hemocyanins, the oxygen is bound to a copper that is bound to
three histidine residues [briefly reviewed in Linzen et al, 1985]. There are two such
binding sites per hemocyanin subunit. Of the six histidine residues, only one is found
in the insect sequences. It is therefore unlikely that LSP4 has the capability of

binding copper in a manner analogous to that of the hemocyanins.

Conclusions
The above work shows that the two subunits of LSP4 of M. sexta are similar
in amino acid composition and sequence. They show similarity with the B. mori SP1
sequence and with arthropod hemocyanins.
Based on the prevalence of the proteins, their hexameric structure, and their
amino acid compositions of the proteins, Telfer and Massey [1987] had made the
prediction that the large, hexameric larval serum proteins of insects would be similar

to the hemocyanins of arthropods. Hemocyanins of mollusks also have a similar
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amino acid composition, yet show little similarity with the arthropod hemocyanins

[Drexel et al, 1987; Lang, 1988]. From the work above it is clear that B. mori SP1

and M. sexta LSP4 are similar to the arthropod hemocyanins.
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APPENDIX A

LIFE CYCLE OF MANDUCA SEXTA

Egg

Adult females lay green eggs, 1-2mm in diameter, on the underside of
tobacco or similar leaves. After an incubation period of two to four days, larvae
emerge and start eating the leaves. M. sexta can tolerate the high levels of nicotine
and other alkaloids produced by tobacco that make tobacco unsuitable food for
most insects. Thus, the newly hatched larvae have little competition for food.
Early instars: Newly hatched larvae are a few millimeters long. As they grow, they
go through cycles of feeding and molting. There are five such cycles, or stadia, for
the larvae. Another name for a larva in one of these stadia is an instar. In this
dissertation, the phrase fourth instar larva would refer to a larva in the fourth cycle
of feeding and molting. By the time a larva reaches the age of 8-10 days, it is about
4.5cm long (like the third instar larva pictured in Fig. 1.1). Prior to molting, the old
larval cuticle separates from the pharate new larva. This process starts at the head
region, where the headcapsule shifts downward to allow space for the larger, new
headcapsule to form. This is referred to as "head-capsule slippage" and its presence

indicates molting is imminent.
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Fifth Instar
The growth experienced by larvae during the fifth (the final) larval stadium
is dramatic. They may increase in weight from 1g to 10g in 4-5 days of feeding. This
is an important time for the animal as this is the last major feeding period of its
life. Fats, carbohydrates, and proteins stored in the fat body during this time will be

used during metamorphosis and for fueling flight and reproduction in the adult.

Wanderer
After 4-5 days of feeding in the fifth larval stadium, the larvae become
wanderers. This term is descriptive of their behavior. The animals stop feeding and
search for a place to pupate. In dissected male larvae, testes are visible. From the
start of the wandering period the animals rely on accumulated energy and
metabolite stores to sustain life and development. The prepupae and pupae ingest

no food at all. Adults sip some nectar but intake does not meet energy demands.

Prepupa

After about a day of wandering, the larvae start to lose their larval
characteristics: prolegs retract; larval cuticle gets thicker; and the insects are no
longer able to grasp surfaces in order to move. Instead their movements are
restricted to rotating the posterior body segments- allowing them to roll ove: out not

much else.
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New Pupa
3-4 days after the larvae stop feeding, the larval cuticle separates from the
new pupal tissue underneath. The larval skin is shed. The new pupa has a soft

cuticle which colors and hardens within a few hours.

Pupa

After the pupal cuticle has darkened and hardened there is little outward
change in the pupae until just prior to adult emergence. Nevertheless, dramatic
internal changes occur. Larval structures are dismantled and replaced with adult. Sex
organs and eggs develop. All the energy and metabolites necessary for this

remodelling and development must come from stores accumulated earlier.

Adult
A newly emerging female moth has hundreds of developing eggs within her.
She can lay up to 200 eggs per night for several nights. Although adults may ingest
some nectar, it is insufficient to sustain their lives for long; stores laid down during
the larval period are gradually depleted and the adult dies. The time from egglaying

of one generation to egglaying of the next is approximately 45 days.
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APPENDIX B
TIMING OF LIFE STAGES IN M. SEXTA
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1. Adults may consume some nectar. Amount consumed does not meet their energy
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Fig. 47. Timing of life stages in M. sexta.
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APPENDIX C
REARING CONDITIONS

Many of the studies on M. sexta used rearing conditions that lead to a
prolonged pupal stage (called diapause). To induce diapause a light regime of 12
hours light and 12 hours dark is used. In contrast, if a 16 hour light: 8 hour dark
cycle is used, the pupal period lasts approximately 21 days. For all my experiments,
the 16:8 cycle was used.

