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ABSTRACT 

The major developmental cue and the coordinating factor of metamorphic changes 

in insects is a group of steroid hormones, the ecdysteroids. Using subtractive 

hybridization I have isolated five cDNA clones that represent genes whose transcripts are 

up-regulated prior to pupal ecdysis in the nervous system of the tobacco hornworm, 

Manduca sexta, after a major ecdysteroid peak. Three of the genes, MnglO, Mng14 and 

tps9 are expressed primarily in the nervous system, the two other genes, esr16 and esr20 

are specific to tracheal epithelial cells. 

In situ hybridizations showed that the transcripts of the two nervous system 

specific genes were localized to uniquely identifiable neurosecretory cells in the brain and 

ventral nervous system. The total number of cells expressing these genes in the CNS is 

16-20. The third nervous system specific transcript is localized to small patches along the 

boundary between the central neuropil and neuronal cell bodies, in abdominal ganglia. 

The patches are smaller than nuclei, possibly mitochondria, and seem to be localized to 

large tracheal branches. 

Sequence analysis of the cDNA clones revealed that esr20, esr16 and MngJO 

encoded a protein, with slight similarity to already identified sequences. These 

similarities, however, were insufficient to propose a function for the Manduca genes. 

Two of the sequences do not seem to encode a protein and are postulated to function as 

regulatory or structural RNAs. Statistical analysis of the coding and non-coding 

sequences showed a clear distinction between their behavior using the Zipftest. 

Four of the five genes are regulated by ecdysteroids as predicted by the initial 

screen, transcript levels are reduced at high 20-HE concentrations. More detailed studies 

of the regulation of a tracheal-specific gene (esr20) showed that the accumulation of the 
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mRNA requires first the presence then the subsequent absence of the ecdysteroids. The 

role of the ecdysteroids appears to be permissive and an additional factor is required to 

initiate the accumulation of the mRNA. The transcript of esr20 appears 16 hours before 

ecdysis and is removed at ecdysis by a mechanism that requires protein synthesis and 

possibly influences the stability of the transcript. 



II EvelY thing should be made as simple 

as possible, but not simpler. " 

Albert Einstein 

13 
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CHAPTER 1. 

INTRODUCTION 

Steroid hormones were discovered in the 1930s as factors which played a role in 

the development and regulation of the metabolic activities of several tissues and 

organisms. Initial research was restricted to the phenomenology of the tissue response to 

these hormones, particularly the response of mammalian and avian reproductory organs 

to sex steroids. In the forties, under the influence of the rapidly advancing biochemical 

studies of metabolism it became the dominating view, that steroid hormones affected 

certain aspects of cellular metabolism (Kochakian, 1947; Barker, 1949; Meyer and 

McShan, 1950; Reynolds, 1950; Paschkis and Rakoff, 1950). It was assumed that the 

hormone entered the cell where it was metabolized by various enzyme systems, altered 

the function of those enzyme systems, and this alteration led to the tissue response. The 

basic questions formulated at the time were concerned with three aspects of this process: 

1) the interaction of the hormone with a tissue component, 2) the primary effects of this 

interaction and 3) the succeeding events leading to the gross changes in target tissue 

(Szego and Roberts, 1953; Mueller et al., 1958). 

These ideas funneled research in two directions, towards the identification of the 

cellular targets, and the metabolic pathways affected by steroid hormones. The first 

observations about the cellular targets, that ultimately led to the purification of the 

estrogen receptor, came from Glaskock and Hoekstra (1959) and Jensen and Jacobson 

(1960). They noticed that tissues showing dramatic growth responses to the 

administration of estrogen (mammalian uterus was a favored experimental system then) 

had a higher uptake and retention of radiolabeled hormone than non-responsive tissues. 

This observation led to the proposition, that estrogen interacted with cellular receptors in 
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the target tissue. The biochemical studies that followed supported the receptor hypothesis 

(Jensen and Jacobson, 1962; Noteboom and Gorski, 1965) and established that the 

receptor was most likely a protein (Talalay, 1957). In 1966 Toft and Gorski purified a 

protein from rat uterus, which had the predicted properties of the estrogen receptor: it 

bound estradiol with a very short latency, it had tissue specific localization and had high 

affinity for estrogens but not for non-estrogenic steroids (Toft and Gorski, 1966). 

Parallel with the search for the cellular target for steroid hormones, the 

identification of the primary response also advanced. In a study of estrogen-induced 

metabolic events in the rat uterus, Mueller and coworkers (Mueller et al., 1958) 

established that estrogen stimulated polymer (macromolecule) synthesis. They observed 

increased incorporation of radio labeled precursors into RNA and proteins after estrogen 

treatment. Based on their results they suggested, that estrogen might in some way control 

the production of templates composed of nucleic acids, or render templates available for 

participation in the cell's response. This finding was supported by results from other 

systems such as action of testicular hormones in the prostate gland and glucocorticoids on 

the liver (Williams-Ashman et al., 1964; Gorski et al., 1965; Kenney et al., 1965). After 

Jacob and Monod had shown in 1961 that in prokaryotes proteins were synthesized via 

RNA intermediates (Jacob and Monod, 1961), the idea that steroid hormones regulated 

the amount of certain enzymes and structural proteins via RNA mediators became the 

major theory of the field. 
i 

After a decade of intensive research Gorski and coworkers (d~rSki et al., 1968) 

proposed a model for the molecular mechanism of estrogen action that, in its main 

concept, resembles our current understanding of the problem. This model consisted of 

five premises: a) estrogen enters the target cell, b) target cells contain receptors, c) 

receptors are in the cytoplasm, d) the estrogen-receptor complex translocates to the 
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nucleus, e) the consequence of the presence of the estrogen-receptor complex in the 

nucleus is an alteration in the pattern of gene expression. By the mid seventies this model 

was extended to other steroid hormones, thyroid hormone and vitamin D (Gorski and 

Gannon, 1976). 

While biochemistry was the major tool used in studies of vertebrate steroid 

hormones, research on the action of the arthropod steroid hormone, ecdysone, took a 

somewhat different route. It was not until the thirties that the existence of insect hormones 

was demonstrated (see Wigglesworth, 1985), and the identification of ecdysone as a 

steroid hormone waited even longer (Butenand and Karlson, 1954), which substantially 

changed the course of research in this field. 

In the early fifties favored objects of cytological studies were the polytene 

chromosomes of Dipteran larvae. These giant chromosomes contain several hundred 

copies of chromosomal DNA tightly and orderly packed together, an organization that 

amplifies many genomic events to the extent that they become visible at the light 

microscopic level. Early workers noticed that while the banding pattern of polytene 

chromosomes was comparable in different tissues of the same species, the pattern of large 

swellings, puffs, substantially varied among different tissues and life stages of the insect. 

It was known, that puffs represented one band or interband region, which appeared to be 

units that changed independently. Based on these observations Beerman (1956) proposed 

that bands and interbands represent genetic loci (genes) and that puffing indicates activity 

of the genes. 

Subsequently Becker (1959) noticed, that in the salivary glands of Drosophila 

melanogaster larvae the puffs formed and regressed in a very precise sequence prior to 

pupariation. Knowing that ecdysone was responsible for regulating molting and 

metamorphosis, he suggested that the puffing pattern of the polytene chromosomes was 
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influenced by ecdysone. The direct test of this hypothesis became possible after 

purification of ecdysone. Clever and Karlson (1960) injected ecdysone into larvae of a 

midge (Chironomlls tentans), and observed premature induction of puffs that would have 

appeared later in development. This experiment provided the first evidence that a steroid 

hormone directly regulated gene expression. 

Once it had been established that steroid hormones exert their biological effects 

primarily via the regulation of gene expression, research in the field was fueled from two 

different directions. On one hand, the molecular mechanisms of steroid hormone action 

remained the area of active research, and on the other hand, it had been recognized that 

steroid hormone receptors might become invaluable tools to understanding the general 

mechanisms of transcriptional regulation (Yamamoto and Alberts, 1976). 

In the past two decades much progress has been made towards the understanding 

of the tissue response to steroid hormones at the molecular level. Purification and cloning 

of a large number of receptors, and studies of their interaction with ligands and their 

effects on gene expression has largely confirmed the premises of the initial model. 

It has been shown, that binding of the ligand induces conformational changes in 

the receptors, events which enable the receptors to form dimers and interact with DNA, 

and that this interaction leads to an alteration in the rate of transcription of certain genes 

(see Tsai and O'Malley, 1994). Comparison of a large number of mammalian steroid 

receptors allowed the establishment of their general characteristics (Evans, 1988). Based 

on their structure they were grouped into a large superfamily of molecules named nuclear 

receptors, comprised receptors for mammalian steroid hormones, thyroid hormone, 

retinoic acid, vitamin D and ecdysone (see recent reviews by Truss and Beato, 1993; 

Glass, 1994; Segraves, 1994a; Tsai and O'Malley, 1994). In addition, a number of 

proteins with similar structure but no known ligand, the orphan nuclear receptors have 
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been grouped into the same superfamily (Wahli and Martinez, 1991; O'Malley and 

Conneely, 1992). All known receptors have a modular structure, consisting of six 

regions (A-F). The N-terminal NB domain is, in the majority of the cases, involved in 

transactivation (interaction with the transcription machinery) and is highly variable. The 

DNA binding (C) domain contains two zinc finger type DNA binding motifs, and is the 

most conserved region among the known receptors. The adjacent hinge (D) region 

confers flexibility to the molecule and in some cases contains a nuclear localization signal. 

The C-terminal region (domain E) has multiple functions, such as ligand binding, 

dimerization, transactivation and heat-shock protein binding. No function has yet been 

assigned to the small F domain 

Steroid hormones have been shown to cause both increases and decreases in the 

activity of the genes that are responsive to them, often causing opposite effects in 

different genes in the same cell, or the same gene in different tissues (Truss and Beato, 

1993). Thus, one of the major questions to be raised is how do these receptors convey to 

the genome the information presented by the ligand, to elicit the highly specific 

responses? 

Similarly to other transcription factors, steroid receptors recognize short DNA 

sequences, termed response elements, through which they influence the transcription of 

their target genes (Lucas and Granner, 1992). Based on the nature of the interaction 

between the receptors and DNA, there appear to be two mechanisms by which a gene can 

be activated (Beato, 1991). In the first, traditionally more accepted case, the receptor 

binds to DNA and either directly, or via an adapter protein(s), interacts with the basal 

transcriptional machinery (Ptashne and Gann, 1990; Schuchard et aI., 1993; Tsai and 

O'Malley, 1994). In the second case, the receptor interacts with the DNA and chromatin 

proteins only transiently, and in this case the role of the steroid receptor is to remove the 
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inhibition of transcription imposed on the promoters by nucleosome positioning. As a 

result of such an interaction a conformational change in the chromatin structure exposes 

previously inaccessible binding sites to other transcription factors (Truss et al., 1992; 

Truss and Beato, 1993), which then interact with the transcription complex and increase 

its activity. 

While the mechanisms of transcriptional activation by nuclear receptors are 

relatively well understood, the concepts of gene repression are less well established. In 

general, two types of repression mechanisms are known, passive and active (Renkawitz, 

1990; Clark and Docherty, 1993; Cowell, 1994) The passive mechanisms include, for 

example, competition of factors for DNA binding sites, or heterodimer formation with 

another transcription factor, where the dimer is incapable of binding to DNA or 

interacting with the transcription machinery. A special case of competitive interactions is 

squelching, the mechanism where a large excess of an otherwise positive factor 

sequesters elements of the basal transcription complex, preventing its proper assembly 

(Levine and Manley, 1989; Beato, 1991). The active mechanisms on the other hand 

assume similar properties to those of the activating mechanisms and are often called 

silencing mechanisms (Renkawitz, 1990; Rivier and Pillus, 1994; Tsai and O'Malley, 

1994). They involve the binding of a transcription factor to a response element (negative 

response element), where it interacts directly or indirectly with the transcription 

machinery and inhibits the initiation of transcription. 

As the above brief description shows, two of the initial questions asked in the 

fifties about the action of steroid hormones, namely, the identity of the tissue 

component(s) the hormones interacted with and the primary effect of this interaction, have 

to a large extent been answered. The third question, however, concerning the nature of 

the events leading to specific tissue responses, still awaits more attention. 
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The fIrst level where the specificity of the cellular response to a steroid hormone is 

determined, is the availability of the receptor types in a cell and the combination of other 

proteins they can interact with (Segraves and Richards, 1990). Cells often possess 

receptors for several steroid hormones and the ecdysone and progesterone receptors have 

been shown to have isoforms whose distribution is not uniform in different cell types and 

during development (Green 1993; Talbot et aI, 1993; Robinow et aI., 1993). In addition, 

steroid receptors are known to interact with other transcription factors, such as the 

products of the immediate early genes ios and jlln (Miner and Yamamoto, 1991; 1992; 

Ambrosino et al., 1993; lehan et al., 1993). In insects, the ecdysone receptor appears to 

be functional only in association with the product of the llltraspiracle locus, an orphan 

receptor in the nuclear receptor family, and many ecdysteroid induced genes are 

transcription factors that are believed to interact with the ecdysone receptor to generate the 

known diversity of the response (Segraves, 1994a) 

The next level that defines specificity is the pool of steroid responsive genes 

available in a given cell (Hurban and Thummel, 1993). It is the combination of the 

products of these genes, together with the non-steroid responsive components of the cell 

that bring about the appropriate physiological event. Therefore, a key to understanding 

the physiological response in a given cell is the knowledge of the genes and their 

regulation by the hormone-receptor complex (Yamamoto and Alberts, 1976; Miesfeld, 

1989; Schuchard et aI., 1993; Segraves, 1994b). 

The experimental system that contributed to our understanding of steroid regulated 

genes as much as it did to the initial elucidation of steroid action, is the polytene 

chromosome of dipteran larvae. In the early sixties, Clever found that after an injection of 

ecdysone into Chironomlls larvae the induction of some puffs was very rapid and was 

independent of protein synthesis, whereas the induction of others was delayed and 
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depended on protein synthesis (Clever, 1964). He suggested, that the early acting genes 

were induced by ecdysone, and they in turn, were involved in the process which lead to 

the activation of the late puffs. 

Continuing the work of Clever, Ashburner and coworkers initiated in vitro 

studies of ecdysteroid regulated puffing of late third ins tar salivary gland polytene 

chromosomes of Drosophila melanogaster. They have found that in cultured salivary 

glands a puffing pattern, virtually identical to the one observed in vivo, could be induced 

if the glands were incubated in the presence of ecdysone. Based on their work Ashburner 

et al. (1974) proposed the following model to ~xplain the action of ecdysone (reviewed 

by Ashburner, 1990; Thummel, 1990; Andres and Thummel, 1992). The hormone acts 

by binding to a receptor to initiate a cascade of gene expression. First a set of regulatory 

genes is activated, the so called primary response genes, whose protein products then 

activate a set of secondary response genes (Cherbas, 1993). The model suggests that both 

sets of genes are under dual control; the primary response genes are activated by the 

hormone-receptor complex and repressed by their own protein product. The secondary 

response genes are activated by the primary response gene products and repressed by the 

hormone-receptor complex. From the model it can be predicted that the activation of the 

secondary response genes can be blocked by inhibitors of protein synthesis. 

Extending the work of Ashburper's laboratory Richards followed the puffing 

pattern in Drosophila prepuape. He observed three periods of puffing activity starting 

approximately midway through prepupal development, the mid- and late prepupal puffing 

sequences, the latter consisting of early and late components (Richards 1976a;b;c; 1980). 

He has shown, that for the appearance of the mid-prepupal puffs, a period of low 

ecdysone levels was required following the late larval peak, which added an additional 

layer of complexity to the ecdysone induced regulatory cascade. He found the late 
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prepupal puffing sequence to be very similar to that described by Asburner and collegues 

in late third instar larvae. He also showed that the control of this puffing sequence by 

ecdysone was very similar to the regulation of the late larval sequence. 

Prior to metamorphosis in holometabolous insects, a pulse of ecdysteroids 

induces coordinated changes in virtually all tissue types examined to initiate the removal 

of larval-specific cells and the formation of adult tissues (Richards, 1981; Segraves and 

Richards, 1990). Recently Hogness and colleagues proposed that the Ashburner model 

could be applicable to all target tissues, and that a regulatory hierarchy, similar to that 

described in the salivary glands formed the basis for the temporal coordination by 

ecdysone of developmental pathways in different tissues. This model, named the tissue 

coordination model also proposes combinatorial interactions among primary response 

genes and the ecdysone receptor as a means of achieving specificity (Burtis et aI., 1990; 

Thummel et aI., 1990). 

The cloning of several ecdysteroid-induced genes (Chao and Guild, 1986; Feigl, 

1989; Burtis et aI., 1990; Galceran, 1990; Segraves and Hogness, 1990; Stone, 1993) 

substantiated the tissue coordination model and also led to its extension (Natzle, 1993). In 

imaginal discs of Drosophila Fristrom and colleagues have identified genes which, 

although fulfill the criteria for primary response genes, do not encode regulatory proteins 

(Moore et aI., 1990; Paine-Saunders et aI., 1990; Natzle et aI., 1992). These early 

effector genes have been postulated to playa role in coordination of the temporal signal 

represented by the ecdysteroids and pattern generating mechanisms (Natzle, 1993). Other 

early effector genes have also been identified, such as the heat shock proteins, Yolk 

proteins and Fbpl (Liddell and Bownes, 1991; Ziarczyk and Best-Belpomme, 1991; 

Antoniewski et aI., 1994). 
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To explain the action of steroids in vertebrates a model similar to Ashburner's has 

been proposed by Spelsberg and colleagues (Spelsberg et aI., 1987; Schuchard et aI., 

1993). Called the cascade model of steroid hormone action its basic premise is that in 

mammalian tissues as in insects, the steroid-receptor complex first activates a battery of 

regulatory genes, primarily proto-oncogenes, whose protein product then activates the 

structural genes. Support for this model comes from the observation that in a large 

number of tissues the transcription of proto-oncogenes is rapidly induced after steroid 

treatment, whereas the activation of structural genes happens with a delay (Murphy, 

1991; Schuchard et al., 1993; Hyder et al., 1994). There is, however, ample evidence in 

support of the so called simple model as well, which is based on the direct activation of 

structuraVeffector genes by the hormone-receptor complex (Wangh and Knowland, 1975; 

Karin et aI., 1981; Evans et aI., 1982; McDonald and Goldfine, 1988). 

Thus, both in vertebrates and in invertebrates there appear to be two pathways 

used by cells for integrating a steroid signal. It will be of interest to learn more about the 

physiological conditions under which one or the other is the predominant mechanism. To 

reach this goal it will be necessary to extend the number of experimental systems in which 

steroid regulated genes can be found and their regulation studied, particularly to systems 

where the physiology and endocrinology of the organism is well known and is suitable 

for various experimental manipulations. 

One such system is the tobacco hornworm, Mandllca sexta, an organism whose 

endocrine system is among the best known (Riddiford, 1985; Steel and Davey, 1985; 

Truman, 1985) and which for decades has been a favored system for studies of 

postembryonic development and their regulation by the ecdysteroids (Truman, 1988; 

Riddiford, 1991; Weeks and Levine, 1992). Mandllca offers the advantage of the 

simplicity of an insect endocrine system, namely, only one group of steroid hormones, 
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the ecdysteroids, exists, and in contrast to Drosophila it allows the more accurate 

determination of the hormone levels and their correlation to developmental stages. In 

addition, because of its large size Manduca is more suitable for endocrine manipulations 

than the fruitfly. 

The aim of this project was to identify downstream genes in the ecdysteroid 

regulated gene network in the nervous system of Manduca , prior to metamorphosis. The 

interest in finding such genes is several fold, and stem from general problems relevant to 

understanding gene regulation, and the potential role of these genes in events pertinent to 

the system, namely, ecdysis and metamorphosis-related processes in the nervous system. 

In insects, the molting cycle is regulated by the fluctuating levels of ecdysteroids 

(Bollenbacher et aI., 1981). Each cycle consists of an intermoIt period followed by a 

molt, at the end of which which the animals shed their old cuticle and enter the next 

intennolt period. During the intennolts the ecdysteroid levels in the hemolymph are low, 

and start rising at the onset of the molting periods and after reaching a peak they decline at 

the end of the molts (Bollenbacher et aI., 1981; Truman et al., 1983). At this time the 

animals go through a stereotyped behavioral pattern termed ecdysis (Weeks and Truman, 

1985; Truman, 1985) that is triggered by a neuropeptide eclosion hormone (EH; Truman 

et aI., 1983; Truman, 1985) and leads to the shedding of the old cuticle. 

In the last larval stage of Manduca sexta it is possible to stage the animals during 

the decline of the ecdysteroid levels using external cuticular markers (Truman et aI., 1980; 

1983). The two stages relevant for this study are those at 24 and 4 hr prior to pupal 

ecdysis, referred to as -24 and -4 hr hereafter. At -24 hr the ecdysteroid levels are 

declining after the prepupal peak, it reach their lowest levels at -16 hr then increase 

slightly at -4 hr. Based on the work of Ashburner and Richards one can predict that genes 

expressed at low steroid levels following a hormone peak, in this case at -4 hr, are 
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candidates for downstream genes in the ecdysteroid regulated cascade. These genes are 

expected to be repressed by the hormone-receptor complex, and activated by the products 

of the primary response genes. Finding such genes and understanding their regulation 

will be beneficial because they would add to the fairly short list of genes that are 

negatively regulated by the ecdysteroids (Restifo and Guild, 1986a; Apple and Fristrom, 

1991; Andres et aI., 1993; Hiruma and Riddiford, 1993; Natzle, 1993; Vogt et al., 1993; 

Woodard et aI., 1994), and could serve as useful models for studying inhibition of gene 

expression by steroid hormones. They will also provide tools to gain insight into the 

ecdysteroid regulated gene network underlying important physiological phenomena. 

Prior to pupal ecdysis two physiological processes are known whose precise 

timing depends on both the rise and the subsequent decline in the ecdysteroid levels. 