Temperature also affects development. At 29°C, our fifth instar larvae will
spend only 3-4 days feeding and the healthiest attain a weight of 7.5-9.0 grams. At
25-26°C, they feed for 4-5 days and reach 9.5-10.5 grams. In order to reach these
weights, they must feed as much as they want and be given fresh diet at every 2-3
days. A summary of a study of the weights and stages of development throughout
the fifth stadium is given on the following pages.

The laboratory strain of M. sexta may also make a difference to their growth.
The work for this thesis used larvae reared from eggs obtained from the USDA
Laboratory in Fargo, North Dakota.

Diets for rearing M. sexta have changed over the years. In our laboratory,

the diet described on the following page is used.



Raw wheat germ 120
Vitamin-free casein 25
Wesson salt mixture 8
Sorbic acid 2
Methyl para-hydroxybenzoate 1
37% Formaldehyde 1.1
Agar 15
Water 750
Vitamin A 11,000
Ascorbic aciad 40
Choline chloride 250
Inositol 100
Niacin 5
Calcium pantothenate 5
Riboflavin 2.5
Thiamin hydrochloride 1.25
Pyridoxine hydrochloride 1.26
Folic acid 1.25
Biotin 0.1

Vitamin B12 0.01
Ampicillin 200
Kanamycin 200

(from Fernando-Warnakulasuriya et al, 1988)

Table 2. Composition of artificial diet.
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Body Weights of Feeding Larvae and Prepupae

Feeding Larvae

Fourth instar larvae showing head-capsule slippage were placed on fresh diet
at approximately 9 hours into the light. Those that molted to the fifth instar after
14 hours into the light but before the onset of light the following day were selected
for weighing and observation. 35 out of 60 larvae fed for four days; 25 fed for five
days. Females, on average, weighed more than males throughout the observation
time. Larvae were weighed just after the onset of light. The results are summarized

on the following page.

Prepupae

From wandering to pupation took 5 days in all but 3 out of 60 larvae. Larvae
were restaged at the start of wandering. By pupation, the larvae, regardless of sex,
had lost 46% of their body weight. Results are summarized on the following page.
(The total number of animals for the day of pupation is not 57 because some larvae
were in process of molting at the time of weighing and therefore could not be

weighed.)
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Body Weights of Males with Four Feeding Days

Day 0 1 2 3 Pp0
Low weight 1.38g 2.889 5.22g 7.93g 8.53g
High weight 1.67 4.54 7.32 10.49 10.39
Average 1.53 3.60 6.24 9.82 9.48
Sx .15 .48 .66 .74 .60
# of larvae 3 15 15 15 15

Body Weights of Males with Five Feeding Days
Day 0 1 2 3 4 Ppo
Low weight 1.00g 2.06g 3.78g 5.30g 7.54g 7.90g
High weight 1.50 3.53 5.93 7.90 10.28 9.72
Average 1.33 2.70 4.89 7.12 9.25 8,98
Sx 22 .48 .70 .73 .89 .58
# of Larvae 4 9 9 9 9 9

Body Weights of Females with Four Feeding Days
Day 0 1 2 3 PpO
Low weight 1.56g 3.21g 5.89g 8.25g 8.80g
High weight 2.18 4.68 8.18 11.21 11.19
Average 1.86 4.03 7.00 9.73 10.13
Sx .23 .37 .60 .58 .56
# of Larvae 9 20 20 20 20

Body Weights of Females with Five Feeding Days
Day 0 1 2 3 4 PpO
Low weight l.16g9 2.30g 4.20g 6.35g 8.389 8.83g
High weight 1.55 4.29 7.12 9.95 12.30 11.70
Average 1.35 3.46 6.08 8.55 10.61 10.32
Sx .17 .51 .74 .89 .94 .85
# of Larvae 4 16 16 16 16 16

Body Weights of Male Prepupae
Day PpO 1 2 3 4 Pupa
Low weight 7.90g 5.84g 5.069 4.71g 4.40g 3.88g
High weight 10.39 8.50 6.14 6.12 5.96 5.53
Average 9.24 6.87 5.73 5.56 5.35 5.02
Sx .63 .62 .36 .38 .38 .39
# of Larvae 23 23 23 23 23 21
Body Weights of Female Prepupae

Day PpoO 1 2 3 4 Pupa
Low weight 8.599g 6.179g 5.30g 5.089g 4.88g 4.39g
High weight 11.70 8.69 7.29 7.06 6.75 6.41
Average 10-23 7.47 6.29 6-08 5-36 5.51 e
Sx .72 .56 .49 .51 .48 .51
# of Larvae 34 34 34 34 34 31

Table 3. Body weights of fifth instar larvae.
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APPENDIX D

SEXING M. SEXTA LARVAE AND PUPAE

There are several differences between the sexes. On the average, females are
larger than males. However, this is not reliable for sexing individual animals. Testes
develop in male larvae. They are first visible (with a dissecting microscope) on the
first day of the prepupal period. However, this requires killing the larva.