Truman at aI. (1983) have shown that injection of larvae with ecdysone before ecdysis 

delays ecdysis in a dose dependent fashion. This phenomenon is caused by the inhibition 

by the ecdysteroids of two distinct but coordinated events, the release of EH and the 

acquisition of EH sensitivity by its target tissues, primarily the nervous system (Truman 

et aI., 1983; Morton and Truman, 1985; 1988a; Truman and Morton, 1987). During the 

last larval stage, the ability of the nervous system to respond to EH is restricted to the 

final 8 hr before pupal ecdysis, and the acquisition of this sensitivity depends on the 

assembly of the intracellular messenger pathway mediating EH action. It has been shown 

that EH action leads to the elevation of intracellular cGMP levels (Truman et aI., 1979; 

Morton and Truman, 1985; Morton and Giunta, 1992), and it also requires the activation 

of new genes and the synthesis of their products (Morton and Truman, 1995). Two such 

proteins have been identified as being potential downstream elements in the EH induced 

biochemical cascade. Morton and Truman (1986; 1988a;b; 1995) have shown that two 

54kD phosphoproteins, the EGPs (Eclosion Hormone and cyclic GMP-regulated 
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Phosphoproteins) are phosphorylated via a cGMP dependent mechanism upon EH action. 

The ability of EH to induce the phosphorylation of these proteins, and the regulation of 

this potential by the ecdysteroids coincides with the acquisition of EH sensitivity of the 

nervous system, consequently. the EGPs are believed to be essential for the nervous 

system to become responsive to EH. The more detailed molecular mechanisms underlying 

these phenomena are, however, unknown. Also unknown are the cellular targets through 

which the ecdysteroids inhibit the release of EH and the acquisition of EH sensitivity. 

A major characteristic of holometabolous insects is that their larval stage bears 

little similarity to the adult, both in its appearance and behavior. During metamorphosis 

most of the larval tissues are histolysed, and new, adult-specific tissues develop from 

precursor cells born during larval life. Because the nervous system has to accommodate 

these changes and allow the drastic switch in behavior, physiology and morphology, it 

too must undergo dramatic reorganization (Truman, 1992). A coordinated process of cell 

birth, cell death and remodeling of neuronal arborizations enables that the nervous system 

to remain functional during metamorphosis and to serve the behavioral needs of the adult 

emergence (Weeks and Levine, 1990; 1992; Levine et al., 1995). 

The motor, sensory and neuroendocrine systems undergo changes to different 

degrees and at different levels. During metamorphosis most motoneurons lose their target 

muscles, and accordingly, they are destined either to die or to respecify their connections 

to newly developed muscles. This process involves morphological and functional 

alterations of dendritic arbors, which is manifested first by the retraction of the dendrites, 

followed by their regrowth (Weeks and Truman, 1985; Levine and Truman, 1985; 

Truman and Reiss, 1988; Kent and Levine, 1988; 1993; Weeks and Ernst-Utzschneider, 

1989; PflUger et al., 1993). The expanding dendrites usually establish synaptic contacts 

that differ from that of the larva, and they commonly form bilateral dendritic arbors, in 
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contrast to the unilateral type, typical of the larva. In addition to the persisting, but altered 

neuronal connections, a large number of post-embryonic interneurons differentiate at the 

beginning of metamorphosis (Booker and Truman, 1987), which ensures the formation 

of the new neuronal circuits (Levine and Weeks, 1990). The sensory input to these 

circuits is mainly provided by newly formed peripheral sensory neurons (Lawrence, 

1966), and a few persisting mechanosensory neurons, which in a manner similar to the 

motoneurons, expand their central processes and change their synaptic connectivity 

(Levine et al., 1986; 1989). The most profound changes that take place during 

metamorphosis of the nervous system are in the brain, and include the appearance of the 

visual and the olfactory systems and elements required for the integration of the altered 

sensory and motor connections (see Hildebrand, 1985). The neuroendocrine system, 

similarly to the motor system, undergoes structural remodeling, but the most profound 

changes in this system are functional (Copenhaver and Truman, 1986). The majority of 

neurosecretory neurons synthesize and release a variety of different neuromodulators, and 

the hallmark of metamorphic changes in these cells is the change in the array of these 

compounds (Bollenbacher and Gilbert, 1981; Davis et al., 1993; Tublitz, 1993). 

While the metamorphic changes that take place in the nervous system are among 

the most complex and fascinating ones, our understanding of the underlying molecular 

mechanisms is very limited (Restifo and White, 1991). It is now w.ell established that 

many of the processes described above are under ecdysteroid control (Levine and Weeks, 

1990; Levine et al., 1991; Weeks and Levine, 1990; 1992), but ultimately to fully 

understand them it will be essential to find the molecular correlates to these well known 

morphological and physiological events. 
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CHAPTER 2. 

MATERIALS AND METHODS 

2.1. Experimental animals 

Manduca sexta larvae were reared individually on an artificial diet (modified from 

Bell and Joachim, 1978) at 26°C in a 17L:7D photoperiod. Fourth (penultimate) instar 

larvae were chosen during the molt after head capsule slippage (approximately 24 hr 

before ecdysis) and 6 hr prior to the last larval ecdysis at the time when the old head 

capsule was filled with air due to the reabsorption of the molting fluid (air filled brown 

mandibles (AFBM); Copenhaver and Truman, 1982). Fifth instar larvae were chosen 

immediately after ecdysis. At the end of the fifth larval stage the animals cease feeding, 

empty their guts and enter the wandering stage. Wandering animals were selected on the 

morning of the day when the dorsal vessel became clearly visible, five days prior to 

ecdysis. Animals at the onset of the prepupal ecdysteroid peak were staged based on the 

withdrawal of pigment from the ocelli. Ocelli are simple eyes of the larva, located in five 

pairs on either side of the mandibles. These eyes contain black pigment which is retracted 

to the brain 2 days after wandering, which coincides with the beginning of the rise in 

ecdysteroid levels. The retraction starts at the most ventral pair of eyes and continue for 

up to one hour for all the eyes. Animals prior to pupal ecdysis were staged using the 

appearance of a pair of sclerotized bars on the dorsal surface of the metathoracic segment 

(24 hr prior to ecdysis) and the reabsorption of the molting fluid from the anterior 

segments (4 hr prior to ecdysis, Truman et aI., 1980). These stages will be referred to as 

-24 hr and -4 hr respectively. Ecdysing animals were dissected at the onset of the 

behavior (Reynolds, 1980) and the times after ecdysis were determined with reference to 

that time point. Adult development has been divided into 18 stages each corresponding to 
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approximately one day. The stage of the developing adult was determined by observation 

of morphological changes of the cuticle or structures visible through the cuticle (Oland 

and Tolbert, 1987). At stage 1 the cuticle over the wings is olive color and the animal is 

still green inside. At stage 3 the pro thoracic legs (PL) begin to become segmented, and at 

stage 5 the mesothoracic legs do so. By stage 8 the PL have a claw and the eyepigment is 

uniformly distributed. At stage 10 the claws on the PL become dark while on the 

metathoracic leg they are still clear, and clear spines appear on the PL. By stage 13 the PL 

spines tum dark. At stage 14, three longitudinal lines appear on the dorsal abdomen, and 

the wing pigmentation begins. At stage 15 the wing is almost completely pigmented. At 

stage 16 the wings are completely dark, at 17 the cuticle coverin the wings become soft 

and the entire animal is very dark. At 18 the cuticle covering the wings becomes crackly. 

Adult eclosion occurs on the afternoon of stage 18. 

2.2. Subtractive hybridization and differential screening for isolation of cDNA clones 

A number of events leading to pupal ecdysis require new RNA and protein 

synthesis between 24 and 4 hr prior to ecdysis. I used two different subtractive 

hybridization methods to identify -4 hr specific cDNAs. The schematic representations of 

the strategies are shown in Fgures 3.1 and 3.2. The major differences between the two 

methods were in the nature of driver pool (pool of poly (A)+ RNA used in large excess to 

remove the non-stage specific molecules from the target pool), and in the material of the 

solid substrate. In the first method I used cDNA as driver nucleic acid, synthesized from 

RNA from the -24 hr eNS cDNA library transcribed in vitro, whereas in the second 

method I used poly (A)+ RNA isolated from tissue. For solid substrate I used pieces of 

nitrocellulose filter in the first method and paramagnetic oligo(dT) beads in the second. In 
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addition, in the fIrst method the subtracted cDNA was directly used for screening a -4 hr 

CNS library, while in the second method it was amplifIed with PCR prior to screening. 

Subtractive hybridization method usin~ nitrocellulose membrane pieces 

2.3. RNA-purifIcation 

Total RNA was isolated using a commercially available kit which utilizes 

guanidium thiocyanate and acid phenol extraction (RNaid Plus, BIO 101), or with TriZol 

reagent (GIBCO BRL) following the manufacturers instructions. The amount of RNA 

was determined spectrophotometrically. Poly(A)+ RNA was selected using oligo(dT) 

cellulose (Invitrogen, Fast Track kit). 

2.4. Construction of the first -4 hr cDNA library 

Single-stranded cDNA was synthesized with AMV reverse transcriptase using 12 

Jlg poly(A)+ RNA from -4 hr abdominal nervous systems as a template in the presence 

of 2 mM MeHgOH, 35 mM B-mercaptoethanol, 50 mM Tris-HCI (pH 7.5), 70 mM KCI, 

10 mM MgCI2, 10 Jlg oligo(dT) primer, 1Jll RNase inhibitor, 5 mM dNTPs and 5 U of 

enzyme at 42°C for 60 min. The RNA template was then nicked with RNase H (15 U) 

and the second strand synthesized with DNA polymerase I (10 U) with the following 

additions to the first strand synthesis reaction: 50 Jlg/ml BSA , 0.2 mM B-NAD+, 5 mM 

MgCI2, 0.6 M Tris-HCl (pH 7.4), 10 mM (NH)4S04.(all final concentrations) The 

reaction was allowed to proceed at 15°C for 90 min. The fragments were ligated with T4 

DNA ligase (100 U) and the cDNA was blunt-ended using T4 DNA polymerase (5 U). 

After addition of Bstx I linkers the cDNA was size-selected for fragments larger than 500 

bp by agarose gel electrophoresis. The DNA was gel-purified with Geneclean (Bio 101) 
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and ligated into the Bstx I site of pcDNA II (Invitrogen) plasmid vector. The plasmid was 

then transfected into E. coli (INV1 alpha F', Invitrogen). Approximately 4000 

recombinant colonies were obtained. 

2.5. Construction of the -24 hr librruy 

The -24 hr cDNA was synthesized as described above using an Xba I primer 

adaptor (Promega). After blunt ending, the cDNA was ligated to EcoRI linkers 

(Promega) and digested with XbaI. The size-selected fragments were ligated to 

LambdaGem2 arms and the phages were packaged using a commercially available 

packaging system (Promega). The library contained approximately 106 plaques. 

2.6. Preparation of the driver DNA 

f... DNA was isolated as follows: 25 ml phage lysate was treated with 1 Ilg/ml 

RNase A and DNase I for 30 min at 37°C, an equal volume of SM buffer (50 mM Tris

HCI, pH 7.5, 100 mM NaCI, 8 mM MgS04, 0.01% gelatin, containing 20% 

polyethyfene glycol, MW 8,000 and 2 M NaCI) was added and incubated on ice for 60 

min. Precipitated phage particles were spun down and the pellet was resuspended in 2.5 

ml SM buffer, briefly spun again and the supernatant was extracted twice with 

phenollchloroform/isoamyl alcohol (25:24: 1). DNA was precipitated with isopropanol at 

-20°C. 10 Ilg of this DNA was used as template for in vitro transcription in the following 

reaction mixture: 200 mM Tris HCl pH 7.5,30 mM MgCI2, 10 mM spermidine, 50 mM 

NaCI, 10 mM DTT, 2.5 rtlM NTPs, 5 Ilg vector DNA, 50 U SP6 RNA polymerase and 

1 U/IlI RNasin. After 2 hr the reaction was stopped and the RNA was 

phenollchlorophorm extracted and precipitated with ethanol. This RNA was then used to 

synthesize the driver cDNA as described above for library construction. 
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2,7, Preparation of the target cDNA 

Labeled, oIigo(dT)-primed single-stranded cDNA for subtraction was synthesized 

from 5 /lg poly(A)+ RNA following the protocol for first strand cDNA synthesis 

described above for library construction, except that dCTP was replaced by 50 /lCi [(l-

32p] dCTP (ICN), 

2,8, Subtractive hybridization I 

Subtractive hybridization was carried out using a modified procedure of Love and 

Deininger (1991), cDNA from -24 hr animals was synthesized from in vitro transcribed 

RNA as described above, 4 X 20 /lg cDNA was sonicated for 5 min then boiled for 5 min 

and quickly chilled on ice, To each batch of DNA a small piece (3 mm X 3 mm) of 

nitrocellulose was added and the membranes were dried in a vacuum oven at 80°C, 100 /ll 

water was added to each membrane and baked for further 2 h, The filters were then 

washed in boiling water, Radiolabeled single-stranded -4 hr cDNA was hybridized to one 

piece of membrane in 1 ml 5X SSC and IX Denhardt's at 60°C for 24 h, The 

nitrocellulose was then removed and replaced with a new piece also with -24 hr RNA 

adsorbed to it and rehybridized at 60°C for 24 h, This procedure was repeated two more 

times and the remaining cDNA was used to probe the -4 hr library, 

2,9, Colony hybridization 

Replica lifts of the colonies were grown on Colony Lift Membranes (BioRad), 

hydrolyzed on filter paper saturated with 0,5 M NaOH for 5 min, rinsed in 2X SSC, 

0,2% SDS, The membranes were prehybridized in I mM EDTA, 0,5 M phosphate buffer 

(PB) pH 7,2, 7% SDS at 65°C for 60 min, and then hybridized with the [32p] labeled 

subtracted probe in I mM E,DTA, 40 mM PB pH7,25% SDS at 65°C overnight. 
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Membranes were washed 3 X 45 min in 1 mM EDTA, 40 mM PB pH 7.2,1% SDS at 

65°C and then they were exposed to X-ray (Kodak XAR5) film for two weeks using 

intensifying screens. 

2.10. Secondruy screenin~ with differential hybridization 

Positive colonies from the initial screening with the subtractive probe were 

transferred to new filters on LB plates in a grid array. Two replica lifts of these plates 

were prepared and one was probed with a [32p] labeled single-stranded cDNA probe 

synthesized from -24 hr poly(A)+ RNA and the other was probed with cDNA from -4 hr 

RNA. The screening procedure was the same as described above. 

2.11. Tertiary screenin~ with dot blots 

10 /lg total RNA was denatured in cold 10 mM NaOH, 1 mM EDT A and 

adsorbed onto Zeta-Probe membrane (BioRad) using a vacuum manifold. One well of 

each pair of samples contained RNA from -24 hr animals, the other well RNA from -4 hr 

animals. The membrane was rinsed in 2XSSC, 0.1 % SDS and dried at 80°C for 30 min. 

Each pair of samples was then probed with a radio labeled DNA probe from each clone, 

synthesized by primer extension using random hexanucleotides according to the protocol 

described in Sambrook et a1. (1989). The hybridization con~itions were identical to those 

used during the screening procedure. 

Subtractive hybridization method using Dynabeads Oligo(dT)25 

The first subtractive hybridization lead to the isolation of one cDNA clone, 

(esr20). The transcript represented by this clone was not specific to nervous tissue, and I 
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had expected to identify a larger number of clones, so it was necessary to repeat the 

. subtraction with an improved strategy. I also constructed a new library because the first 

one was too small to allow the isolation of a large number of clones. 

2.12. Construction of the second -4 hr cDNA library 

First-strand cDNA was synthesized from 7 Ilg poly (A)+RNA isolated from -4 hr 

nervous systems, as described above. The second strand synthesis was carried out for 2 

hr at 16°C by adding 1.5 volumes second strand buffer (10 mM MgCI2, 130 mM Tris 

HCI, pH 7.4, 20 mM (NH4)2S04), 10 units of DNA polymerase I (Promega) and 1.5 

units of RNase H (Promega) to the first strand synthesis reaction. After 2 hr, 1 III 50 mM 

NAD and 100 units of E. coli ligase (Invitrogen) were added. The reaction was incubated 

at room temperature for 15 min, then the enzymes were inactivated by heating the reaction 

to 70°C for 10 min followed by chilling on ice. The cDNA was blunt ended by adding 5U 

of T4 DNA polymerase at room temperature for 10 min. The reaction was stopped with 

EDTA, phenollchloroform extracted and precipitated with 0.5 vol. 7.5 M ammonium 

acetate and 2 vol. ethanol. The pellet was resuspended in H20 and BstxI linkers were 

ligated to the cDNA with T4 DNA ligase. The cDNA was separated on an agarose gel and 

size selected by eluting fragments larger than 500 bp using GeneClean (Bio101). The 

fragments were ligated into Bstx I cut pcDNA II vector (Invitrogen) and transformed into 

E. coli INVI alpha F' strain (Invitrogen). The library contained approximately 105 

recombinant colonies. 

2.13. Driver RNA preparation 

Total RNA was isolated from -24 hr abdominal nervous systems by 

homogenizing the tissue in lysis buffer (7 M urea, 2% SDS, 0.1 M NaOAc, 0.5 M NaCI, 
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300 mM EDT A) , followed by phenol/chloroform extractions. The RNA was precipitated 

with 2.5 volumes of ethanol and redissolved in H20. 

The total RNA was used to saturate the Dynabeads Oligo (dT)25 as follows: the 

storage buffer was removed and the beads were washed twice with 2X binding buffer (20 

mM Tris HCI pH 7.4, 1 M LiCI2, 2 mM EDT A). After washing, 200 ~l binding buffer 

and 2 mg denatured total RNA (in 200 ~l H20) was added to the beads. The RNA and 

the oligo(dT) beads were annealed for 5 min at room temperature, then the supernatant 

was removed and the beads were washed 2 times with 10 mM Tris HCI pH 7.4,0.15 M 

LiCI2, 1 mM EDTA. The beads were stored in 200 ~11.25X hybridization buffer (12.5 

mM Tris HCl pH 7.4, 125 mM NaCI, 1.25 mM EDTA, 0.125% SDS, 7) at 4°C until the 

subtraction. 

2.14. Single-stranded (target) cDNA synthesis 

Poly (A)+ RNA was isolated from -4 hr abdominal nervous systems using 

oligo(dT) cellulose from a commercially available kit (Fast-Track, Invitrogen). Single

stranded cDNA was synthesized from 8 ~g poly (A)+ RNA using 5 U of AMV reverse 

transcriptase (Prom ega) in the presence of 5 ~g oligo(dT) primer (Promega), 50 mM Tris 

HCI pH 8, 70 mM KCI, 10 mM MgCI2, 2 mM of each dNTP, 4 mM DTT, 1 ~l RNase 

inhibitor and 10 ~Ci [a32P]dCTP as a tracer at 42°C for 60 min. The reaction was 

stopped with 2 ~l 0.5 M EDT A and the unincorporated nucleotides were removed by 

passing the reaction through a Sephadex a-50 (Sigma) spin column. The RNA was 

removed from the flow-through by alkaline hydrolysis (0.5 N NaOH at 55°C for 15 min). 

After neutralizing the solution with 0.1 volume of7.5 M ammonium acetate the DNA was 

precipitated with 2 volumes of ethanol. The pellet was dissolved in 50 ~l H20. 
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2.15. Subtractive hybridization II 

The cDNA and the poly (A)+ RNA annealed to the Dynabeads were denatured at 

65°C for 5 min, pooled and hybridized overnight at 55°C with gentle agitation. After 

hybridization, the supernatant and the beads were separated, and the supernatant, 

containing the subtracted single-stranded cDNA was hybridized to another batch of driver 

RNA annealed to Dynabeads as described above to ensure that molecules common to both 

stages are removed. 

The single-stranded cDNA was then tailed with dATP using 42 units of terminal 

transferase in hybridization buffer and terminal transferase buffer (final concentrations: 

500 mM sodium cacodilate pH 7.2, 1 mM mercaptoethanol, 10 mM CoCI2, 2 mM dATP) 

at 37°C for 30 min. The reaction was stopped with 10 III EDT A, 5 III 10 mg/ml carrier 

RNA (tRNA) was added and the cDNA was precipitated with 2 volumes of ethanol. The 

pellet was dissolved in 50 III H20, denatured and added to 1 mg prepared (see above) 

Dynabeads. Annealing was carried out at room temperature for 5 minutes. After 

annealing the beads were separated from the supernatant and second strand cDNA 

synthesized on the beads immediately in 1 mM DTI, 25 mM KCI, 10 mM MgCI2, 10 

mM (NH4)2S04, 100 mM Tris HCI, pH 7.4, 1.2 mM of each dNTP, and 12 U DNA 

polymerase I (Promega) for 2 hr at 16°C, The beads were then separated from the 

supernatant and the double-stranded subtracted cDNA annealed to the beads was 

amplified by PCR using oligo (dT) primers in the presence of IX Taq buffer, 1.6 mM 

MgCI2, 0.5 Ilg oligo(dT) primer, 1 III BSA, 0.25 mM of each dNTP and 5 units of Taq 

Polymerase (Promega). Five cycles were carried out (94°C for 1.5 min, 37°C for 2 min. 

and 72°C for 3 min) then the beads were removed, another 5 units of enzyme was added 

to the supernatant and 30 more cycles were performed. The PCR product was then 

phenol/chloroform extracted and stored at -20°C. 
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2.16. Library screenin~ 

Ten thousand colonies from the -4 hr library were plated on Colony Lift 

Membrane (BioRad), colonies were hydrolyzed with 0.5 M NaOH then rinsed in 2X 

SSC, 0.2% SDS. The membranes were prehybridized in 1 mM EDTA, 0.5 M PB pH 

7.2,7% SDS at 65°C for 60 min and probed with a [32p] labeled probe in 1 mM EDTA, 

40 mM PB pH 7.2, 5% SDS at 65°C overnight. The probe was synthesized by random 

priming using the PCR amplified cDNA as template following a standard procedure 

(Sambrook, 1989). After hybridization, membranes were washed 3 times 45 min in 1 

mM EDTA, 40 mM PB pH 7.2, 1% SDS at 65°C and exposed to Kodak XAR5 X-ray 

film. 

Secondary screening was performed by differential dot-blots. Plasmid DNA was 

purified by alkaline hydrolysis following the method described in Sambrook et al. 

(1989), denatured in 0.4 M NaOH, 10 mM EDT A by boiling for 10 min, then blotted 

onto Zeta-Probe membrane (BioRad) using a microfiltration apparatus (BioRad). The 

membranes were prehybridized in 5X SSPE, 1% SDS, IX Denhardt's solution, 10% 

dextran sulfate, 0.5 mg/ml salmon sperm DNA at 65°C for 6 h, then probed in the same 

solution with 32p labeled single-stranded cDNA synthesized from -24 hr and -4 hr 

nervous tissue poly(A)+ RNA as described above. After hybridization membranes were 

washed twice with IX SSPE, 1 % SDS at 65°C for 15 min followed by a 20 min wash at 

room temperature in 0.2X SSPE, 0.1 % SDS. Positive clones were analyzed for 

duplicates by restriction mapping. 

For tertiary screening RNA dot-blots were used. Total RNA was isolated from 

-24 and -4 hr nervous systems and pairs of RNA dots were prepared for every clone. 

Twenty J..lg total RNA was hydrolyzed in 0.5 ml cold 10 mM NaOH, 1 mM EDTA and 

vacuum blotted onto Zeta-probe membrane. The membranes were rinsed in 2X SSC, 
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0.1 % SDS, prehybridized in 50% formamide, 10% PEG, 1 M NaCI, 0.2 M NaHP04, 

5% SDS at 43°C for 2 h and probed in the same solution at 43°C overnight. The 

membranes were washed at room temperature in 2X SSC, 0.1 % SDS; 0.5X SSC, 0.1 % 

SDS; O.IX SSC, 0.1 % SDS, 15 min each. Several clones in this screen did not show a 

signal for either -24 hr or -4 hr RNA in this screen most likely because they represented 

rare transcripts. In these cases I repeated the screening with 5 Jlg poly (A)+ RNNdot. 

To determine the orientation of inserts in the vector I dot-blotted poly (A)+RNA 

as described above and probed the membranes with 32p labeled riboprobes. Plasmid 

DNA was isolated using a commercially available kit (Plasmid Maxi Prep kit, Qiagen), 

linearized with XhoI or BamHI (Promega). Riboprobes were synthesized using SP6 or 

T7 RNA polymerases (Promega) as described in the Protocols and Applications Guide 

published by the Promega Corporation. Membranes were prehybridized in 50% 

formamide, 5X SSPE, 1 % SDS, 1 X Denhardt's, 200 Jlg/ml yeast total RNA, and 250 

Jlg/ml salmon sperm DNA at 55°C for 5 h. Hybridization was carried out in fresh 

solution. The 32p labeled riboprobes were denatured at 70°C for 3 min in the presence of 

50% formamide, 1 mg/ml yeast RNA and 5 mglml salmon sperm DNA and then added to 

the hybridization solution. Membranes were washed twice in IX SSPE, 0.1 % SDS and 

once in 0.2X SSPE, 0.2% SDS at 65°C, each wash 15 min. 

2.17. Sequencinf: and sequence analysis 

Plasmid DNA was purified using the Plasmid Maxi Prep kit (Qiagen). One clone 

(esr20 ) was sequenced both directions using an automated sequencing system (Applied 

Biosystem 373), by the Arizona Research Laboratories Division of Biotechnology at the 

University of Arizona. The remaining clones were sequenced by the Sanger method 

(Sanger et al., 1977) using the Sequenase (USB) and Circumvent (New England 
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Biolabs) kits. The sequences were analyzed using The Genetics Computer Group 

software package (Devereux et al., 1984) and GeneWorks (Intelligenctics Co). Databases 

were searched with TFASTA, WORDSEARCH, TBLASTN and BLAST3 (Basic Local 

Alignment Search Tool; Altschul et aI., 1990) and with Geneworks. The BLAST 

searches were performed at the National Center for Biotechnology Information using the 

network service. BESTFIT and PILEUP were used for sequence comparisons. 

The sequences were submitted to GenBank under the following accession 

numbers: L24916 for eS1'20, U31454 for MnglO, U31456 for eS1'16, U31457 for tps9 

and U31455 for Mngl4. For the explanation of the abbreviations for the clones see 

Chapter 4. 

2.18. Isolation of Genomic DNA 

An entire wandering stage larva was frozen in liquid nitrogen, after removal of the 

gut, ground with a pestle and mortar, and homogenized in a Dounce homogenizer in 50 

mM Tris HCI pH 8, 50 mM EDTA, 2% SDS 75 mM NaCI, 50 mM sucrose. The 

homogenate was digested with Proteinase K (0.2 mg/ml) at 50°C for 2 hr, then phenol 

and chloroform extracted four times. Nucleic acids were precipitated with 2.5 volumes of 

ethanol at -20°C, resuspended in TE buffer, digested with RNase A (5mg/ml) followed 

by phenol/chloroform extraction. 

2.19. GenOmic Southern blots 

DNA was digested with EcoRI, HindII! or Kpn! (Promega) at 37°C overnight, 

separated on a 0.8% agarose gel and transferred to Zeta-Probe membrane (Bio Rad). The 

membranes were prehybridized in 50% formamide, 0.1 M PIPES, 1 M NaCI, 0.01 % 

sarcosyl, 0.1 % ficoll, 0.1 % PVP-40, 0.1 % BSA, 10 mg/ml dried milk, 1 % SDS, 0.5 
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mg/ml salmon sperm DNA at 42°C for 2 hr. [32p] labeled random primed probes were 

prepared using the Octaprime kit (Ambion). Hybridization was carried out in SO% 

formamide, 0.1 M PIPES, 1 M NaCl, 0.01% sarcosyl, 0.1 % ficoll, 0.1 % PVP-40, 

0.1 % BSA, 0.1 % dextran sulfate, 1 % SDS, O.S mg/ml salmon sperm DNA at 42°C 

overnight. Membranes were washed in 2XSSC, 0.1% SDS, O.SXSSC, 0.1 % SDS, 

O.lXSSC, 0.1 % SDS at room temperature, 20 min each wash. 

2.20. Isolation of mitochondrial DNA 

An entire wandering stage larva (without the gut) was frozen in liquid nitrogen, 

then homogenized in 0.34 M sucrose, 1 mM EDTA, 10 mM Tris-HCI, pH 7.S in a 

Dounce homogenizer. After homogenization EDT A was added to 10 mM final 

concentration and the homogenate was centrifuged at 1000g for S min. at 4°C. The 

supernatant was recentrifuged at lS,OOOg for 30 min. at 4 °C to pellet mitochondria. The 

pellet was resuspended in lysis buffer, homogenized and the centrifugations were 

repeated. After the last centrifugation the pellet was resuspended in IX SSC, 0.1 M 

EDTA, 1 % SDS. The DNA was phenol/chloroform extracted and ethanol precipitated. 

The isolated DNA was 14-20 kb in size, which is within the range for the majority of the 

known mitochondrial genomes. 

2.21. Northern blots 

RNA was separated on formaldehyde-agarose gels and transferred to Zeta-Probe 

membrane. Depending on the clone, different amounts of poly (A)+ RNA was used for 

characterization (see Fig. 3.3) and separated in a 2% gel. In experiments on esr20 

regulation 10 Jlg RNA was separated on a 1.2% gel. The filters were prehybridized S-6 

hr at 6SoC in SO% formam ide, SXSSPE, 1% SDS IX Denhardt's, 200 Jlg/ml yeast total 
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RNA and 250 J..lg/ml salmon sperm DNA. Hybridization was carried out in a fresh 

solution without the carrier DNA and RNA. Riboprobes were synthesized according to 

the standard in vitro transcription protocol described in the Protocols and Applications 

Guide published by Promega Corporation. The [32p] labeled riboprobe was denatured at 

70°C for 3 min in the presence of 50% formamide, 1 mg/ml yeast total RNA and 5 mglml 

salmon sperm DNA and then added to the hybridization reaction. The membranes were 

w~shed at 65°C twice for 15 min each, in lXSSPE, 1 % SDS and once for 20 min in 

0.2XSSPE, 0.1 % SDS, and were exposed to X-ray film (XAR5, Kodak). 

The amounts of esr20 and Mng14 mRNA were estimated by comparing the 

density of the bands obtained for these transcript to a control mRNA whose levels did not 

change significantly during the time frame of the experiment, in this case A TP synthase. 

The images of the autoradiograms were captured by a color CCD video camera (Sony 

DXC-I07) and analyzed with NIH Image version 1.44, a public domain processing and 

analysis program for Macintosh. The density of the band obtained for the transcript of 

interest was corrected for by the density of the control band, then normalized to the value 

obtained from the -4 hr sample. The clone for ATP synthase was generously provided by 

Dr. Rene Feyerisen, Department of Entomology, University of Arizona. 

To determine the abundance of transcripts represented by each clone 5, 10, 20, 50 

and 100 pg in vitro transcribed RNA was blotted and probed together with the 

membranes containing RNA isolated from -24 hr and -4 hr nervous systems. The amount 

of mRNA was estimated by measuring the density of the bands on the autoradiograms as 

described above. A standard curve was drawn for every transcript using the densities of 

bands obtained for the in vitro transcribed RNA, and the amount of transcript was 

determined using this curve. 
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2.22. In situ hybridization of Paraffin embedded sections 

Abdominal nervous systems and 0.5 x 0.5 cm pieces of the body wall from the 

abdomen were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS, 130 

mM NaCII7 mM Na2HP04f3 mM NaH2P04, pH 7.4) at room temperature for 2 hr. The 

tissue was dehydrated through a graded ethanol series, transferred to xylene, a 1: 1 

mixture of xylene and paraffin at 58°C, incubated in paraffin overnight and embedded in 

paraffin. To make the nervous tissue pieces more easily visible during embedding and 

sectioning they were stained with 0.5% eosin Y (C.I. 45380, J.T.Baker) in 70% 

ethanoIlO.5% glacial acetic acid during dehydration. Ribbons of 6 11m sections were cut 

and placed on poly-lysine coated slides. Sections were prepared for hybridization as 

described by Hafen et al., (1983) with the exception that a Illg/ml proteinase K digestion 

was substituted for the pronase treatment. Prior to dehydration of the sections, the slides 

were acetylated by exposing them to 0.25% acetic anhydride in 0.1 M triethanolamine for 

10 min. Sections were prehybridized in 50% formamide, 0.6 M NaCI, IX Haase mix 

(lOX Denhardt's solution, 100 mM Tris, pH 7.5 and 10 mM EDTA), Img/ml salmon 

sperm DNA and Img/ml yeast total RNA at 50°C for 1-2 hr and hybridized overnight in 

the same solution containing 10% dextran sulfate and the digoxigenin labeled riboprobe. 

The probe was synthesized using a nucleotide mixture containing digoxigenin-Iabeled 

UTP (Boehringer Mannheim) following the protocol described above for the radio labeled 

riboprobe. The probe was ethanol precipitated and fragmented by alkali hydrolysis in 0.1 

M carbonate buffer (see Angerer et aI., 1987). After hybridization, slides were washed in 

50% formamide, 3 M NaCI, 0.1 M Tris, pH 6.8, O.IM PB, 50 mM EDTA for 1-2 hr, 

RNase treated (20 Ilg/ml RNase A and 1 unit RNase Tl in 0.5 M NaCI, 10 mM Tris

HCI, pH 8, I mM EDTA) for 30 min at 37°C, washed in 2X SSC for 30 min at room 

temperature, O. IX SSC at 50°C and then in two of changes of PBST. To detect the probe 
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we used a horseradish peroxidase (HRP) conjugated anti-digoxigenin antibody 

(Boehringer Manheim Inc). Sections were blocked with 4% normal goat serum (NOS) in 

PBST for 30 min at room temperature, then incubated with the antibody for 3-4 hr (1:200 

dilution with 2% NOS in PBST) and washed in PBS. HRP was visualized by an 

enzymatic reaction using 3',3-diaminobenzidine tetrahydrochloride (DAB) and 0.03% 

H202 as the chromogen substrate. 

2.23. In situ hybridization of CNSs in whole mount 

Abdominal nervous systems were fixed in 4% paraformaldehyde at 4°C 

overnight, washed 3 X for 15 min in CAST (0.5% casein, 0.05% thimerosal and 0.5% 

Triton XlOO in PBS). To loosen the perineurial sheath around abdominal ganglia half of 

the nervous systems in each sample were treated with collagenase (type IV, 0.5 mg/ml in 

PBS with 0.01 % CaCI2) at room temperature for 7 h. This treatment is very harsh for the 

sheath surrounding the brain, so the other half of the samples were only kept in CAST at 

4°C. Tissue was washed in CAST several times, rinsed in H20 for 5 min and incubated 

in 2X SSC at 70°C for 30 min, followed by a rinse in H20. The nervous systems were 

dehydrated in a methanol/CAST series (25%,50%,75%,2 X 100%), then rehydrated in 

a methanol series of the same concentrations. After a few rinses in CAST the tissue was 

postfixed in 4% paraformaldehyde for 20 min and rinsed in CAST. The prehybridization, 

hybridization and probe synthesis was carried out as described above for tissue sections, 

except that lower hybridization temperatures were used (50°C). After hybridization the 

tissue was washed 2X for 45 min in 50% formamide, 3 M NaCI, 0.1 M Tris, pH 6.8, 

O.IM NaP04, 50 mM EDTA at room temperature followed by washes in 2X SSC at 

room temperature for 30 min and O.IX SSC at 50°C for 15 min. The samples were rinsed 

in CAST and incubated in blocking solution (0.1 % fish gelatin, 0.8% BSA, 0.2% 
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Tween-20 and 0.2% Tween-80 in BPS) for several hours. The primary antibody (mouse 

anti-digoxigenin, Boehringer Mannheim) was preabsorbed for 5-6 h (with tissue treated 

as described above, except that the hybridization step was left out) and used at a 1: 1000 

dilution in PBS with 5% NOS. Cy 5 conjugated goat anti-rabbit secondary and a Cy 5 

conjugated donkey anti-goat (both from Jackson ImmunoResearch) tertiary antibodies 

were used at 1 :200 dilution in PBS with 5 % NOS. Each incubation with antibodies was 

carried out at room temperature for 16-18 hr followed by washes in CAST (four changes 

over 7-8 h). Nervous systems were cleared in 60% then 80% glycerol in 0.1 M carbonate 

buffer (pH 9.5) and mounted in 80% glycerol. In preparations double labeled with 

CCAP, the immunocytochemistry was continued after the last washes of the digoxigenin 

localization. The CCAP antiserum 2TB was raised by Dircksen and Keller (1988) and 

was a generous gift from Norman T. Davis, ARLDN, University of Arizona. It was used 

at a 1:2000 dilution in CAST and was detected with a Cy3-conjugated anti-rabbit 

antibody. 

The preparations were viewed with a confocal microscope (MRC-600 with Nikon 

Optiphot-2 microscope with a Krypton! Argon laser source, BioRad). Five J..Lm serial 

optical sections were collected from representative ganglia and brains using a 647 nm 

excitation filter and a 680 nm emission filter for Cy5, and 568 nm and 585 nm excitation 

and emission wavelengths respectively, for Cy3. 

2.24. The Zipf analysis 

Sequence analysis of two clones failed to identify open reading frames that were 

likely to encode proteins (see Chapter 4.). Recently a statistical test commonly used in 

linguistics, the Zipf analysis, (Zipf, 1949) has been applied to search for differences 

between coding and non-coding sequences (Mantanega, 1994). Zipfs analysis requires 
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two sets of data: the frequency (number of occurrences) of words in a given text, and the 

ranking of the words based on their frequency followed by plotting the data on a double 

logarithmic scale. 

I defined "words" in sequences as n-tuples (where n ranged from 3-8, Mantanega 

et aI., 1994). To identify the n-tuples and determine their frequency a computer program 

was written in Turbo Pascal, using the following algorithm. As the initial step the first n

tuple, the most 5' n nucleotides of the sequence is defined, then it is matched to the rest of 

the sequence to determine if any other n-tuple, the n-s being identical, matches it and if so 

how many times does it occur. After testing the first n-tuple the window of n bases is 

moved one nucleotide in 3' direction, and the comparison is repeated. The program scans 

the entire sequence in this fashion identifying the maximum number of L-n+ 1 n-tuples, 

where L is the length of the sequence in base pairs. 

After the frequencies of the n-tuples were determined they were ranked using a 

spreadsheet and the rank order-frequency curves were plotted on a double logarithmic 

scale. The lines were fitted, using the weighted least square method, to the parts of the 

curves where the sample coefficient of determination was larger than 0.97. The weight of 

each data point was the reciprocal value of its rank. 

2.25. The RT-PCR (Reverse Transcription-Polymerase Chain Reaction) protocol 

A) Primer design: the peR primers were chosen with the aid of the primer design 

function of GeneWorks (IntelliGenetics, version 2.4) such that they would allow identical 

RT and PCR conditions for all of the genes. The primers and the length of the amplified 

fragments are given in Table 2.1. The primers were 19-21-mers, with GC content of 

about 50%, had almost identical melting temperature (Tm: 59-62°C) and amplified 

fragments that were similar in size (101-232 nucleotides, see Table 1.). 
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B) RT reaction: Total RNA was isolated from 5 nervous systems for each time

point or experimental treatment yielding approximately 50 Ilg RNA. Ten Ilg of this RNA 

was used to synthesize single-stranded cDNA in the following reaction: 50 mM Tris-HCI 

pH 8.3, 75 mM KCI, 3 mM MgCI2, 0.5 mM of each dNTP, 11lg oligo(dT) primer, 0.5 

III RNasin (Promega) and 50 U SuperScriptII (BRL) in 20 III final volume, for 90 min at 

37°C. To ensure that the RNA templates were eliminated, I added 2U RNase H to each 

reaction and incubated for further 15 min at 37°C. The enzymes were heat-inactivated at 

70°C for 15 min. 

Gene Forward primer Reverse primer Amplified 
length (bp) 

esr20 AGGATGCTGAAGTGGTGAGC TGTTCCTTACGTCATTCTCGG 101 

esr16 CTGTGCTTCTGGTTAGTGCC TGGAGTTCCTCTTCAGGACG 128 

tps9 CGAGTTACCACACGTTAGCG AATGGAACGTGCTACCGAAG 160 

MnglO GAAGATGTTCTCGGAATCGG GAGCGTAATAAGCTCTGCAGG 173 

Mn~14 TTCTGTTCTAAACGCAGCCCG AATTCGAACACTGGCGGTC 204 

G3PDH CGATTAAGGAACTTGAGGACG ATAAGGAAGCGGATGCAAGG 232 

Table 2.1 Sequence of the oligonucleotides used in PCR amplification and length of the 
amplified region. 

Because the exon-intron structure of the genes is not known it was not possible to 

design primers that would amplify cDNA only. Therefore, it was necessary to ascertain 

that amplification of contaminating genomic DNA did not contribute to the signal. To test 

this I treated a 20 Ilg aliquot of he RNA preparations with DNaseI, prior to the RT 

reaction (50 U DNaseI at 30°C for 30 min., followed by heat inactivation of the 

enzymes), and found no difference between the treated and non-treated samples. 
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C) PCR reactions: aliquots of the RT reactions were amplified in 60 mM Tris

HCI, pH 10, 15 mM (NH)4S04, 2 mM MgCl2 ,0.125 ~g of each primer, 200 ~M of 

each dNTP and 1 U AmpliTaq polymerase (Perkin Elmer) in 20 ~l final volume. The 

amplification was performed in a Perkin Elmer 9600 thermo cycler with the following 

cycle parameters: 30 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 30 sec; 

followed by 5 min at 72°C and continuous hold at 4°C. The amount of RT reaction to be 

used for each gene was chosen such that they would yield sub-saturation levels of PCR 

products after 30 cycles. The amount of template was determined using a dilution series 

of the RT reactions, and are given as the amount of initial total RNA: 100 pg for esr20, 

200 pg for esr16, 1 ng for tps9, 100 ng for MnglO, 1 ng for Mng14 and 200 ng for 

G3PDH (glycerin aldehyde 3-phosphate dehydrogenase). After amplification one fifth of 

the reactions were separated on a 2% agarose gel for routine analysis, and on 3.5% 

MetaPhor agarose gel (FMC BioProducts) for final comparison. With each set of 

reactions a no-template control was also processed. 

To confirm that the amplified fragments were those predicted, the PCR products 

were cloned using a T A cloning kit (Invitrogen) and sequenced by the Sanger dideoxy 

method (Sanger et aI., 1977). 

2.26. Tissue culture experiments 

Tracheae or ventral nervous systems were dissected from the animals, rinsed in 

insect saline (Ephrussi and Beadle, 1936) and placed in tissue culture medium (TC-I00 

GIBCO) supplemented with 2.5 ~g/ml amphotericin B, 50 ~g/ml streptomycin and 50 

U/ml penicillin). For incubations of tracheae, tissue from several animals was pooled and 

then distributed to separate dishes containing 3 ml of TC-l 00 and the appropriate amount 

of 20-hydoxyecdysone (20-HE), cycloheximide or actinomycin D. The concentration of 
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the 20-HE stock solution was checked spectrophotometric ally (E240 = 12,670; Meltzer, 

1971). The incubations were carried out at room temperature for 24 h in small tissue 

culture dishes which were placed in a 15 cm Petri dish onto wet Kimwipes in an 

oxygenated environment with the addition of phenyl thiocarbamide as an antioxidant. 