Feeding larvae can be sexed by looking at the last abdominal segment. The
differences are most easily seen during the fifth larval stadium from the day

following the molt to the fifth through the day prior to wandering [See Fig. 48].
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Fig. 48. Sex markings on feeding fifth instar larvae.
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Prepupae that are to be sacrificed can be sexed by noting the presence or
absence of testes in the dorsal part of the fifth abdominal segment. They are paired
and straddle the dorsal blood vessel. Testes are white, translucent, kidney shaped
lobes about 2mm by 3mm when first visible on the first day of wandering. They

enlarge throughout the prepupal period.

Fig. 49. Testes in male prepupa
The sex of pupae can be determined from unique markings on the tip of the
abdomen. These markings are visible within a few hours after pupation and last

until the end of the pupal stage.

Male Female

==

Fig. 50. Sex markings on pupae
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APPENDIX F
CLATHRIN IN FAT BODY AND OOCYTES

In many systems, uptake of specific proteins by a cell is mediated by
receptors that aggregate in clathrin-coated pits. In order to see if storage protein
uptake into the fat body was clathrin-mediated, fat body was prepared according to
a procedure used to show clathrin in mosquito oocytes [Raikhel, 1984b]. M. sexta
oocytes were used as a control. We had expected that uptake would be clathrin
mediated given the specificity of uptake of the storage proteins, the fact that clathrin
is involved in uptake of insect hemolymph proteins into oocytes, and data indicating
the possible presence of clathrin-mediated endocytosis in C. ethlius fat body [Locke
and Collins, 1968].

The developing oocyte incorporates several hemolymph proteins, including
vitellogenin. Vitellogenin is taken into the developing oocyte by a receptor mediated
process involving clathrin-coated pits [Roth and Porter, 1964; Telfer and Smith,
1970]. Coated vesicles then transfer the vitellogenin to unique storage compartments
within the cell [Raikhel, 1984a]. Clathrin is also found within the cell in a
membrane-free form [Raikhel, 1984b]. Procedures for seeing the clathrin structures

are well-documented.
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A procedure of Raikhel [1984b] using tannic acid post-fixation after
glutaraldehyde fixation, modified to included osmium tetroxide post-fixation, was

used on both developing oocytes and on early prepupal fat body.

Materials and Methods

Fat body samples were dissected from larvae that had been injected with
glutaraldehyde-phosphate-sucrose after they had been anaesthetized in carbon
dioxide gas. Developing eggs were dissected from newly emerged female moths and
rinsed in PBS. Both sets of samples were fixed for 2 hours in glutaraldehyde-
phosphate-sucrose, transferred to 1% tannic acid in buffer for 2 hours, and rinsed

twice in water for thirty minutes each rinse. They were post-fixed in osmium

tetroxide in water, given three rinses in water, and stained en bloc in a solution of
1:1 saturated aqueous uranyl acetate and ethanol. They were dehydrated with
ethanol, ethanol:propylene oxide, and propylene oxide, then embedded in Epon-

Araldite.

Results
Figure 52 shows that the developing oocytes had clathrin-coated pits, clathrin-
coated vesicles, and aggregated clathrin as already demonstrated by Raikhel [1984b].
None of these were observed in the fat body samples [see Fig. 6, Chapter 3],

although more detail of the PMRS was visible.
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Discussion

The failure to find clathrin in the fat body at a time when the fat body is
accumulating storage proteins could mean that uptake of these proteins is not
mediated by clathrin. However, it could also mean that preserving the clathrin
structures in the fat body requires a treatment different from that given to the
oocytes, since the two tissues are very different. The oocytes are surrounded by
accompanying follicle cells; the fat body has only a relatively thin basal lamina. Also,
at the time of protein uptake into the fat body, the fat body contains many primary
lysosomes; possibly during the procedure sufficient damage occurred to the fat body
that enough of the lysosomes broke, releasing their contents and destroying the

clathrin structures.
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F1g54blathrm in sexta 68

es. (a) Boundary of follicle cells and oocyte
showing clathrin-coated pits. (b) Blow-up of ’a’ showing clathrin-coated vesicles. (c)
Clathrin aggregates in the oocyte. (d) Mature storage granules of vitellin. F- Follicle
cell; O- Oocyte; CA- Clathrin Aggregates; Arrow in ’b’ points to clathrin coated
vesicle; Arrow in ’d’ points to mature storage granules of vitellin.
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