2.27. Incorporation of labeled UTP 

To determine the efficiency of actinomycin D in blocking transcription I tested the 

effect of the blocker on the incorporation of [3H] UTP into RNA. Nervous systems were 

isolated and incubated for 2 hr in TC-I00 in the presence or absence of 10J.lg/ml 

actinomycin D. Following this preincubation period 2 J.lCi [3H]-UTP was added to the 

medium and the tissue was incubated for two more hours. After the incubation the tissue 

was rinsed and total RNA was isolated as described above. One tenth of each RNA 

preparation was used to determine the amount of purified RNA, the rest of the RNA was 

used to count radioactivity. The number of counts/l J.lg RNA was determined, and the 

degree of inhibition was expressed as percent of incorporation into tissue incubated in the 

absence of actinomycin D. 
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ISOLATION OF -4 hr SPECIFIC cDNA CLONES BY 

SUBTRACTIVE HYBRIDIZATION 
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Developmental and pathological processes often reflect qualitative and quantitative 

changes in gene expression. The identification of genes whose up or down regulation 

causes, or is associated with the physiological or pathological changes is crucial to the 

understanding of these events. The most powerful tools in identifying these genes have 

been techniques based on comparison of gene expression patterns in different stages of 

development or disease and include, differential hybridization (St John and Davis, 1979; 

Schmid and Girou, 1987; Lemke et aI., 1993), differential display (Liang and Pardee, 

1992) and subtractive hybridization (see Hedrick et al., 1984; Travis and Sutcliffe, 1988; 

Rubinstein et al., 1990; Hara et al., 1991). 

Differential screening is based on the probing of cDNA libraries plated in 

duplicate, with cDNAs derived from two different sources, such as developmental or 

pathological stages or different tissues. The major disadvanta~e of this technique is that it 

results in a large number of false positive clones due to cross contamination of 

neighbouring colonies or plaques (Thomas et aI., 1994) and it has low sensitivity. 

Differential display is a new, powerful technique (Liang and Pardee, 1992) based on 

PCR amplification of the 3' end of poly (A)+ RNA with various combinations of 

anchored oligo(dT) and degenerate primers. This technique allows side by side 

comparison of RNA pools from several sources, which is a definite advantage of this 
" 

method. Two shortcomings, however, make it less suitable for identification of 

transcripts of low abundance (Bauer, et aI., 1993; Liang et aI., 1993). First, the 5' 

primers often anneal in a degenerate fashion with 2-3 mismatches, second, commonly the 

isolated bands contain contaminating sequences and are difficult to clone (Bauer, et aI., 
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1993; Liang et al., 1993; Callard et al., 1994; Li et al., 1994a), problems that easily lead 

to the loss of rare molecular species. 

Subtractive hybridization techniques are aimed at identification of molecules that 

differ in abundance between two pools of molecules (driver and target pools). This 

technique has been used by several groups to detect differentially expressed mRNAs in 

the nervous system (Travis and Sutcliffe, 1988; Krady et al., 1990; Porteus et al., 1992;" 

Mar~chal et al., 1993; Mulcrone and Whatley, 1993; Prasad and Cynader, 1994) and has 

led to the identification of transcripts of abundance as low as 0.001 % (Travis and 

Sutcliffe, 1988). 

The main difficulty in searching for nervous system specific genes is that this 

tissue is composed of a heterogeneous cell population. Even if a given mRNA was fairly 

abundant in a certain cell type it would comprise only a small percentage of the total 

mRNA pool in the nervous system. In addition, developmentally regulated transcripts can 

be expected to be relatively rare even in the cells that express them. Hence, to find genes 

that were differentially expressed in -4 hr nervous systems I needed to use the most 

sensitive and reliable technique available, which appeared to be subtractive hybridization. 

The first subtraction approach I used was a modified procedure of Love and 

Deininger (1991), schematically shown in Figure 3.1. It involved adsorbing driver cDNA 

(-24 hr) to small pieces of nitrocellulose filter and hybridizing these filters with 

radiolabeled single stranded cDNA synthesized from -4 hr poly (A)+ RNA. I used 20 Ilg 

cDNA, synthesized from in vitro transcribed RNA, to saturate the filters. The target 

cDNA was synthesized from 5 Ilg poly (A)+ RNA, which yielded approximately 1 Ilg 

cDNA, thus the initial hybridization solution contained 20 fold excess of driver cDNA. 

After three rounds of hybridization the remaining cDNA was directly used to screen a -4 
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Figure 3.1. Schematic representation of the subtraction strategy using nitrocellulose 
pieces. Driver DNA was generated from in vitro transcribed RNA, which was 
synthesized from clones of a -24 hr nervous system lambda cDNA library. The DNA 
was adsorbed to small pieces of nitrocellulose and hybridized to [32p] labeled single 
stranded cDNA synthesized from -4 hr poly (A)+ RNA. The nitrocellulose was removed 
and another piece was added to the subtracted cDNA. Mter three rounds of subtractive 
hybridizations the remaining subtracted cDNA was used as a probe to screen a -4 hr 
nervous system cDNA library. 
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hr library. The initial screening of the -4 hr cDNA library from the abdominal nervous 

system with the probe resulted in over 400 positive colonies. These clones were further 

screened using a [32P] labeled oligo(dT) primed probe from -4 hr and -24 hr nervous 

systems. After two rounds of differential hybridization seven clones remained, that 

hybridized to the -4 hr probe but not to the -24 hr probe, others hybridized to both 

probes. This suggested that the subtracted probe contained a very large proportion of 

cDNAs representing non-differentially expressed mRNAs. In the next step I tested the 

remaining clones by dot blot hybridization to total RNA from wandering, -4 and -24 hr 

larval nervous systems and pupal (stage 1) nervous systems. Three clones showed a 

strong signal from -4 RNA and no signal at all in the other stages. The rest of the clones 

were expressed in all the other stages I tested. Subsequent restriction mapping and 

sequence analysis showed that all three clones contained the same or similar insert. For 

further experiments I chose one of them, subsequently named esr20 (Ecdy,S,teroid 

Regulated, 20 kD, see Chapter 4.). 

To identify additional clones I constructed a new -4 hr nervous system library and 

designed a method with greater sensitivity based on the following considerations. 

Subtraction methods developed to date differ in two aspects: whether RNA or cDNA 

serves as the driver nucleic acid pool, and the method used to separate the common and 

differentially expressed molecular species. The major advantage of using RNA as driver 

is that it allows the detection of very rare molecules (Travis and Sutcliff, 1988) most 

likely because of the greater stability of RNA-DNA hybrids compared to DNA-DNA 

hybrids. The disadvantage is, however, that it is often hard to obtain enough RNA to 

provide 20-30 fold excess of driver nucleic acid and that long hybridizations result in 

chemical degradation of the RNA. By using cDNA these problems can be circumvented, 

but the sensitivity might not be sufficient. This led to the decision to use RNA as a driver 
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as in the first method, but use poly (A)+ RNA isolated from the tissue instead of in vitro 

transcribed RNA. 

The three available methods for separating common and differentially expressed 

molecules are hydroxyapatite chromatography, removal of common molecules containing 

a biotinylated driver with streptavidin, and separation using a solid substrate. 

Hydroxyapatite chromatography separates single and double stranded molecules 

(Cochran et al., 1983; Sargent and pawid, 1983; Travis and Sutcliffe, 1988). The second 

method involves labeling the driver molecules with biotin, hybridizing them with the 

target pool and removing the annealed, common molecules by forming avidin-biotin 

complexes followed by phenoYchloroform extraction (see Rubinstein et al., 1990; Li et 

al., 1994b). The disadvantage of these two methods is that they often lead to incomplete 

separation of single and double stranded molecules (Hampson et al., 1992). The third 

method for separation is based on binding of the driver pool to a solid substrate such as 

small pieces of nitrocellulose (Love and Deininger, 1991; Mar~chal et al., 1993) or latex 

beads (Hara et aI., 1991), which can be physically removed from the hybridization 

reaction. To avoid the harsh treatments of RNA involved in methods using nitrocellulose, 

I used paramagnetic oligo(dT) beads as solid substrate. 

The strategy that I designed is shown in Figure 3.2. I prepared the driver RNA by 

poly (A)+ selection of total RNA from -24 hr nervous systems on Dynabeads Oligo 

(dT)25. This provided a fast and efficient method of poly (A)+ selection and it 

automatically provided the solid substrate for the driver RNA. I used 4 mg beads with 

total capacity for 8 Ilg poly (A)+ RNA. To ensure that the beads were saturated I selected 

poly (A)+ RNA from 2 mg total RNA. On average the total RNA preparations contained 

1-2% of total RNA, thus the amount of RNA I used contained approximately four times 

more poly (A)+ RNA than the theoretical capacity of the beads. 
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Figure 3.2. Schematic drawing of the subtraction strategy with paramagnetic beads. Total 
RNA from -24 hr nervous systems was poly (A)+ selected using Dynabeads Oligo 
(dT)25 to serve as driver RNA. Single stranded target cDNA was synthesized from poly 
(A)+ RNA isolated from -4 hr nervous systems. The poly (A)+ RNA and cDNA were 
hybridized and the molecular species common to both stages were removed with the 
beads. The single stranded, subtracted cDNA was tailed with oligo(dA) and annealed to a 
new batch of beads. The second strand was synthesized using the oligo(dT) tail of the 
beads as primer and amplified by PCR. The PCR product served as template for 
generating a random primed probe, which was then used to screen a -4 hr eDNA library. 
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The target pool was generated by synthesizing single-stranded cDNA from poly 

(A)+ RNA from -4 hr nervous systems. Eight J..Lg poly (A)+ RNA yielded approximately 

1.6 J..Lg cDNA, thus the hybridization reaction contained approximately five fold excess of 

driver RNA I carried out two rounds of subtractive hybridization and followed the 

process using tracer radiolabel in the target cDNA. The amount of labeled, subtracted 

cDNA after the first and second hybridization steps showed little difference, thus most 

likely the first step was sufficient. The subtracted cDNA obtained after hybridization of 

the two pools can be used to generate a radiolabeled probe for library screening or it can 

be used to construct a subtracted library. The first application has one major backdraw, 

namely, that very rare molecules are unlikely to be represented with sufficient abundance 

in a probe to allow the detection of the corresponding clones. Construction of a library 

circumvents this problem, but it might also lead to loss of rare molecules during ligation 

and transformation. To increase the likelihood of identifying rare molecular species I 

amplified the subtracted cDNA by PCR. I added an oligo(dA) tail to the 31 end of the 

cDNA, which allowed the annealing of the DNA to Dynabeads Oligo (dT)25. The 

oligo(dT) tail of the beads served as a primer for second strand cDNA synthesis and at the 

same time the beads provided a solid substrate for the cDNA, thus creating a potentially 

reusable pool of template for peR (Raineri et a1., 1991). Tailing with oligo(dA) created 

symmetrical molecules after the second strand synthesis allowing the use of only one type 

of primer (oligo(dT)) in the PCR reaction. 

The PCR product was used as a template to generate a random primed, 

radiolabeled probe for library screening. Table 1. shows the screening steps and the 

number of clones screened and selected in each step. For the primary screening, I plated 

approximately 10,000 colonies. I identified 111 positive colonies which were further 

screened by differential dot-blots. Ten J..Lg plasmid DNA was blotted on Zeta-Probe 
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membrane in duplicate and screened with radiolabeled single stranded cDNA synthesized 

from -24 hr or -4 hr poly (A)+ RNA. In this, and every subsequent differential screening 

step I kept every clone which showed clear differential expression or which had a weak 

or no signal. I kept the latter clones to ensure that I did not loose potentially interesting 

clones that represented low abundance transcripts. Clones that did not show a signal 

above background in the differential screens were eliminated in the final, most sensitive 

screening step (see Sambrook et al., 1989). 

number of colonies number of colonies 
Screening step 

screened selected 

Colony hybridization 10,000 111 

Differential Dot-Blot 111 74 

Elimination of duplicates 74 36 

RNA Dot-Blot wi random primed probes 36 17 

RNA Dot-Blot wi riboprobes 17 4 

Table 3.1. List of the screening steps and the number of clones screened and selected in 
each step. In the differential screening steps we kept every clone that showed differential 
expression or did not have a signal at all. These latter clones were eliminated in the final 
step. 

Restriction analysis of the 74 clones remaining after differential screening showed 

that more than half (20) of the clones were represented as a single clone, 12 clones were 

found in duplicate or triplicate and 4 clones were found in several copies. The remaining 

36 clones were screened in two more differential screening steps. First, total RNA from 

-24 and -4 hr nervous systems was dot-blotted and pairs of dots were probed with 

radiolabeled, random primed probe generated from the insert of the clones. Second, poly 
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(A)+ RNA was blotted as above and screened with riboprobes. Finally, I chose 4 clones 

whose expression showed considerable difference between the two stages. Figure 3.3. 

shows the Northern blot analysis of poly (A)+ RNA from -24 and -4 hr nervous systems 

with all five clones. Four of the transcripts (Clones 9, 10/3, 59 and 74, subsequently 

named tps9. MnglO. esr16 and esr20, respectively, see Chapter 4.) were not detectable in 

-24 hr nervous tissue, but were clearly present at -4 hr. In contrast the transcript 

represented by Clone 14 was present at both stages, but it was upregulated approximately 

two fold between -24 and -4 hr. 
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Figure 3.3. Northern blot analysis of the cDNA clones. Four, 18. 8, 2 and 1 Jlg poly 
(A)+ RNA was separated on a 1.5% agarose gels for clones 9, 10/3, 14, 59 and 74, 
respectively, transferred to nylon membrane and probed with a [32p] labeled riboprobes. 
As a control, the blots were reprobed with radiolabeled riboprobe of Manduca ATP 
synthase. 
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To determine the abundance of the transcripts I transcribed sense direction RNA 

in vitro, blotted known amounts onto nylon membrane and then probed the membrane 

together with the Northern blots. After hybridization the density of the bands on the 

autoradiograms was measured, a standard curve was plotted for each clone using the 

values obtained for the known amounts of RNA. The amount of transcript detected on the 

Northern blots was then determined using the standard curve (data not shown). Based on 

these calculations, the abundance of the transcripts (expressed as the % of the poly (A)+ 

RNA pool) is the following: 0.1 % for Clone 9, 0.001 % for Clone 10/3, 0.2% for Clone 

14 and 0.5% for Clone 59. 

In summary, the subtractive hybridization strategy I have developed was 

successful in detecting rare, differentially expressed transcripts. As a preliminary search 

for developmentally regulated genes it lead to the identification of five genes by screening 

only an aliquot of a library. Screening the entire library will definitely yield a larger 

number of genes. In addition, the likelihood of identifying more clones can be increased 

by improving the subtraction, for example using larger amounts of driver and target 

RNA, larger excess of driver RNA and improvement of the PCR reaction. In recent years 

several recombinant Tag polymerases have become available, that are suitable for 

amplification of fragments several kb long. The use of these enzymes and variations of 

the cycle conditions (elongation time and cycle number) are also likely to increase the 

chance of finding a large number and variety of molecules. 
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CHAPTER 4. 

CHARACTERIZATION OF THE GENES 

After selecting the cDNA clones which represented genes whose transcripts were 

upregulated between -24 and -4 hr, I planned to address two questions about each gene: 

what are the functions of the gene products, and how are the genes regulated. In this 

chapter I present the data obtained in an attempt to answer the first question. 

To find clues about the possible function of the gene products I used information 

from three analyses: nucleic and amino acid sequence analysis, the localization of the 

transcripts in different cell types and description of their expression pattern at 

developmentally relevant stages. The sequence analysis consisted of determination of the 

nucleotide and deduced amino acid sequences, comparison of both with sequences found 

in the databases, and a search for known motifs or features. 

To determine if the expression of these genes was specific to the nervous system I 

analyzed the distribution of the transcripts in different tissue types on Northern blots. The 

nervous system of Manduca has a large number of uniquely identifiable neurons, 

neuronal precursors, glial cells and a non-nervous system-specific cell type, the tracheal 

epithelial cells. To determine which cell type or individual cell these genes were expressed 

in I used in situ hybridization. 

Four hours before pupal ecdysis events related to two different phenomena, 

ecdysis and metamorphosis, are in progress. Based on their expression pattern the genes 

I have identified can playa role in either of them. To determine which one they are most 

likely involved in, I determined the expression pattern of the mRNAs during the last 

larval stage and throughout adult development. 
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I hoped that the sequence similarity of these genes or their protein products to 

proteins or motifs with known function, the description of the spatial and temporal 

expression patterns of the transcripts, together with the knowledge of the physiological 

events in the cells expressing them, would yield testable hypotheses about the role of 

these genes during development. 

In addition, I used Southern blot analysis to determine if these cDNA clones 

represent single- or multiple-copy genes, and to see if they might be members of a gene 

family. 

The genes were named after their most typical features as follows: esr20, esrl6 

(~.cdy§,teroid regulated 20 and 16 kDa deduced protein), MnglO and Mngl4 (Manduca 

neuronal gene, cDNA clones 10 and 14) and tps9 (1ranscript with llatehy §,taining, cDNA 

clone 9). 

4.1 esr20 

The first gene to be identified in the first subtraction screening was esr20. The 

eDNA clone encoding esr20 contains a 795 bp insert which includes a poly (A)+ region 

(Fig. 4.1). Two lines of evidence suggest that the clone is a full length cDNA clone: it has 

one long open reading frame (ORF), that has start and stop codons in frame, in the right 

orientation with the poly (A)+ region, and it hybridizes to a single transcript of about 0.8 

kb on Northern blots (Fig. 3.3). The translation initiation site predicted by this ORF is 

close to the consensus eukaryotic start site determined by Kozak (1986), (ATAATGG 

instead of ATTATGT) and this sequence is used as a start site in Drosophila (Cavener, 

1987). The putative polyadenylation signal of esr20 differs by one nucleotide from the 

consensus AAT AAA sequence (the second nucleotide is G) but this appears to be the 
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most variable base and it has been shown to be a functional signal (Wickens and 

Stephenson, 1984). 

The deduced protein from the ORF encodes a 20 kD acidic protein (pI 4.78). The 

protein has one potential glycosylation site and three putative phosphorylation sites. The 

hydropathy plot of the protein did not predict regions with defined secondary structures, 

nor a signal peptide that would indicate association with or transport through the plasma 

membrane, thus, it is likely that ESR20 is a cytosolic protein. 

TTCTAAAGACCAGTC GAAGCATCAACATGC AGTTCGCTCTCGTAC TCCTGATCGCCGCTG TCGTGGTCGCCGAGC 75 

CCCCTCGGTACAGGC AGAACTACAAGTTCC AGAGACAAGAAGTCG CCCCTGATAATGGAG CTGCGCCCTACCCTG 150 
MetGlu LeuArgProThrLeu 

CAGCTGGCTTCAGAC CTGCCAAGGAATTCA ACCTCCCATCTCGCC AGGAAGTCTCGCCTC CGTCCTCATCCTACG 225 
GlnLeuAlaSerAsp LeUprOAr~er ThrSerHisLeuAla ArgLysSerArgLeu ArgProHisProThr 

GCATCCCAGACAACA GCTACGGTGCTCCCG CCGAGTACTTACTTA GCTCCTCAAAACGAA TACGGTCTTCCCGAG 300 
AlaSerGlnThrThr AlaThrValLeuPro ProSerThrTyrLeu AlaProGlnAsnGlu TyrGlyLeuProGlu 

AAAGCGCCTGAGGCT GAATACGGTGTGCCA GAGAAAGACGACCCC AAAGATGACGAAGAA GACCTCAAAGTGGAA 375 
~aProGluAla G1UTyrGlyValPro GluLysAspAspPro LysAspAspGluGlu AspLeuLysValGlu 

GGTATCAAGGAGAAG TTGCAAGAGGAGCCG AAGAAGGATGCTGAA GTGGTGAGCGCCCAG GGCTCGTACTACGTC 450 
GlyIleLysGluLys LeuGlnGluGluPro LysLysAspAlaGlu ValValSerAlaGln GlySerTyrTyrVal 

CTCTTACCCGGCTCA CAGCTTCAGCGAGTC CAGTTCCAAACCGAG AATGACGTAAGGAAC ATGGCTTACACCGCC 525 
LeuLeuProGlySer GlnLeuGlnArgVal GlnPheGl~Glu AsnAspValArgAsn MetAla~la 

CGGCTCGAATACAAA GACGAAGATCGTGCC CCCATCTACGTGTAT ACAGGAGTGCCCCAA TACCAGCCGTCCGCC' 600 
ArgLeuGluTyrLys AspGluAspArgAla ProIleTyrValTyr ThrGlyValProGln TyrGlnProSerAla 

GCTTACGTTCAGCTA TTTTAAACGGATAGT GTACGAAATGCAATT TAAATCGGGATGAAT GTGTTAAAGGGATCC 675 
AlaTyrValGlnLeu Phe 

GTGTTTCACAAATTC GGGGCCTTGTCACGC AATCCCGGGCTCCGG TAATGCCAAATATAT TTATGTAATTTATTC 750 
CGAqAGTAAA/rcCTG TGCTTCAACTTT 777 

Figure 4.1. Nucleotide and deduced amino acid sequence of esr20. The putative 
polyadenylation signal is marked by a box, the potential glycosylation site is labeled with 
a hatched box and the phosphorylation sites with dotted boxes. 

Figure 4.2 shows a comparison of the nucleic acid and the predicted amino acid 

sequence of the largest ORF to GenBanklEMBL. The database analysis revealed 

similarities of ESR20 to acidic regions of three unrelated proteins. The entire sequence of 

the predicted protein shows 23% identity (38% similarity) to a portion at the N terminus 
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Figure 4.2. A) 'Schematic representation of esr20 and the three sequences it is similar to. 
The regions of similarity are aligned and indicated by a speckled box. The degree of 
identity to ESR20 is given in each box. The numbers indicate amino acid positions. The 
available sequence information for NF-H is partial and the numbering of amino acids 
corresponds to the cDNA clone. The structures were drawn according to the schematic 
representation of the proteins by Girard et al. (1992) for nucleolin, Harris et al. (1991) 
for NF-H and Oro et al. (1988) for knrl, aided by the database entries. Database accession 
numbers are: Swiss prot PI577!, PIR A32757 and PIR S06450, respectively. 
Abbreviations: GAR: glycine and arginine rich, E: glutamate rich, KSP: lysine-serine
proline repeats, KEP: lysine, glutamate and proline rich. B) Comparison of ESR20 to the 
regions of similarity with nucleolin, NF-H protein and knrl. Gaps are indicated with dots, 
shading represents identical amino acids. The alignment exactly matches the best pairwise 
alignment of the proteins. Gaps were introduced were it was necessary, to allow the best 
alignment of the four sequences. Numbers indicate amino acid positions in ESR20. 
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of chick nucleolin, 22% identity (39% similarity) to a region in the hydrophobic domain 

of the Drosophila orphan receptor, knirps-related (knrl) and finally 23% identity (38% 

similarity) to an acidic stretch in a partial cDNA clone of the rat neurofilament triplet H 

protein (NF-H, Fig. 4.2.A). Multiple alignment of the four amino acid sequences 

covering the region of similarity revealed a large number of identical amino acids among 

the four proteins (Fig. 4.2.B). 

Nucleolin is the major non-ribosomal protein of growing eukaryotic cells 

(Maridor et al., 1990). It is believed to playa role in ribosome assembly and strong 

evidence indicates that it might playa role in rRNA transcription and processing (see 

Jordan, 1987). In accordance with these proposed functions nucleolin has RNA 

recognition motifs at the carboxy terminus (Dreyfuss et al., 1988) and four acidic regions 

at the amino terminus (Girard et aI., 1992; Lapeyre et aI., 1987) that might be involved in 

protein-protein interactions (Bandziulis et al., 1989). Three of these four acidic domains 

are within the region that is similar to ESR20. 

Neurofilaments are major constituents of the neuronal cytoskeleton (for review 

see Steinert and Roop, 1988). They are predominantly composed of three polypeptides, 

usually referred to as NF-L, NF-M and NF-H. All three proteins have a very similar 

domain structure (Harris et al., 1991) despite the unusually large variability in their 

primary structure. They consist of an amino-terminal rod region which makes up the core 

of the filament and a hypervariable carboxy-terminal. Harris and coworkers (1991) have 

shown in a detailed study of the tail region that the carboxy terminal region of the rat NF

H, termed KEP (for lysine, glutamate and proline rich), is distinct in its immunological 

properties and its primary sequence when compared to the other NFs (see also Shaw, 

1992), and is the most variable among species. (Zopf et al.,1987). This hypervariable 
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acidic tail domain has been implicated in interactions with other cytoskeletal and cytosolic 

proteins (Hisanaga and Hirokawa, 1988), and is the region that is similar to ESR20. 

In the case of knrl there have been no detailed studies of the possible functions of 

its large hydrophobic domain, but data obtained for other members of the steroid receptor 

superfamily indicate that the C-terminus might have multiple functions, such ligand 

binding, dimerization, interaction with transcription factors, repressors and heat-shock 

proteins (Power et aI., 1992). Thus, it is very likely that the hydrophobic domain of knrl 

is involved in interaction with several different proteins and the region of similarity with 

ESR20 is in this domain. Although the sequence similarity among the four proteins is 

suggestive that ESR20 might interact with other proteins, but it is not sufficient to 

propose a function for ESR20. 

To determine the tissue distribution of esr20 transcript, I performed Northern blot 

hybridization of total RNA from -24 hr and -4 hr nervous system and -4 hr muscle, fat 

body, epidermis and tracheae. Figure 4.3 shows that esr20 transcript was undetectable in 

the -24 hr samples of all of the tissues examined. It was, however, found in all tissues 

from -4 hr animals. A single band of 0.8 kb was present in the abdominal nervous 

system, muscle and tracheae, and a very weak signal was detectable in fat body and body 

wall epidermis (not shown). This result suggested that esr20 was expressed either in a 

number of cell types or in one cell type that was present in all samples where we detected 

a signal. 

To determine the exact cellular localization of esr20 mRNA I used ill situ 

hybridization. Figure 4.4 shows horizontal optical sections of the abdominal nervous 

systems from -24 and -4 hr larvae and a cross-section of the body wall from a -4 hr 

samples. It is clear from these preparations that the signal is localized to tracheae and 

tracheoles in the -4 hr animal. Trachea supply all tissues with air, and to provide this vital 
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Figure 4.3. Northern blot analysis of 
esr20 transcript in different tissues from 
-24 hr and -4 hr animals. Ten Ilg total 
RNNIane was separated on a 2% 
agarose gel, transferred to nylon 
membrane and probed with a [32p] 
labeled riboprobe of esr20. For the 
control, the filters were reprobed with a 
[32p] labeled riboprobe synthesized 
from a cDNA clone of Manduca ATP 
synthase . 

function, they have elaborate arborizations within and around each tissue. Figure 4.4 B) 

shows a horizontal section of an abdominal ganglion, where the epithelial cells of both 

the major tracheal branches and of the fine tracheoles in the neuropil, show strong 

staining with esr20 probe., I did not detect a signal in sections from -24 hr animals (Fig. 

4.4 A) and in sections from -4 hr animals probed with a sense probe (Fig. 4.4 C). Figure 

4.4 D shows a cross section of the body wall where the signal can be seen to be localized 

mostly to the cytoplasm, but is stronger around the nucleus. It is interesting, that I have 

never detected staining of the epidermal cells, which are also of ectodermal origin, and 

have common functions with tracheal epithelial cells, such as secretion of cuticle. The 

signal detectable on Northern blots from samples of epidermis and fat body RNA 

probably originated from the trachea that I was unable to fully remove during dissection. 
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-24 hr (antisense probe) -4 hr (antisense probe) 

-4 hr (sense probe) 

Figure 4.4 . Lm:alization of t!sr20 tr.Ulsl:ripl. A-C) Whole mount ill situ hybriuization Df t.hl! 
abuominal nervous system using uigoxigenin labcleu riboprobes. visualized with a Cy5 labded 
wllibouy. Five !!m optkal sel:tions are shown through the middle region of abdominal gWlglia. 
The staining of tradlea (arrowheads in B) wld tfUl:heolcs in the entire I:entral nl!uwpil is very 
strong in the nervous system fmm -4 hr wlimals probed with the wltisense probe .• Uld is 
abselll in -24 hr nerVlJUS systems wld in -4 nervous systems probed with a sense riboprobe. 
D) Cross sCl:tion of the body wall from a -4 hr larva. The digoxigenin lubdl!d probe was 
visualized in O!!1ll parartin sel:tillns wit.h a peroxidase-I:unjugatcd wllibouy using DAB as u 
chromogen substrate. The tissue was cllunterstained with fast green. Abbreviations: 1:: cutide 
1': fat body: Ill: musde: tr: trachca. Sl:ale bars are 50!!m. 
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Very little is known about the physiology of tracheal epithelial cells prior to 

ecdysis, thus it is hard to speculate about ESR20 function based on its developmental 

expression pattern. The new tracheal and tracheolar branches in muscle are completed by 

the time of esr20 expression (C. Consoulis, personal communication), thus esr20 is not 

involved in the proliferation and differentiation of the epithelial cells during arborization. 

One function the tracheal epithelial cells have is the synthesis and secretion of the cuticular 

proteins. Trachea are lined with a layer of cuticle, which is removed at each molt when 

animals shed their external cuticle. To date it is not known whether the proteins that 

compose the tracheal cuticle are similar to those found in external cuticles. I compared 

ESR20 to the available cuticular protein sequences in the databases and to the so far 

identified sequence motifs (Willis, 1989; Apple and Fristrom, 1991), but found no 

similarities. The developmental expression pattern of esr20 is similar to that of some 

cuticular protein genes (Riddiford et aI., 1986; Rebers and Riddiford, 1988; Apple and 

Fristrom, 1991), so it is feasible that even if ESR20 is not secreted it may playa role in 

the formation of the cuticle. 

4.2. MngJO 

Northern blot analysis shows that the transcript of Mllg J 0 is approximately 700 

bp and that it is detectable only in tissue isolated from -4 hr larvae (Fig. 4.5). It appears to 

be expressed not only in the nervous system, but in trachea and muscle as well. The 

signal is very weak on Northern blots even using 18 J.lg poly (A)+ RNA, which is not 

surprising given that Mng J 0 mRNA comprises only 0.001% of the poly(A)+ RNA pool. 

The insert in the cDNA clone is 688 bp long encoding one large open reading 

frame which spans the entire sequence (Fig. 4.6). The close match between the predicted 
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Figure 4.5. Northern blot analysis of 
Mng J O. Fifteen J.Lg Poly (A)+ RNA 
was isolated from -24 hr nervous 
systems, -4 hr nervous tissue, 
muscle and trachea and blotted on to 
nylon membrane. The membrane 
was hybridized with [32p] labeled 
riboprobes of Mng 10 and reprobed 
with ATP synthase as control. 

size of the mRNA and the size of the insert suggests that the clone most likely contains 

the entire protein coding sequence, and lacks the 5' and most of ~e 3' untranslated region 

(UTR). The sequence has a putative polyadenylation signal (indicated with a box in Fig. 

4.6, Proudfoot, 1991) within the coding region next to the translation termination codon. 

The open reading frame predicts a 229 amino acid, 26 kD basic protein 

(pI=1O.39) which has several residues that can be phosphorylated (most of them targets 

for protein kinase C, Fig. 4.8), and three myristylation sites which suggests potential for 

association with membranes. 

The deduced amino acid sequence of Iv1NG10 showed similarity to the C-terminal 

half of the yeast transcription unit, Yer082. The similarity of the two polypeptides is 

fairly large, 34% of the amino acids are identical (Fig. 4.7), and an additional 22% are 

conserved substitutions. Yer082 has been identified on the fifth chromosome of 

Sacharomyces cereviseae during the sequencing of the entire chromosome (GenBank 

accession # U18839), but the expression of this transcription unit has not been 
'. 

confirmed experimentally. Furthermore, no similarity of Yer082 to other proteins has 
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ATGAAGATATGGGAC ATAAGGAAGCTTGAT GGACCGCTCCAACAT TACATGTTGCGATCA GCTCCGGTCGATTTA 75 
MetLysIleTrpAsp IleArgLysLeuAsp GlyProLeuGlnHis TyrMetLeuArgSer AlaProValAspLeu 

GAATTCTCACAGAAA AATATGCTTGCTGTT GGCCTCGGTGACATA GTTGAAATTTACGAC AATTGTTGTACCCGA 150 

GluPhe~~lnLYs AsnMetLeuAlaVal GlyLeuGlyAspIle ValGluIleTyrAsp AsnCysCysThrArg 

ACTGCTGAGAAACCT TACATGCGGCATAAA ATGGCGAAAACAGTG AACAATTTCAAATTC TGTCCATATGAAGAT 225 
ThrAlaGluLysPro TyrMetArgHisLys MetAlaLysThrVal AsnAsnPheLysPhe CysProTyrGluAsp 

GTTCTCGGAATCGGT ACTAACCGAGGCTTC ACTAGTATTATTATA CCAGGCAGTGGAGAG CCTAACTTTGACGCG 300 

ValLe~Il~ ~nArgG1YPhe ThrSerIleIleIle ProGlySerGlyGlu ProAsnPheAspAla 

TACGAGAGCAATCCG TTTCAGACGAGAAGC CAAAGGAAAGAAGCC GAAGTCAAGGCACTT CTTGAGAAAATACCT 375 

TyrGluSerAsnPro PheGlnThrAr~~# GlnArgLysGluAla GluValLysAlaLeu LeuGluLysIlePro 

GCAGAGCTTATTACG CTCAATCCATTTGAG GTTACAGAGGTGGAT GTGCCTTCCATGAGG GAGACTTTGGAAGCT 450 

AlaGluLeuIleThr LeuAsnProPheGlu Va~luValAsp valproijei~etArg GluThrLeuGluAla 

AAGAAAAAGCTATTG CATGTGAAACCTAAA AGGGTTGATTTAAGA CCTAGGAATAAGAAT AAAGGTAAAAATAGG 525 
LysLysLysLeuLeu HisvalLysProLys ArgValAspLeuArg ProArgAsnLysAsn LysGlyLysAsnArg 

ATTACAAGACAGAAG ATAATCAAAGAAACA GCTCGAAAGGAACAA GTGCAGCAAGTTAAA GAGGCACAAGGAATA 600 

IleThrArgGlnLys IleIleLYSGluffi~ AlaArgLysGluGln ValGlnGlnValLys GluAlaGln~le 

TTAAAGGGATCAGAA CAACAAAAGAAACCT AATCAACCTTCATTT GGTGTACTCAACAGA TTTGTGTCAAACCCA 675 

LeuLysGlySerGlu GlnGlnLysLysPro AsnGlnProSerPhe GlyValLeuAsnArg PheVa~,~~npro 

AAATC'llAATAAl1JrAA AACAATTTAAT 701 

LY~nLYS 

Figure 4.6. Nucleotide and deduced amino acid sequence of MllglO. The open box 
indicates the putative polyadenylation signal, the patterned boxes mark residues that 
can be posttranslationally modified. III phosphorylation sites, ~ myristylation sites. 

been reported and there is no known mutation in yeast that maps to this region, whose 

phenotype would allow predictions about the role of MNG I O. 

MnglO represents a single copy gene as determined by Southern analysis (Fig. 

4.8), that is expressed in uniquely identifiable cells in the abdominal nervous system. In 

situ hybridization of whole nervous systems with digoxigenin-abeled antisense probes 

showed staining of three pairs of cells in the abdominal ganglia (Fig. 4.9 C). In ganglia 

hybridized with a sense probe (Fig. 2 E) only two pairs of cells were stained, suggesting 

that the staining was specific in only one pair of neurons. In -24 hr nervous systems we 
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Figure 4.7. Sequence comparison of the predicted amino acid sequence of MNG 1 0 and 
the transcription unit of the yeast fifth chromosome, Yer082 (Acc# U 18839). The shaded 
boxes mark identical amino acids, which comprise 34% of the sequence. 
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Figure 4.8 Southern blot analysis of Mng 10. 
Genomic DNA (20 J.LgIlane) was digested with 
restriction endonucleases, separated on a 1 % 
agarose gel and transferred to nylon membrane. 
The membrane was then probed with [32p] 
labeled random primed probes. In both lanes 
two fragments were labeled reflecting the fact 
that MnglO has both an EcoR I and a Hind III 
site. 
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also observed the staining of only two pairs of cells (Fig. 2 A). By Northern analysis the 

transcript was not detectable at this developmental stage, therefore, the staining of the two 

pairs of cells in -24 hr tissue is also non-specific. The transcript of MngJO is extremely 

rare, and the signal in these cells is visible only with the use of fluorophor-conjugated 

secondary and tertiary antibodies (Cy5 labeled goat anti-mouse and donkey anti-goat from 

Jackson ImmunoResearch). The non-specific staining of these two pairs of cells has been 

also observed by K.A. Mesce (personal communication). With different antibodies 

(biotinylated secondary antibody followed by avitin-biotin HRP) I have never observed 

detectable levels of Mng 1 0 transcript in these two pairs of cells and the most anterior pair 

of cells was visible, thus the non-specific staining does not mask any real signal and these 

cells became useful landmarks. 

Though on Northern blots the signal in trachea and muscle is clear, I have not 

detected staining of trachea with in situ hybridization. Given the extremely low abundance 

of the mRNA it is likely that individual tracheal epithelial cells do not contain sufficient 

mRNA to yield a visible signal. It also cannot be excluded that neurons in addition to the 

pair shown in Fig. 4.9 also express Mng 1 0 at levels that are not detectable with this 

technique. 

The position and size of cells labeled by in situ hybridization is similar to that of 

the four paired lateral neurosecretory cells, NS-L l-L4 (see Fig. 4.10 and Davis et aI., 

1993). In the abdominal ganglia these cells are found dorsally, and have been shown to 

be recognized by antisera raised against neuropeptides, such as crustacean cardioactive 

peptide (CCAP, Davis et aI., 1993), leukokinin and diuretic hormone (Chen et aI., 1994). 

Bioassays indicate that they also contain the tanning hormone burs icon and cardioactive 

peptides other than CCAP (Tublitz and Sylwester, 1990). 
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Figure 4.9. Co-localization of MllglO transcript and CCAP immunoreactivity. AlOE) 
In situ hybridization. Digoxigenin labekd riboprobes were hybridized to whole nervous 
systems and localized using Cy5 labch.!d antibodies. In each abdominal ganglilln llnly 
one pair of cells stained spcdl1cally (arrows in panel C), labeling of the two other pairs 
of neurons was the result of nonspecific binding of the secllndary and tertiary antiblldies. 
BlD)F) Combined ill sitll hybridization and immunocytochemistry. In the same prepa
rations shown in panels A)C) tUld E), CCAP was stained using a Cy3 labeled antibody 
(green staining), and images of the same optical sections generated by the two methods 
were superimposed. CCAP iml1lullllrcacti vity was found in the tirst lateral neurosecretory 
neuron (NS-Ll, solid arrowheads and SCI! Fig. 4.10) and IN-704 (open arrowheads in 
o and F). The yellow co 1m of NS-Ll in panel 0 shows the co-localizution of Mng 10 
mRNA and CCAP. All imagl!s wl!rl! lakl!n with a laser confocal microscope and pSl!udo
colored in Adobl! Photnshop. Scal\! bars arl! 50 llm. 
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The position of the cells expressing Mng 10 suggest that it could be either NS-L 1 

or NS-L2. NS-L 1 has been previously shown to be immunoreactive to CCAP (Davis et 

aI., 1993), whereas NS-L2 does not stain with anti-CCAP antibody. To test the 

possibility that the cells expressing Mng 1 0 are NS-L 1, I double-stained the ventral 

nervous systems for the digoxigenin-Iabeled riboprobe of MnglO and for CCAP. Figure 

4.9 D shows that the two signals (red and green pseudo color, respectively, result in 

yellow when overlaping) co-localized in the most anterior pair of cells confirming that the 

cells expressing Mng 1 0 are indeed NS-L 1. In addition to NS-L 1, an adjacent interneuron 

(IN-704) also shows immunoreactivity to CCAP (open arrows in Fig. 4.9 panels Band 

D), but it does not express this gene. The cell body of IN-704 is smaller than that of NS

L 1 and its staining with an anti-CCAP antibody usually stronger, thus it is possible to 

distinguish them reliably. 

In the thoracic ganglia I have not observed specific staining of MnglO mRNA. In 

these ganglia one pair of cells stained non-specifically with the secondary and tertiary 

antibodies, but the thoracic homologues of NS-L 1 and IN-704 are not immunoreactive to 

CCAP at this developmental stage (Davis et aI., 1993; Ewer et aI., 1994). Consequently it 

is not possible to determine if these cells are the same and if the non-specific staining 

masks the signal of Mng 1 0 transcript with in situ hybridization. 

The first neuropeptides to be demostrated in the lateral neurosecretory cells were 

the cardioacceletory peptides (CAPs) and bursicon (Taghert and Truman, 1982; Tublitz 

and Sylwester, 1990). In recent studies of the expression of these peptides it was shown 

that during larval life the lateral neurosecretory cells contain high levels of the CAPs, but 

their expression of these peptides ceases at the onset of metamorphosis (Loi and Tublitz, 

1993). The opposite is true for bursicon, whose levels were found to be very low in fifth 

instar larvae, and its synthesis increased at the onset of metamorphosis (Tublitz and Loi, 
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Figure 4.10. Schematic representation of the CCAP immunoreactive cells (NS-L 1, IN-
704, MN-1, NS-M4 and VUM (ventral unpaired medial)) and the lateral neurosecretory 
cells (NS-L2-4) in the abdominal ganglia of Manduca sexta. Modified from Davis et al. 
(1993). 

1993). These cells, therefore, exhibit a switch in expression of these two neuropeptides, 

and it is conceivable that they would show such plasticity in the expression of other, yet 

uncharacterized peptides. 

Each of abdominal NS-L 1 cells projects posteriorly to the next dorsal nerve, via 

which their axons enter the transverse nerve and bifurcate. One branch of the axon 

follows the dorsal nerve and innervates the alary muscles of the heart, while the other 

branch extends to neurohemal terminals in the perivisceral organ formed by the transverse 

nerve (Davis et al., 1993). Thus, this cell most likely directly modulates cardiac activity 

and is also involved in the hormonal regulation of other physiological events via 

neuropeptides released at the perivisceral organ. 

NS-L 1 has also been found to be a downstream element in the network 

responsive to the neuropeptide EH. EH is released at the end of each life stage an~ is 

known to trigger ecdysis behavior via intracellular mechanisms that involve an increase in 
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cGMP (Truman et aI., 1980; Schwartz and Truman, 1984; Morton and Truman, 1985). 

Ewer et al. (1994) found that upon EH action prior to larval ecdysis, a group of 

approximately fifty neurons stain with an anti-cGMP antibody, among them NS-LI 

(named Cell 27) in both abdominal and thoracic ganglia. These workers have proposed 

that the cGMP positive cells might be involved in the visceromotor and cardiac changes 

that accompany ecdysis, and they may be part of a network that is involved in ecdysis 

behavior. 

Taken together, the NS-L I cells appear to be a members of a group of cells which 

have an important role in regulating the development and physiology of the animal. They 

appear to be excellent models in which to study the molecular mechanisms of 

neurotransmitter plasticity in conjuction with the morphological, physiological and 

behavioral changes of the organism. Thus, finding out more about the function of 

MNG 10 and regulation of its gene may add to our understanding of the role of NS-L I 

and the networks in which it participates. 

4.3. esr16 

In most of its characteristics esr 16 appears to be very similar to esr20. On 

Northern blots an approximately I kb fragment is labeled in -4 hr nervous systems, 

muscle and trachea, and the fragment is undetectable in -24 nervous tissue (Fig. 4.11). 

In situ hybridization of -4 hr samples with a digoxigenin-Iabeled antisense 

riboprobe shows labeling of tracheal branches that surround the ganglia and enter the 

neuropil (Fig 4.12 B), but I have not observed staining of either trachea of tracheoles 

within the neuropil. The intensity of the staining in these preparations is low, suggesting 

that the amount of mRNA present in the epithelial cells of large trachea is at the threshold 
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Figure 4.11. Northern blot analysis of 
esr16. Three J.Lg poly (A)+ RNA from each 
tissue was separated on a formaldehyde 
agarose gel transferred to nylon membrane 
and probed with a radiolabeled riboprobe of 
esr 16. The membrane was reprobed with 
A TP synthase as a control. 

of the technique's sensitivity. Therefore, it cannot be excluded that epithelial cells forming 

the fine branches express the gene, but do not contain sufficient transcript to be detected. 

I have not observed staining in epithelial cells in the body wall and within muscle, though 

Northern blots clearly showed the presence of esr16 mRNA in these tissues, thus most 

likely in these cells too, the transcript levels are below detection level. 

Sequence analysis of the cDNA clone showed that it contained an 898 base pair 

insert, which contained a 144 amino acid long open reading frame predicting a 16 kDa, 

neutral protein (pI 7.45; Fig 4.13). The sequence has a short 5' UTR and a long 3' UTR 

which encompasses almost half of the 898 bp. A consensus polyadenylation site 

(Proudfoot, 1991) is found at the very end of the sequence, but the cDNA clone 

contained no poly (A) stretch, suggesting that it might be lacking the 3' end of the mRNA 

sequence. 

The predicted protein has several target residues for post-translational 

modifications (see Fig. 4.13). Computer ana1ysis of the secondary structure predicted a 
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Figure .. \..12, /n sitll hybtidizalion ~)r t!sriO. Paraffin sel.:liolls (0 pm) were hybridized 
wilh digoxigenin labeled tihnprohes and the probe was visualized using a hiotinylated 
sl!l.:ondary antihody folh)wl!d hy avidin .. biotin HRP. Al HOlizontal sl!l.:tion ur an 
abdominal ganglion from a .. 2..J. hI' animal. probl!d with antisensl! probl!. B l Similar 
rl!gion as in Al from a .. ..J. hI' animal. C l Sel.:tiun or a .. ..J. hI' ganglion prohed with a Sl!nsc 
prohe. Arrowhl!ads poi!1l to thl! mld1l!a around the nervous system stainl!d with the 
antisensl! probl! in .. ..J. hI' Si.ll11ple (B). hut not in the .. 2..J. hI' sample. or in tissue prohl!d 
wilh a Sl!nse prohl!. Sl.:ale hal's arc 100 pm. 
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potential signal sequence but no other striking structural feature was apparent. Analysis of 

the signal peptide following the criteria described by von Heijne (1990), confirmed this 

prediction. The major hallmarks of signal sequences are a positively charged N-terminal 

region (n-region) consisting of a few amino acids, often only the methionine, a 

hydrophobic core domain (h-region, 7-15 residues) and a polar c-region (3-7 amino 

acids). The N terminus of ESR16 does not have positively charged residues beside the 

first methionine, but it has a 13 amino acid hydrophobic region, and a potential cleavage 

site (von Heijne, 1990). 

c::cGCCAGIGmCIC ~ TI'ACCAClICGITAGC GC:GCG:CATITITAT TAMCCAAAA'TGI'IG 75 

MetLeu 
;;;:;;:;~ 

TlTI'ACATI'ACCGIT ACroIGCI'IC'IOO ~ TrCTACAC.'OOATlGI' 00I'I'CAAAA'I':rCDX 150 

ih#Wl-k~¥~~~~~aGiaLYS Phe'IYr'IhrAspCys ~erLYSLeuAla 
~~ GGI'GI'I'AGCXD: GAGM~ ~ AACIC.'CAACGITACC 225 
'IbrValGlnSerVal ~alSerGlyCys GluAsnAlaArgGlu CysValLeuLysArg _erAsnV~ 

A'I'CAGmTI'GACI'IC 'I'C.'TCCMCGACG GJ.GAG:JXCATAACG A~ GICA'ICA'IGAGI'CIG 300 
IleSerIleAspPhe SerPro'Ihr'IhrAsp ValSerAlaIle'Ihr ThrGluValHi~ ValIleMetSerLeu 

c:c.mrGCCGI'ICC 'I'GK.'GCAGCCCO ~ mACICACCTGTCCC ATI'AlIG3C'lIDTG 375 

ProValProPhePro CysArgSerProAsp AlaCysLysAspAsn GlyI,.eu'lhrCysPro IleLysAl~al 

GTNrlIAATrACANl ACAACI'C'I'G2Ci crrnAGIroI'A'TCCC ~ GIGAAATCmAATIG 450 
ValAlaAsn'IYrLys 'I'hrThrLeuProVal LeuLysSer'IYrPro LysValSerValAsp ValLys~luLeu 

~ GACCICGIC'IGI'A'IC TIGA'rnCCGXAAGA A'IC'CACIGATTI'ITA ATI'ATTI'AGC.Trrn.C 525 
LysLysAsJ;GluGlu AspLeuValCysIle LeuIleProAlaArg IleHis 

GI'I'ACI'IroIGA GTAC'CG03GIGTGAG CMGCIG'fGATI'rnA 'ITAATITAACATrCG A~CGC 600 

GYGA~ AAGI'ATCGATI'ATTI' TI'AMATTI'MGMT CGATI'AGI'I'CMTIR CTAGA'ICACTITITA 675 

TrGACATIGIGAATA 'IDI'K'CITA'mAGAT MTAATATI'NIGrAT TI'TlGI'MTAATAAC CAMTAAMAAA.CGT 750 

CACAGIOOlTI'ACGl' 'I'G3CTGATA'ITIGCA 'ICI'Arm:GIT:rGCGC CTICATI'I'CAGITAC ~ 825 

CGA'lGI'I'I'lATICIT ACCAAAATI'M'ITAA GTAcrGA'lGl'I'l'lAT ATI'ATI'ATI'ATJ!AAT 'l'AA$.TA'ITAA 898 

Figure 4.13. Nucleotide and deduced amino acid sequence of esrJ6The putative signal 
peptide is underlined:;;;:;;:; n-region, ~ h-region,-c-region. The arrowhead marks the 
potential cleavage site.The potential sites for posttranslational modifications are labeled as 
follows: I!I phosphorylation site, ~ myristylation sites, • glycosylation site.The putative 
polyadenylation site is marked by an open box. 
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Sequence comparison revealed similarity of ESR16 to HE1, a protein identified 

by subtractive hybridization in the human epididimis (Krull et aI., 1993, Fig. 4.14). HEI 

is a major transcript of the epididimal duct, which is fairly uniformly expressed in 

different regions of the epithelium. It has a predicted signal peptide and is assumed to be 

involved in a general function of this secretory epithelium. 
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Figure 4.14. Alignment of esr 16 deduced amino acid sequence and the predicted amino 
acid sequence of HE 1 (Acc. # A 18921). Identical amino acids (35% of the residues) are 
marked with a dotted box. 

There are several similarities between ESR16 and HE! that point to their potential 

relatedness. The structure of the two cDNAs is very similar, they both possess a short 5' 

end and a very long 3' UTR. The size of the predicted proteins is close, 144 and 151 

amino acids, they both harbor a potential signal peptide and they are both uniformly 

expressed in epithelial cells specialized for secretion. If these proteins are required for 

events related to secretion it would not be surprising to find related genes which may 

function in other types of epithelia. Southern blot analysis of esr16 showed that this may 

indeed be the case. In all three digests of genomic DNA (Fig. 4.15) three fragments were 

labeled, yet the sequence of esr 16 has no cutting site for these enzymes. This very 

strongly suggests that esr16 is either a multiple copy gene or there are two other genes 
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closely related to it. Based on the intensity of the bands on the Southern blots I favor the 

latter possibility. The multiple bands on these blots would also appear if the introns of 

this gene contained the sites for the restriction enzymes used in this analysis. To produce 

the pattern on the Southern blot this way there would need to be at least two introns, with 

restriction sites for all three enzymes, a situation which is possible but unlikely. 

~'~' .~~ 
kb ~ -tX 

23- . 

9.4-
6.5-

4.3-
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2.0- ~' .. ' 

0.5-

Figure 4.15. Southern blot analysis of esrl6. 
Genomic DNA was digested with the Hind 
III, EeoR I and KpnI, separated on a 
separated on a 1 % agarose gel, transferred to 
nylon membrane and probed with [32Pl 
labeled random primed probes. 

4.4. tps9 

The expression of tps9 is very similar to that of MnglO. The 1 kb transcript is 

present in poly (A)+ RNA isolated from -4 hr nervous tissue, muscle and trachea, but not 

found in RNA from -24 hr nervous systems (Fig. 4.16). The mRNA is approximately 

1000 bp long. 

To determine the exact cellular localization of the transcript within the nervous 

system I used in situ hybridization. In whole mount preparations the staining with 

digoxigenin-Iabeled riboprobes has a punctate appearance (Fig. 4.17) at the boundary 

between the central neuropil and cell bodies in the middle region (on the dorso-ventral 
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Figure 4.16. Northern blot analysis of 
tps9. In each lane 6 J.lg of poly (A)+ RNA 
was separated on a 2% agarose gel, 
transferred to Zeta-probe membrane and 
probed with [32p] labeled riboprobe. The 
membrane was reprobed with radiolabeled 
riboprobes from ATP synthase as control. 

axis) of each abdominal ganglion. The stained structures are substantially smaller than 

nuclei, they might be cytoplasmic organelles, potentially mitochondria. At higher 

magnification it is apparent that the stained structures are mainly localized to large tracheal 

branches. Trachea have rich arborizations within the neuropil, yet I have not observed 

staining of tracheoles within the neuropil. Using fluorescent staining in whole nervous 

systems I have not observed staining in trachea surrounding the nervous system, most 

likely because of the low intensity of the signal and high autofluorescence of the tracheal 

cuticle. In paraffin embedded sections, where the riboprobes were visualized using an 

ABC-peroxidase detection method, scattered, punctuate staining was occasionally visible 

(data not shown), confirming the results of the Northern blot analysis. 

The clone of tps9 contains a 932 bp insert which has one putative polyadenylation 

signal (Proudfoot, 1991), and a short stretch of adenines at the 5' end (Fig. 4.18), but it 

lacks every other characteristic feature of translatable cDNA clones: a long open reading 

frame (ORF) with a consensus translation initiation signal (Kozak, 1986) and stop codon 

in frame. The sequence has a large number of short open reading frames in all six frames 
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- 24 hr (antisense probe) 

- 4 hr (sense probe) 

Figurl! 4.17. Who1\! mount ill sitll hyhridization of rpsl). Digllxigl!nin lahl.!lcd rihllprohl!s 
WI!I\! hyhridizl!dto who1\! nl.!rvous systl.!ms and visualizl!d using Cy5lahl!1\!d alllihlldks 
with a confocal mkroscopl!. Imagcs wcn! tranfl!!Tl!d tn Adnbl.! Photllshop and pSl!udll
colorl.!d. Thl! staining has a punctatl! appcarance in Sl1uctures. nlllst Iikdy tradll.!al 
hrunches, at the boundary hl.!twcl!n thl! cCl1lral nl.!uropiJ and neunll1al cdl hlldks. in all 
ahdominal ganglia. Arrowhl.!ads plli11l til staining along that houndary. Thl.! signal is 
presl!11l only in nl!rvous systl!l11S from -4 hI' animals probl!d with an a11lisI!nsI! prohl!. and 
is ahsl.!nt in -24 hI' nc!'V\)US systl.!l11s. or -4 hI' I1l.!rvous systl!l1lS prohcd with a Sl!l1se pn>hc. 
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(Fig. 4.19), but only 8 of them start with a potential translation initiation codon (Fig. 

4.19, dark arrows), and even the longest only encodes an 87 amino acid polypeptide 

making it unlikely that any of the ORFs encode a protein. 

Comparison of the nucleotide sequence with GenBank entries using BLAST 

revealed similarity of tps9 to a region in the mitochondrial genome of the honeybee, Apis 

c:cxn::cPGIG ~ AGIt.'G':CA'IC ~ ~ ~ G:.'CA'I'I'ITm TIMA 75 
~ l\CGAGATI'K: ~ ~ CAA'IWIGIG CAA~ ~ MTIT 

CCAAAA'IGIT GI'I'I'rnCA'IT .AC<:GI'I1>.CIG 'lG:'I'IC.'ICCl' ~ G:'CAAATICI' lICACG?ATIG '!rom 150 
GGI'ITmCM CAAAA'IGI'M ~ ~ A~ c:mI'ITAAGl\ 'IGIG:CI'MC NrAT 

ATl'ICA'I1I.'IT TmCACA'I1I.T 'I'rA'I'I'OCACI ~ GI'l'O:ATTCA LGIGI'I'Icrr TIGI'I'ICCJIG 'ITAAT 225 
TAA1Gr]l[J!AA. AA'IGIGrA'I1I. MTAACmGA 1\G:X'A'ICGIG ~ 0CACAJlK!,N1. ~ M'ITA. 

'IGI2\GI'I1I.'IG TACI'IIJ3A'IG 'I'I'I'IGIGrM GICAA'ITI'IG AA'ILGI'I'IGr 'I1I.'mCITA1lG LGI'ICI'rnAT TIMA 300 
N:A'I"CAKrFC ~ AAAACJlCATr ClGJ!rAAAN::. TrN.rAAACA A'I1I.'IGAATIC r::r»G/llA'ITA. MTIT 

~ CGAAA'lTTI\T 'IGJJ\TIGIG:: GmCA'ICI2\G 'I'ICI'I'I'I'I'rn. A'IC.GI'I'IGkG ~ ACMG 375 
'I'IUl£I'I'IG ~'I1I. N:KrAN:J>CG CA'IGmGA'I'C NG>JllAAAAT TPG::AAN::Cr. 'rnAA'I'ITI'CA 'I'CID\C 

'ICC1lllAN::Rr 'I'ICI'I'l'l'Icr ACJlJ3AATI'lC ~T 'ffi'ITffi'mcA 'I1I.TI'IGffi'I1l. ~ AAJ:Cr 450 
JladI'I'I'IGrn. ~ 'IGI'CI'I'AA1-\ 'ITm33TCI'A A'rnAATA'IGr ~ c:rc:GAGAA'IT TI'IGA 

1\CCCI2\'I'IGl\ AAJl{l,ATrCKr Tffi'ITITITA ATITr1\GACI' ANlGI\TTI'IG lti'I'I'l'IGrM A'I'I'ffiTlTAA Cffi'I1I. 525 
'IG32ATAACl' ~ AATP»J>M.T 'l'MAA'ICIGl\ 'ITTCI'AAAAC ~ 'rnAA'rnAA'IT GA'I1I.T 

Gm.'ITA'I1I.'IT ~ 'ICICGAAAAA GIroI'IGI'ffi ~T CAAGI'I'ffi'IT 'TGICICIGAC MTAA. 600 
c:::ATAATI\'IM ACl'l'It:LGIG l\GIG:I'I'l'IT CKI'CAN::JlAT TITATI'I'I'ffi GI'TCAAATM ~ 'ITA.'IT 

'ICG03I'A'fGA. CCA'ITlC'lTA 'I'I'I'lCCCrrl' Gro'I'I'I'I'I'rn. AA'IGI'I'IGrn. 'I1I.'lCIGAAAA. 'I'NlC'IGl\TllJ3 CNCr 675 
NJ/JrATJ1t:.1r ~ ~ c:::rAANIAAAT TJ!Af:AA'PCAT A':rnGACI'l'lT ATIGACI'A'lC GI'IGA 

'I1I.'IGrAN>lAA ~ 'l'I'I'I'I'I'I'ffiC A'1G:'GITA'IC TATK.'CACCI' Cl'ITlGACG1\ NI'CAA'fGAllG 'ITA.'IT 750 
ATACATTITl' 'ITl'I'roA'ICA AAAAAAAKIG TNX£N>.TllJ3 A~ GNINCJ.\rr 'IrolTACl'IC MTAA. 

TITA'IG}lGIT lCI'CaJI:rAC ATATACATAC A'ICIGI\'ITIT 'I'CITA'ITAAT ~ 'mAAA'ITA.'IT CITIT 825 
AAA.TlCICM. ~ 'I1I.'I1I.'IGI'ltiG TN3ACrAAAA. ~ ACl'IC.'C'ICffi A'ITITAATM. GAN>A 

Gl\.'I'IC.'CJIJ\((! CTCACA'ITIT TID:.":ACI'I'ff 'ITA.rro:/MTA Mf.'I'IGP£m' ~ 'I'IGI'ICGAAA TMCG 900 
CI'All£DI'f03 ~ ~T ~T 'ITl'MCICCA ~ AN::ANI!I'IT ATm::: 

AACCNIClG:; ~ A'I1I.TITPGI'A ~ AM. 943 
'1'I'GGl'IGICG GlTATICAGI' 'ffiTAAA'lCAT AA'I'I'I'I'I'I'I'r TIT 

Figure 4.18. Nucleotide sequence of tps9. The potential polyadenylation site is indicated 
with a box. 
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Figure 4.19. Open reading frame analysis of tps9 using the universal genetic code 
(IntelliGenetics, release 2.4). Arrows indicate open reading frames in all six reading 
frames that are 20 amino acids or longer. Dark arrows represent ORFs that start with a 
potential translation initiation signal. 

mellifera. Alignment of the twosequences revealed a 56% identity over the entire length 

of tps9 and the most 5' region of the honeybee sequence (Figure 4.20). In the honeybee 

mitochondrial genome nucleotides in positions 1 through 501 encode a cluster of tRNA 

molecules, the complement strand from position 502 to 1503 is part of the open reading 

frame encoding NADH dehydrogenase, subunit2 (Crozier and Crozier, 1993). tps9 

is a relatively AT rich sequence (70% of the bases are adenines or thimidines), which is a 

general characteristic of lower metazoan mitochondrial sequences (see Okimoto et aI., 

1992, Crozier and Crozier, 1993). 

With one exception, all known mitochondrial genomes of multicellular organisms 

are circular molecules 14-39 kb in size (Okimoto et aI. 1992), that encode the structural 

RNAs necessary for mitochondrial protein synthesis (rRNAs and tRNAs), and 

components of the oxidative phosphorylation system. It is well established that the codon 

usage of mitochondrial proteins varies from the universal codon usage of nuclear-encoded 

proteins, and very often the translation initiation and termination signals are also different 

(Anderson et aI., 1981; Okimoto et aI., 1990 and see Okimoto et aI., 1992). To 
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Figure 4.20. Alignment of tps9 and the 5' most region of the mitochondrial genome of 
the honeybee, Apis mellifera (Acc.# L06178). Identical nucleotides comprise 56% of the 
aligned sequence and are indicated by a shaded box. 

test if tps9 contained any ORFs sufficient to encode a protein with mitochondrial codon 

usage I translated the sequence using the Drosophila mitochondrial genetic code 

(IntelliGenetics, release 2.4), and allowed unconventional initiation and stop codons. 
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This ORF analysis had very similar results (not shown) to the analysis with the 

universal codon usage (Fig. 4.19) leading to the conclusion that tps9 most likely did not 

encode a protein. 

Given the similarity of tps9 and a cluster of tRNA genes of the honeybee I 

searched for potential tRNA sequences in tps9. A generic tRNA molecule can be folded 

into a cloverleaf-shaped secondary structure, the four arms of which have conserved 

nucleotides and lengths of the stems and loops (Dirheimer et al. 1979; Gauss and Sprinzl, 

1981). Mitochondrial tRNAs lack some of the standard features of cytoplasmic tRNAs 

(Bibb et al., 1981; Clayton 1984), and have a larger number of unorthodox base pairs 

and modified nucleotides(see Anderson et al. 1982; Clayton, 1984), which may lead to 

somewhat altered secondary structures. In my analysis I attempted to take into account 

these variations. 

I used two independent methods to determine if any region of tps9 can be folded 

into a tRNA. First I identified all the hairpin loops in the sequence using StemLoop in 

GCG (Genetics Computer Group, University of Wisconsin), and determined if they 

could form an anticodon stem and loop based on the presence of invariant nucleotides 

adjacent to the anticodon (a pyrimidine and U preceding the anticodon, and a purine 

following it (Dirheimer, 1979; Singhal and Fallis, 1979), and 4-5 Watson-Crick type 

base pairs in the stem. Around each such loop I attempted to fold the molecule into a 

cloverleaf-shaped structure according to criteria described by Dirheimer et al. (1979) and 

Bibb and coworkers, (1981) allowing the deviations characteristic of mitochondrial 

tRNAs (Bibb et al., 1981; Anderson et al., 1982; Wolstenholme et al., 1987; Garey and 

Wolstenholme, 1989). In the second approach I used tRNA Search, a Macintosh software 

(Shortridge et al., 1986), designed to identify both mitochondrial and genomic tRNAs. 

Neither analyses identified sequences that would have satisfied the criteria for forming the 
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standard secondary structure of tRNAs, thus I concluded that despite the fairly large 

similarity between the tRNA cluster of the honeybee mitochondrial genome and tps9 this 

clone most likely does not encode tRNAs. 

In addition to the structural RNAs and protein encoding genes the majority of the 

mitochondrial genomes mapped to date contain a fairly large non-coding region, the D

loop region in mammalian mitochondrial genomes (see Clayton 1982; 1984), or A+T 

region in lower metazoan mitochondrial genomes (see Okimoto et aI., 1992 and Crozier 

and Crozier, 1993). This region is several hundred nucleotides long and is unusually AT 

rich (>80%, Clayton, 1982; Clary and Wolstenholme, 1987). In human mitochondria this 

region has been shown to serve as an origin of replication and transcription. In addition, 

in HeLa cells this region has been found to be transcribed into a very abundant 

polyadenylated transcript termed the "7S" RNA, and it has been speculated to be 

associated with initiation of replication and transcription, translation, and processing of 

the polycistronic transcripts (see Clayton 1982; 1984). 

In yeast, where the size and organization of the mitochondrial genome is very 

different from that of metazoan organisms (Grivell, 1983), an AT rich region, named the 

tRNA synthesis locus, was identified as the source of a 450 nucleotide long, trans acting 

RNA species (Miller and Martin, 1983). Analysis of petite mutants (mitochondrial DNA 

deletion mutants) showed that this locus was necessary for the production of mature 

mitochodrial tRNAs (Underbrink-Lyon et aI., 1983). 

In insects and nematodes the function of the A+ T region has been proposed to be 

similar to that of the vertebrate D-Ioop region. While the nucleotide sequence and length 

of the A+ T region varies considerably among species, the potential for forming stemloops 

seems to be the conserved feature (Clary and Wolstenholme, 1987). Other hallmarks of 
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this region appear to be long stretches of As or Ts, repeated AT dinucleotides and both 

direct and indirect repeats of various lengths (Okimoto et aI., 1992). 

tps9 has several of the features described above, suggesting that it may in fact 

represent the transcript of the A+T domain. It represents an abundant, polyadenylated 

transcript which seems to be localized to mitochondria, it is AT rich (although less than 

that reported for nematodes and other insects (Okimoto et aI., 1992 ; Crozier and Crozier, 

1993; Clary and Wolstenholme, 1985)), it has one large palindrome sequence 

(nucleotides 675 to 707) and several short AT rich repeats. The sequence of tps9 can be 

folded into a tight secondary structure consisting of large stems, but without comparative 

analysis of sequences from closely related species (given the low sequence similarity of 

the known sequences), combined with structural analysis it is not possible to predict a 

biologically relevant structure. 

To show that tps9 was mitochondrial encoded I carried out Southern blot analysis 

of genomic and mitochondrial DNA. Because of the high AT content of the sequence, 

however, I have not been able to obtain a signal on these blots. To circumvent the 

problems with the hybridization I analyzed genomic and mitochondrial DNA with PCR 

using primers described in Chapter 4.6. Primers specific to tps9 amplified a fragment of 

expected size in both DNA preparations, but the amount of the PCR product was higher 

in the reactions containing mitochondrial DNA. The opposite was the case for the clearly 

nuclear encoded gene, MngJ4. Under the same reaction conditions the peR product was 

significantly higher in the genomic DNA preparation (data not shown). Clearly, the DNA 

preparation were not purely genomic or mitochondrial, thus, while these results are 

suggestive they do not provide direct evidence that tps9 is encoded by the mitochondrial 

genome. 
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4.5. Mng14 

In the initial screening, Mng 14 was the only gene whose transcript was detectable 

at -24 hr, and was upregulated 1.6 fold by -4 hr. The transcript was approximately 1.2 kb 

and was present in all tissue types examined (Fig. 4.21). 

6.2-

3.9-
2.8-

1.S-

" ........ row',: 
0.8-

0.5-
03-

Ie .... ATP synthast:: 

Figure 4.21. Northern blot analysis of 
Mng14. Eight J.Lg poly (A)+ RNA was 
separated on an agarose gel, blotted 
onto nylon membrane, then probed with 
[32p] labeled riboprobes of Mng 14 
ATP synthase. 

Within the nervous system the mRNA is detectable in a pair of large 

neurosecretory neurons in the brain and several unidentified cells in the ventral nervous 

system. Figure 4.22 shows the staining of the pair of cells in the brain for digoxigenin

labeled riboprobes visualized with Cy5 conjugated antibodies. The intensity of the 

staining shows a clear difference between -24 hr and -4 hr samples, suggesting a 

difference in the abundance of the transcripts similar to that observed on Northern blots. 

Based on their position this pair of cells is likely to be a member of the Ira median 

neurosecretory cell cluster (Copenhaver and Truman, 1986; Homberg et al., 1991). Cells 

in this cluster project to the contralateral corpora cardiaca or allata, or the aorta. During 



-24 hr (antisense probe) -4 hr (antisense probe) 

Figure -\,,:22. LOl:alization of JHng/4 mRNA in the brain using in situ hybridization. 
Digoxigenin labelled riboprobes were visualized in whole nervous systems using 
Cy5 I:onjugated antibodies. The staining dearly shows the presence of Mng 14 RNA 
in a pair of large neurons in the anterior portion of the brain in both the -24 and the 
-..J. hI' samples hybridized with the antisense probe. In the I:ontrol. -4 hr brains 
probed with a sense direction probe no staining is visible. The images are 5 ~m 
optkal sel:tions taken with a I:onfocal mkrosl:ope The images were transferred to 
Adobe PhUlOShop and pseudoclllorcd. Sl:ale bars are 50 ~m. 
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metamorphosis this cluster of cells undergoes reorganizations that involves repositioning 

of the cell bodies, dendritic arbors and axons, which parallel the dramatic changes in the 

brain and neurohemal organs (Copenhaver and Truman, 1986). In addition, potential 

changes in the hormonal repertoire, similar to that observed in other parts of the 

neuroendocrine system (Bollenbacher and Gilbert, 1981; Truman et aI., 1981; Ziegler, 

1984; Tublitz, 1993) accompany the morphological changes. 

In the ventral nervous system I have observed staining of up to four pairs of 

neurons in the thoracic ganglia from -4 hr animals, but the number of labeled cells 

wasinconsistent, suggesting that the mRNA levels in these cells is at the threshold of the 

sensitivity of the in situ hybridizations. I have never observed staining in -24 hr ventral 

-nervous systems nor in abdominal ganglia from either stage. The Northern analysis, 

however, clearly shows the presence of the mRNA in these tissues, thus, most likely 

several cells in these ganglia express Mng14 but below the detection level of the in situ 

hybridization. 

The insert of the cDNA clone is 952 bp long (Figure 4.23), thus the clone lacks 

approximately 250 bp either the at the 5' or 3' end. The sequence has no poly (A)+ tail 

and I could not identify a potential polyadenylation signal suggesting that at least the 3' 

end of the sequence is missing. The open reading frame analysis gave similar results to 

that of tps9, namely, that Mng14 did not contain a long enough ORF to encode a protein 

(Fig. 4.24). The longest ORF is less than 60 amino acids long and the sequence is full of 

stop codons making it unlikely that this RNA is translated. Database searches did not 

detect any similarity to known sequences, either at the DNA level, or at the amino acid 

level when searched with the short ORFs. 

While the sequence analysis remained inconclusive, the results of the Northern 

analysis and in situ hybridization suggest that the cDNA clone represents an RNA species 
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which is clearly localized to the cytoplasm. This result could be explained in two ways, 

either that the gene product of Mng14 functions as an RNA, or that the cDNA clone is a 

cloning artifact, for example a chimera of two 3' UTRs only one of which would be 

detected on Northern blots. 

To resolve this point I performed Southern analysis of genomic DNA. The result 

shows (Fig. 4.25) that random primed probes of Mng 14 label only one fragment in each 

digest, thus the cDNA clone represents one genomic locus. The AT content of Mng14 is 

GGATAAGAAG AAGATCATCA AGGACAAAGC AGAGGCATAA AAAGCGGCGC TGCGTGCGCG GGCAAGACTT GCGCG 75 

CCTATTCTTC TTCTAGTAGT TCC'IGTTTCG TCTCCGTATT TTTCGCCGCG ACGCACGCGC CCGTTC'IGAA CGCGC 

ACAGCAACTT GC'IGGACGAA GGAGACGAAG ACCTTC'IGTT CTAAACGCAG CCCGAGTAGA CACCCCTCTT ACACT 150 
'IGTCGT'IGAA CGACCTGCTT CCTCTGCTTC 'IGGAAGACAA GATTTGCGTC GGGCTCATCT G'IGGGGAGAA 'IGTGA 

TAGCC'IGT'IG TTAGTAGA'IG 'IGCAGTCAAG TGCACCT'IGG AACCAA'IGTT GGACACAGTA TTACAAACAT C'IGGA 225 

ATCGGACAAC AATCATCTAC ACGTCAGTTC ACG'IGGAACC T'IGGTTACAA CC'IG'IGTCAT AA'IGTT'IGTA GACCT 

TATTTAAAGG CTGGACCTTG A'IGTCTACAA GGTTCCAG'IG TTGCCATATT 'IGTITI'I'GAG T'IGGAGAC'IG ACCGC 300 

ATAAATTTCC GACC'IGGAAC TACAGA'IGTT CCAAGGTCAC AACGGTATAA ACAAAAACTC AACCTCTGAC 'IGGCG 

CAG'IGTTCGA AT'IGAAAATT ATTAAGTGAT TATCTCCTGT CAA'IGT'IGGT ACAATTAATA TAGTTACAGT ATTTT 375 

GTCACAAGCT TAACTTTTAA TAATTCACTA ATAGAGGACA GTTACAACCA 'IGTTAATTAT ATCAA'IGTCA TAAAA 

TACCAAACTT GAC'IGCACAA AAATATGATA TTACAG'IGTT CATTGCGT'IG TATATAC'IGT AT'IGTTGCCG C'IGTT 450 
ATGGTT'IGAA CTGACG'IGTT TTTATACTAT AA'IGTCACAA GTAACGCAAC ATATATGACA TAACAACGGC GACAA 

GAATATTTAC ACAAAATTAT ATCTTATTAC ACAATAGATC GGTCTAAAAT TCAACGGCAG GTAAACGCTA AGTAC 525 

CTTATAAA'IG 'IGTTTTAATA TAGAATAA'IG 'IGTTATCTAG CCAGATTTTA AGTTGCCGTC CATTTGCGAT TCA'IG 

ATCGG'IGTGA AGTGAGCTGC AAGAGCATAT ACTAATAAAC GTTTAAATTT T'IGAAATACA GGCTTAGATT GAA'IG 600 

TAGCCACACT TCACTCGACG TTCTCGTATA TGATTATT'IG CAAATTTAAA AACTTTA'IGT CCGAATCTAA CTTAC 

GTCTTCATAC CTTATA'IGTA A'IGGCTTTGA AATATAGAAC TATTT'IGGGA TAGTTAAGAA AAATATATTT ATAGA 675 

CAGAAGTA'IG GAATATACAT TACCGAAACT TTATATCT'IG ATAAAACCCT ATCAATTCTT TTTATATAAA TATCT 

TTAAAAA'IGT CGTCATAT'IG AAAGATGGCG GCA'IGT'IGTT ATCTGGCTAA CTTCACTTCG ATAGTTCGAT TTTTA 750 

AATTTTTACA GCAGTATAAC TTTCTACCGC CGTACAACAA TAGACCGATT GAAG'IGAAGC TATCAAGCTA AAAAT 

GAAAT'IGTTT TACGTAAGCA TTCCACGTAC CAAGGTTTTA ATACGTCAGC TTCGAAAACG 'IGTA'IGTAGC ATAAC 825 

CTTTAACAAA A'IGCATTCGT AAGG'IGCA'IG GTTCCAAAAT TA'IGCAGTCG AAGCTTTTGC ACATACATCG TAT'IG 

ATCAGTTAAG TACATCTATT AAATATTTAA TGGTTTATTT GT'IGTTTGAT GACTAAAA'IG TATTTAAGTA AGCAA 900 

TAGTCAATTC A'IGTAGATAA TTTATAAATT ACCAAATAAA CAACAAACTA CTGA'ITlTAC ATAAATTCAT TCGTT 

TCG'IGTAAAT ACAAGTT'IGT GAACGAAATA TTAAAATATT ATTAT'IGAAT GA 

AGCACATTTA TGTTCAAACA CTTGCTTTAT AATTTTATAA TAATAACTTA CT 

Figure 4.23. Nucleotide sequence of MngJ4. 

952 
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Figure 4.24. Open reading frame analysis of Mng 14. Arrows indicate open reading 
frames in all six reading frames that are 20 amino acids or longer. Dark arrows represent 
ORFs that start with a potential translation initiation signal. 
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Figure 4.25. Southern blot analysis of 
Mng 14. Twenty J.Lg genomic DNA was 
cut with EeaR1 and Hind III and 
separated on an agarose gel. The 
fragments were transferred to Nylon 
membrane and probed with a [32p] 
labeled random primed probe of Mng14. 

60%, which often results in weak signal. The signal seen at 6.5 kb and 3.6 kb in the 

Hind III digest on this blot is not reproducable, therefore they do not represent a labeled 

band. This result supports the hypothesis, that Mng 14 is a single copy gene whose 

transcription product is localized to the cytoplasm and most likely functions as an RNA. 
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The existence of numerous non-translated regulatory RNAs has been shown in 

prokaryotes and recently several examples have been found in eukaryotes as well. These 

RNAs function. either by themselves or in riboprotein complexes. In bacteria the 

regulatory RNAs are usually small (see Inouye and Delihas, 1988 for a review), they 

have been implicated in a large variety of cellular processes such as regulation of 

replication, transcription, translation, transposition etc., and the physiological processes 

they are involved in range from colonization of legume nodules by rhizobacteria (Ebeling 

et aI., 1991) to regulation of virulence in Staphylococcus aureus (Novick et aI., 1993). 

The eukaryotic regulatory RNAs known thus far seem to be a lot more variable 

both in size and function. For example, the lin-4 gene of C. elegans encodes a 22 

nucleotide long RNA (for review see Wickens and Takayama, 1994) whose function is to 

regulate the lin-14 gene. This is achieved by base pairing with the 3' UTR of the lin-14 

mRNA which prevents translation. In fission yeast, a 400-500 nucleotide long meiRNA is 

an essential part of a riboprotein and plays a crucial role in regulating meiosis (see 

MacNeill and Fantes, 1995). 

The two examples known in vertebrates are the H19/MyoH (see Brannan et aI., 

1990) and the Xist genes (Brockdorff et aI., 1992), both identified in mic~ and humans. 

The transcript of the former gene has been isolated in three independent differential 

scre~ning paradigms as a key player in cell differentiation during embryogenesis (Davis et 

aI., 1987; Brannan et aI., 1990; Poirier et aI., 1991). The results of these workers 

suggest that the approximately 2 kb H 19/MyoH RNA has features common to mRNAs: it 

is transcribed by polymerase II, it is spliced and polyadenylated, yet it does not seem to 

have a large ORF, and it is not associated with ribosomes but rather, with an unknown 

28S cytoplasmic particle. The 15 kb product of the Xist gene is localized to the nucleus, 
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where it has been implicated in X chromosome inactivation (Brockdorff et al., 1992). 

This RNA, like the above examples does not seem to have a significant ORF. 

Although these examples are few, they show that there are untranslated RNAs 

functioning in multiple ways and playing a key role in developmental processes. The four 

main modes of action I can envision at this point are the following. One, they can act as 

antisense RNA, binding to other mRNAs, whereby they can influence the stability, 

processing, rate of translation and localization of the target mRNAs. Two, they can be 

associated with proteins in riboprotein particles which, for example, may have enzymatic 

activity or chaperone the target RNAs. Three, the non-coding RNAs might also serve as 

docking sites for RNA binding proteins in which case they would participate in regulating 

the availability and/or localization of these proteins. Four, they may also interact with the 

chromosomes and regulate transcription, which can be either a long term influence as in 

the case of the Xist gene, or short term, in which case they will most likely be found in 

association with transcription factors. 

It is most likely that the above list does not exhaust all the possibilities, and to 

gain insight into this aspect of the RNA world it will be necessary to better understand the 

existing examples, and it is imperative that further such RNAs be found. Two facts point 

to the importance of this task. First, knockout experiments show that majority of the 

regulatory RNAs known thus far are indispensable in regulating developmental and 

physiological processes (Inouye and Delihas, 1988; Ebeling et al., Lee et al., 1993). 

Second, that judged by the percent of the genome which represents non-coding sequences 

these RNAs are most likely numerous. Only 3% of the human genome contains protein 

coding sequences, the rest is apparently non-coding (Lambowitz and Belfort, 1993). 

Even taking into account the structural elements of the chromosomes (satellite DNA, 

telomeres) and non-coding elements of genes (upstream regulatory regions, introns, 3' 
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UTRs etc), most likely a fairly large percentage will remain to harbor the genes of the 

untranslated RNAs. 

Experimental approaches aimed at finding these RNAs and deciphering their 

function and mechanisms of action are hindered by several problems. For example often 

they are rather small, hence classical genetic screens may not detect them. Another factor 

is, that the secondary and tertiary structure of these RNAs might be more important than it 

their primary structure, and the mutagenesis strategies successful for coding sequences 

will not reveal useful information. 

Therefore, it is necessary to explore other avenues to learn more about the 

properties of these sequences, which may hint at how they might function. Recently 

Mantanega and coworkers (1994) applied statistical analysis to long stretches of primarily 

coding or non-coding genomic sequences. They applied statistical methods commonly 

used in linguistics, the Zipf analysis (Zipf, 1949) and the test developed by Shannon 

(1948). The former method exploits the hierarchical nature of languages, while the latter 

assesses their redundancy. Mantanega and colleagues have found, that features of the 

non-coding sequences are closer to features of natural languages than features of the 

coding sequences. While it is likely that it will be a question for debate whether these 

features really hint at language-like properties (see Yam, 1995), if so how, and what the 

biological correlates might be, the analyses clearly showed a difference between these two 

classes of sequences, and that non-coding sequences were non-random. 

Though the implications of these results are far from being understood, I was 

curious to see if the Zipf analysis could detect differences in the sequences of the genes 

that I have identified. The advantage of this analysis is that some information is available 

on the biology of these sequences, although, they are substantially shorter than those 

analyzed by Montegna and coworkers. Even though this analysis does not yet provide 
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comprehensible information on the function or structure of these RNAs it is of interest to 

know whether such an analysis is applicable to molecules that are also approachable 

experimentally. Should there be any notable difference between individual coding and 

noncoding sequences, with better understanding of the biological correlates of the 

statistical analysis, it might ultimately become a useful complement to other experimental 

systems. 

Zipfs analysis requires two sets of data: the frequency (number of occurrences) 

of the individual words in a given text, and the ranking of the words based on their 

frequency. If the two sets of data are plotted on a double logarithmic scale one obtains a 

hyperbole, which, for natural languages very closely approximates a line with the slope 

of -1 (Zipf, 1949). 

To define what a word was in the case of sequences, I followed the approach of 

Mantanega et al. (1994) who took n-tuples (where n ranged from 3-8) as the unit of their 

analysis. The possible n-tuples are obtained by shifting a window of n nuc1eotides by 1 

through the entire length of the sequence, therefore each sequence yields L-n+ 1 words, 

where L is the length of the sequence in base pairs. After obtaining the possible words for 

each sequence I determined how many times they occurred in the sequence, ranked the n

tuples based on their frequency, and then plotted the rank order-frequency diagrams. 

Because of the short length of the sequences the analysis only gave large enough word 

numbers for n=2-5, and the results for the 3- and 4-tuples were virtually identical. 

Figure 4.26 shows the data for the 4-tuples for the two coding sequences, esr20 

and MnglO, the three non-coding sequences tps9, Mng14, and C56 (a sequence which 

also has mUltiple small ORFs, kindly provided by AJ. Nighorn), and the control, a 

random sequence 1,000 nucleotides long. The Zipf analysis of these sequences does not 

show the ordered relationship between n-tuple frequency and rank expected for natural 
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languages, i.e. a slope of -1, but it definitely does show differences in the behavior of the 

coding and non-coding sequences, similar to those found by Mantagena and colleagues. 

The slopes of the lines fitted to the curves of the coding sequences have slope of -0.2790 

and -0.2218, which is considerably smaller than those obtained for the non-coding 

sequences. The linear part of the curves of the three non-coding sequences are steeper 

(slope closer to -1) and the slopes of the lines fitted to them are -0.3332 for Mng14, 

-0.4095 for C56 and -0.5087 for tps9. The slope of the random sequence is -0.1573. 

Therefore, in the coding sequences the frequency of the n-tuples does not change 

considerably over a large range of ranks, while in the case of the non-coding sequences 

the frequency of the n-tuples increases with rank. The values I have determined for the 
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Figure 4.26. Double logarithmic plot of the number of occurrences of 4-tuples 
(frequency) as a function of their rank. The lines are fitted for 80% of the highest ranking 
4-tuples. The slopes of the lines are -0.5087, -0.4095, -0.3332, -0.2790, -0.2218 and 
-0.1573 for tps9, C56, Mng14, esr20, MnglO, and the random sequence, respectively. 
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slopes of the fitted lines are well within the range of those Mantanega et al. obtained for 

eukaryotic sequences (-0.208 to -0.537). It has to be noted that this method of defining 

words yields smaller slope values when applied to natural languages (see Mantanega et 

al., 1994) compared to the original Zipf analysis. 

Therefore, it is possible to distinguish between the two classes of sequences using 

the Zipf analysis, and it is clear from the results that the non-coding sequences are by no 

means random. The fact that the non-coding sequences have distinct curves from the 

coding sequences can be interpreted in two ways. One is, that to this class of sequences 

one can assign lines whose slopes fall within a certain range, or that the difference in the 

slopes of the fitted lines reflect differences in the information content and/or function of 

these sequences. From the stemloop analysis, for example, we know that tps9 can be 

easily folded into a secondary structure, which does not seem to be the case for MngJ4. 

However, it will require the better understanding of both the implications of Zip's law 

and the biology of many more of these molecules before we can find out if and how they 

carry information and what its content is. 

4.6 Comparison of the developmental expression pattern of the five genes and their 

regulation by 20-0H ecdysone in tissue culture 

In the screening paradigm the major criterion for selecting a cDNA clone was the 

up-regulation of the transcript it represented between -24 and -4 hr. As the Northern blot 

analyses showed only one of the transcripts was detectable at -24 hr and was up-regulated 

within 20 hr, the other four mRNAs were undetectable at -24 hr and reproducibly 

detectable at -4 hr. Therefore, it was of particular interest to compare their expression 

patterns between -24 and -4 hr to see if the accumulation of these transcripts coincided, 
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which would suggest coordinate regulation of the genes, or if they were regulated 

independently. In addition, it was also important to find out if these genes were expressed 

at other times in development, which could be instructive in understanding their 

regulation and function. 

The low abundance of the transcripts posed a serious obstacle to performing the 

comparison by Northern analysis. Three other, more sensitive, methods are available for 

monitoring changes in gene expression, in situ hybridization, RNase protection assay and 

RT-PCR. Given the number of genes I wanted to assay and the low abundance of their 

transcripts I chose RT-PCR as an alternative to Northern blots. 

Relative or absolute changes in gene expression have been successfully measured 

using non-competitive or competitive RT-PCR, respectively (see Gause and Adamovicz, 

1994). The basis of non-competitive RT-PCR is the establishment of reaction conditions 

under which the changes in the quantity of input RNA are reflected in the amount of the 

PCR product. The amount of PCR product doubles in each cycle after which it reaches a 

plateau. Similar saturation is observed for a given number of cycles when the amount of 

template is varied. Thus, the utility of this method for analyzing the relative abundance of 

transcripts depends on finding sub-saturation reaction conditions by varying the number 

of cycles and amount of template in the reaction. Once the appropriate reaction conditions 

are found the reliability of the method depends primarily on the integrity of the input 

RNA. Therefore, it is essential to assay an internal standard, in most cases a 

housekeeping gene, in each sample. 

Competitive RT -PCR involves the use of a known amount of external standard in 

each reaction, the amplification of which serves as basis for measuring the absolute 

amount of amplified RNA in the sample. The external standards are templates that are 

amplified with the same primers as the gene of interest, and mayor may not contain 
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similar sequence between the primer sites (homologous and heterologous standards). 

While this method is suitable for absolute measurements of transcript levels, it also 

depends on the integrity of the target RNA, and internal standards are also required. 

My goal was, to design an experiment for comparing the relative expression of 

five genes in a large number of developmental stages, for which non-competitive RT

peR seemed to be the suitable technique. I established the peR parameters such that all 

five cDNAs would be amplified with similar efficiency, and would allow simultaneous 

comparison of peR products in samples from several different developmental time 

points. For each gene I designed peR primers that amplified small fragments of similar 

size (101-232 bp) and allowed identical peR conditions. The advantage of the small 

fragments was that they would be separated on high resolution agarose gels making it 

possible to compare all five transcripts in one lane. Therefore, the only variable was the 

amount of template which was determined such, that they would yield signals below 

saturation. To find the sub-saturating levels of template I determined the amount of peR 

product using a dilution series of the RT reaction. An example of such a titration is shown 

in Figure 4.27. 

In each case, I chose the amount of RNA that yielded a signal at approximately 

80% of the saturating levels in the -4 hr samples. Hence, at mRNA levels below those at 

-4 hr the relationship between transcript levels and the signal on ethidium bromide stained 

gels was linear, while at mRNA levels above this the comparison was less accurate. 

When examining the following results it should also be kept in mind that the abundance 

of these transcripts is significantly different; Mng J 0 is the rarest mRNA, Mng J 4 and tps9 

are approximately 100 times more abundant, and esrJ6 and esr20 are 500 and 1000 fold 

more abundant than Mng J 0, respectively, based on the amount of template needed. For a 

more detailed considerations on the design of this protocol see Materials and Methods. 
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Figure 4.27. Relationship between the amount of the input RNA and the signal observed 
on an ethidium bromide stained gel for the peR products of G3PDH. Ten J.l.g RNA from 
a -4 hr nervous system was reverse transcribed, the RT reaction was diluted to 
correspond to the given amounts of RNA and the cDNA was amplified (30 cycles). One 
fifth of the reaction was separated on a 2% agarose gel. A) The density of the bands on 
the gel was measured using NIH Image and plotted B). 

One of the initial predictions was that the subtraction paradigm would identify 

genes whose transcripts start accumulating after a period of high steroid levels followed 

by low steroid levels. Most genes with such regulation (Richards, 1980; Apple and 

Fristrom, 1991; Woodard et al., 1994) have two important features in common. First, 

they are repressed by high levels of the ecdysteroids both in vivo and in vitro, second, 

the accumulation of their transcripts requires protein synthesis. To test whether the 

appearance of any transcript was inhibited by high steroid levels and sensitiye to blocking 

protein synthesis, I cultured ·24 hr nervous systems for 24 hr, in the presence of 

decreasing concentrations of 20·hydroxyecdysone (2Q.HE), the major biologically active 

ecdysteroid, and in the absence of hormone with or without the addition of cycloheximide 

(CHX, 10 Ilglml). 
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The results are shown in Figure 4.28. The signal on the ethidium bromide stained 

gel appeared to be identical in all lanes for G3PDH (glycerin aldehyde 3-phosphate 

dehydrogenase from Manduca), suggesting that the RNA was intact and that the 

efficiency of the reverse transcription reaction was comparable in all samples. The 

intensity of the bands for Mng 14 also did not vary, thus neither high steroid levels nor 

inhibition of protein synthesis altered the levels of its transcript. Mng 10 and tps9 

responded similarly to each other, the amount of detectable transcript was low, but 

detectable in samples containing 0.25 J.lg/ml 20-HE, but increased in cultures with less 

than 0.05 J.lg/ml. The presence of CHX did not affect the levels of these transcripts, thus 

protein synthesis is not necessary during this time period for the increase in the 

abundance of these mRNAs. 

The expression of esr 16 and esr20 showed a similar pattern to each other in this 

experiment. At 0.25 and 0.05 J.lg/ml 20-HE the transcripts were not detectable, or were 

present at very low levels, while at 0.01 J.lg/ml 20-HE and in the absence of the hormone 

the amount of mRNA was increased. In the absence of the hormone but presence of CHX 

the levels of both transcripts was reduced, showing that protein synthesis, as well as the 

removal of 20-HE was necessary for the accumulation of these transcripts. 

Therefore, four of the five genes were repressed, to different degrees, by high 

steroid levels, but only esr 16 and esr20 require protein synthesis show an increase in 

mRNA levels at low hormone concentrations. The above results for esr20 are identical to 

those obtained by Northern blots (Fig. 4.28. B), which shows the validity of this 

method. 

Thus, in vitro the accumulation of four of the five transcripts was inhibited by 

high steroid levels. To find out if this was the case in vivo as well, I determined the 

expression pattern of these genes during development. The first time window I chose was 
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Figure 4.28.A) Regulation of the five genes in cultured nervous systems. The abdominal 
nervous systems were isolated at ·24 hr and incubated for 24 hr in the presence of 
different 20·HE concentrations and in the absence of 20-HE without or with 10 /lglml 
CHX. A) Ten /lg total· RNA from nervous systems was reverse transcribed using 
oligo(dT) primers, at each developmental stage. Aliquots of these reactions corresponding 
to 200 ng, 100 ng, 1 ng. 200 pg and 100 pg total RNA were used as PCR template for 
G3PDH, MnglO, Mng14 and tps9. esrl6 and esr20, respectively. For each stage, fourth 
of each of the six PCR reactions was pooled and loaded together. The fragments were 
separated on a 3.5% MetaPhor gel run in IX TAE at 4.5 V/cm at 4°C for 6 hr. The gel 
was post-stained with ethidium bromide and photographed. B) Northern blot analysis of 
esr20 expression in an experiment identical to that in A). Ten /lg total RNA was separated 
on a formaldehyde get, transferred to Zeta-Probe membrane and then probed with a [32p] 
labeled riboprobe for esr20. followed by a radio labeled riboprobe for A TP synthase. 

the period between 24 hr before ecdysis and 1-2 hr after pupal ecdysis. This is the time 

window at the onset of metamorphosis when the ecdysteroid levels are low, and 

accumulation of transcripts repressed by high ecdysteroid levels is expected. 

Figure 4.29. shows the expression pattern of the six genes. 

The signal obtained for G3PDH is fairly constant during this time period. 

showing that it is an appropriate internal standard for this time period and that the quality 

of the RNA did not vary among the samples. 

Mng14 is the only transcript which is detectable at -24 hr on Northern blots and 

its presence could also be detected by RT·PCR at this time. The transcript levels are 1.9 
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fold lower at -24 hr than at -4 hr which is in good agreement with the magnitude of 

change observed on Northern blots. The transcript levels of Mng14 gradually increase 

toward pupal ecdysis, then in the example shown seem to drop slightly after pupation. 

This decrease, however is very small and not reproducible. 

Mng10 shows a similar expression pattern to Mng14. Unlike on Northern blots 

its transcript is detectable at low levels at -24 hr, then the mRNA levels gradually increase 

until-16 hr, and after reaching a plateau do not change in the time frame analyzed in this 

experiment. 

tps9 mRNA is also detectable at -24 hr, a result not expected from the Northern 

blot analysis. The transcript levels slowly increase towards the time of ecdysis, they reach 

a maximum at -4 hr, stay at that level until ecdysis when they drop and stay at low levels 

in very early pupae. 

esr 16 transcript is also detectable at -24 hr and its levels rise at -16 hr after which 

there is no substantial change. The weak signal 30 minutes after ecdysis (+30, Fig. 4.29) 

is caused by loading less sample. 

The transcript of esr20 is first detectable at -20 hr after which transcript levels 

rapidly reach a plateau, then decrease at ecdysis. This result is very similar to that 

obtained by Northern blots (Meszaros and Morton, 1994), but the transcript is detected 

four hours earlier with RT-PCR (-20 hr instead of -16), and the gradual increase in 

transcript levels is not as clear as it is on Northern blots. It is interesting to note, that after 

the transcript levels drop at ecdysis there is a little increase in esr20 mRNA levels before 

it becomes undetectable, a phenomenon repeatedly observed on Northern blots and is 

reproduced by RT-PCR as well. 

Overall, monitoring changes in transcript levels between -24 and -4 hr using RT

PCR showed that unlike on Northern blots most transcript were detectable, albeit present 
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at lower levels at -24 hr than at -4 hr. The analysis revealed several different expression 

patterns; the levels of some transcripts gradually rose until -4 hr, others appeared to reach 

a plateau early after which they did not change. There was also a difference in the patterns 

after ecdysis, as some transcripts stayed at elevated levels whereas others declined. 

Mng14-
Mng 1;!.;== 
tps9 
esr16--
esr20 

It) It) 

o <0 C\I .~ ~ I': 0 
~C\I,-'-C/J~(I')C\I'-woooa. 

I I I I I I I I I. + + + 

Figure 4.29. Analysis of the transcripts between -24 hrand early pupae (PO), with RT
peR. The developmental stages are marked in hr with respect to ecdysis; the bands 
corresponding to the individual genes are labeled on the side. G3PDH was used as a 
control. The latter reaction was processed in parallel with the rest of the samples, but run 
on a separate gel. Samples were prepared as described in the legend to Fig. 4.28. 

The second time frame during which I determined the expression pattern of these 

genes starts at late fourth ins tar larvae and ends at adult emergence. This time frame 

allows the comparison of the expression patterns at three different ecdyses. larval-larval. 

larval-pupal and adult eclosion. and also allows one to follow the levels of these 

transcripts prior to and during metamorphosis. Stages for this comparison were chosen as 

follows: fourth instar larvae were dissected approximately at the time of the steroid peak, 

shortly prior to the last larval ecdysis when steroid levels are low. and soon after the 

ecdysis to the fifth instar. Thereafter tissue was collected every day throughout the last 

larval stage and adult development. 

The expression proflles and the corresponding ecdysteroid titers are shown in 

Figure 4.30. To make the interpretation of the results easier the intensity of the bands in 
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Fig. 4.30 C was measured by densitometry and graphed, shown in B. The goal of this 

representation is to show the relative changes in transcript levels in this particular 

experiment and does not represent an attempt at quantification of the transcripts. 

Mng14 and Mng10 follow a very similar expression pattern to each other. The 

only difference appears to be at the larval ecdysis, where Mng10 mRNA reaches its peak 

immediately after ecdysis, while Mng 14 mRNA peaks before it (see Fig 4.30, lanes 

AFBM and V). Throughout the last larval instar both transcript levels follow the changes 

in ecdysteroid levels in an interesting way. There are two steroid peaks during this instar, 

a small peak termed the commitment peak and a large prepupal peak (Fig. 4.30 A; 

Bollenbacher et al., 1975; Lafont et at., 1977). The commitment peak occurs on the third 

day of the last instar and initiates wandering behavior. Thus, animals experience a rise in 

steroid levels prior to wandering and a decline in steroid levels at wandering (Fig. 4. 

lanes V +3 and W). Interestingly, the transcript levels of both Mng 14 and Mng 1 0 drop at 

V+3 (also V+2 for Mng10), and peak at wandering. During the prepupal peak there also 

seems to be an inverse relationship between transcript levels and ecdysteroid titers. The 

steroid titers reach their minimum approximately 12 hr prior to pupation, then they 

increase slightly. The mRNA levels for these two genes increase prior to ecdysis, peak 

soon after it and then decline as the ecdysteroid levels rise during development. The next 

stage when ecdysteroid levels are low is in stage 14 pupae, when Mng14 and Mng10 

transcripts increase in abundance again. In adults both transcripts are present at low 

levels, which most likely is not related to the levels of ecdysteroids. 

tps9 and esr 16 also show similar expression profiles in larval stages with one 

notable difference. At pupal ecdysis tps9 levels peak after ecdysis, while esr16 levels 

reach their maximum prior to ecdysis. At the molt from the fourth to the fifth instar, both 

transcripts peak a few hours before ecdysis, then the transcript levels drop and stay at 
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relatively low levels throughout the last larval stage. Then, as the ecdysteroid levels 

decline before pupation the abundance of these transcripts peaks and drops again. The 

level of tps9 mRNA does not change substantially in pupae, it rises somewhat during the 

last few days of adult development and it drops in one day old adults. esr16 on the other 

hand has an expression pattern that resembles that of Mng14 and MnglO. In stages where 

the ecdysteroid levels are high, esr16 mRNA is at relatively low levels, and the transcript 

levels gradually rise as the hormone levels decline in stage 13 and 14 pupae. Similarly to 

the other genes, esr16 mRNA decreases after adult ecdysis. 

In contrast to the genes described so far, esr20 shows a markedly different 

expression pattern. While the other transcripts were detectable at all stages esr20 mRNA 

was undetectable during most of the intermolt periods. The mRNA becomes detectable 

for a short period of time in three instances around each ecdysis. It is present at relatively 

high levels just prior to larval and pupal ecdyses, and the transcript also accumulates in 

pupae at stages 14-16, after which it disappears, despite the fact that the hormone levels 

stay low. These results are identical to those of the Northern analysis (Meszaros and 

Morton, 1994) with the exception, that esr20 mRNA can be detected at lower levels 

compared to those on Northern blots. Consequently, low levels of transcript were found 

in stages right before and after ecdyses (IV, and -24 hr, and V, V+l and PI) respectively, 

and at P17, where the mRNA was not detected before using Northern analysis. 

Both the in vitro and in vivo data clearly show that, as expected, esr20, esr16, 

tps9 MnglO and Mng14 mRNAs increased at low ecdysteroid levels. The analyses also 

revealed several unexpected points, such as the presence at -24 of the mRNAs, and the 

lack of sensitivity of three of the genes to inhibition of protein synthesis in vitro. It is also 

notable that all transcripts, except esr20, are detectable at all developmental time points I 

have looked at. 
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Figure 4.30. Comparison of the expression patterns from late fourth instar larvae to the 
adult. A) Ecdysteroid titers during this time window. Data for the IVth and early Vth 
instar were taken from Bollenbacher et al., (1981) and Truman et al. (1983), for the 
prepupal peak from Morton (unpublished), and for adult development from L.P. Tolbert 
(personal communication). B) Graphical representation of the intensity of bands on the 
gel shown in C). The intensities were measured using NIH image and graphed C) 
Ethidium bromide stained gels of the separated PCR fragments. The gels were prepared 
as described in Figure 4. For more details see text and Materials and Methods. 
Abbreviations: IV: forth ins tar larva, AFBM: air filled brown mandibles, V: fifth instar 
larva, V+l,2,3: fifth instar + 1, 2 or 3 days, W: wandering, OR: ocellar retraction, PK: 
steroid peak, -24 and -4 hr: hr prior to pupation, PN: pupal stage N (approx. in days), 
D 1: one day after adult eclosion. E: ecdysis. 
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Despite the constant presence of its mRNA esr 16 responds to changes in 

ecdysteroid levels and inhibition of protein synthesis in a similar manner to esr20. It will 

be of interest to determine if this expression pattern is the result of regulation at the level 

of transcription only, or if post-transcriptional events are involved as well. If esr 16's 

regulation was solely transcriptional, it would suggest that the gene is active at a low level 

at all times, and the increase in mRNA levels around ecdyses is due to the appearance of 

factors which increase the rate of transcription. After ecdyses, the mRNA levels drop 

fairly quickly compared to the decline observed for Mng10, Mng14 and tps9. This 

suggests that either the half-life of the mRNA is very short, thus the amount of transcript 

at a given time is determined primarily by its rate of synthesis, or that the transcripts are 

actively removed after each ecdysis, similar to esr20 mRNA (see Chapter 5). 

Two categories of genes with similar properties to those of esr 16 and esr20 have 

been described in Drosophila, the secondary response genes and the genes 

corresponding to the mid-prepupal puffs. In vitro, genes in both groups are repressed by 

high ecdysteroid concentrations, they are expressed at relatively low ecdysteroid levels 

both in vitro and in vivo, and the accumulation of the majority of these transcripts is 

dependent on protein synthesis. The two major differences between these groups appears 

to be the threshold concentrations of 20-HE below which their transcripts start 

accumulating (10-7 M for the secondary response genes, 10-8 M for the mid-prepupal 

genes), and the timing of their expression in vivo. In the only available comparative study 

of Drosophila genes in these two categories (Andres et aI., 1993) the secondary response 

gene transcripts appear in 0-4 hr prepupae (see the six 71E and the 4F genes), while the 

mid-prepupal genes (BFTZ-Fl, Edg78E and Edg84A) start accumulating in 4-8 hr 

prepupae. The timing of the maximum esr16 and esr20 mRNA levels before ecdysis, and 

the threshold 20-HE concentration below which they can be activated (0.01 Jlg/ml or 2.5 
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10-8 M) identify them as genes more similar to the Drosophila mid-prepual genes, than 

to the secondary response genes. However, given the differences in the physiology and 

the changes in ecdysteroid titers in the two species, it remains to be seen if such 

comparisons are meaningful. 

The accumulation of tps9 mRNA is repressed but not diminished, at high 

ecdysteroid levels both in vivo and in vitro. In vivo, the mRNA is present after every large 

ecdysteroid peak during the last larval stage and in pupae, suggesting that the increase in 

transcript levels may require low ecdysteroid levels preceded by a hormone peak. If one 

assumes that this regulation occurs at the transcriptional level, then the fact that inhibition 

of protein synthesis has no effect on the presence of the transcript can be explained in two 

ways. The increase in transcript levels could either be a direct result of the withdrawal of 

the hormone and derepression by the hormone-receptor complex, or the protein(s) 

responsible for the increase in transcript levels are already present at -24 hr. It is also 

feasible that, as for esr16, the rise in transcript levels is a result of a transient increase in 

the stability of the mRNA. 

In tissue culture Mng 10 behaves similarly to tps9. Concentrations of 20-HE 

above 0.05 Jlg/ml are inhibitory to the increase in transcript levels, and CHX does not 

have an effect on the mRNA levels. Considering that the developmental expression 

pattern of this gene follows the changes in hormone levels in a reverse manner, it seems 

likely that the fluctuations in the amount of detectable Mng 1 0 mRNA are directly 

regulated by the hormone-receptor complex. At high steroid levels the presence of the 

hormone-receptor complex would result in a decrease in the transcription of Mng 1 0, 

while at low ecdysteroid levels this inhibition would be released. If any other protein is 

required for the transcription to increase, it must be present at least 24 hr prior to 
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pupation, which would correspond to at least two days prior to when the transcript level 

reaches its maximum in vivo. 

While the expression pattern of Mng14 throughout the stages I have assayed 

suggested that it was regulated in a manner similar to Mng 1 0, the response observed 

under experimental conditions in culture show a different response. The fact that Mng 14 

mRNA levels stay constant in culture regardless of the concentration of 20-HE suggest 

that the decrease in the ecdysteroid levels is not sufficient to cause the increase in Mng 14 

mRNA levels, and that additional factors, possibly an extracellular signal(s) is also 

required. 

Given the primarily neuronal localization of the transcript it is possible that 

synaptic input or a neurohormone is the source of the additional signal(s). It is possible, 

that the ecdysteroids affect Mng 14 mRNA levels indirectly, by acting on an interneuron 

that synapses on the cells that express Mng14 , or it is also feasible, that a simultaneous 

action of the ecdysteroids and a synaptic input on these cells is required for Mng 14 

regulation. A similar situation has been reported by Loi and Tublitz (1993), who found 

that the abolition of neuropeptide expression in the abdominal ganglia of Manduca sexta, 

was indirectly regulated by the ecdysteroids. The lateral neurosecretory cells in these 

ganglia are strongly immunoreactive to a group of cardioactive peptides (CAPs, Tublitz 

and Sylwester, 1990) during larval life, but at the Qnset of metamorphosis the expression 

of these peptides ceases. In vivo, this decline in CAP expression coincides with the 

wandering peak of ecdysteroids, but in vitro studies and endocrine manipulations showed 

that this is not a direct effect, and the ecdysteroids most likely regulate CAP expression 

via a descending neuronal input (Tublitz, 1993). 

Another event where the changes in ecdysteroid levels are insufficient for 

regulation is the death of motoneuron 12 (MN-12) after adult eclosion. Shortly after adult 
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emergence unnecessary motoneurons are removed by programmed cell death (Truman 

and Schwartz, 1984). This event is dependent on the pupal pulse of ecdysteroids, but in 

the case of MN-12 in the third abdominal ganglion it has been shown that another factor, 

originating from the pterothoracic ganglion is required both in vivo and in vitro, to initiate 

cell death according to its developmental program (Fahrbach and Truman, 1987; Choi and 

Fahrbach, 1992). 

In the case of Mng 14, the absence of the intact nervous system in cultured CNSs 

may lead to the disruption of the neuronal connectivity and loss of the signal required for 

the increase in Mng 14 mRNA levels. In the absence of regulation of Mng 14 in vitro, 

however, it is not possible to predict if the regulation in vivo is at the transcriptional or 

post-transcriptional level, either of which is feasible. 

In summary, it is clear that in contrast to what could have been expected based on 

the initial results, these genes have different expression patterns, and responses to 20-HE 

and CHX in culture. It is notable, that even though in the individual analyses some of the 

genes behave similarly, taken the three comparisons together no two genes are alike. 

Therefore, it will be of interest to learn more about the regulation of these genes and to 

determine at what level(s) are they regulated. Despite their differences it is generally true 

that their mRNA levels are lower in the presence of the ecdysteroids than in the absence 

of the hormone, thus they could be excellent tools in understanding the different ways in 

which the hormone-receptor complex affects gene expression. 
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CHAPTERS. 

REGULATION OF esr20 

One of the objectives in identifying genes that were negatively regulated by the 

ecdysteroids was to attain tools which could be used to study the mechanisms of gene 

repression by the steroid hormone-receptor complex. All five genes that I have identified 

are candidates for such studies, but only two of them, esr 16 and esr20, fulfill the criteria 

for downstream genes in an ecdysteroid initiated regulatory cascade, namely, they are 

repressed by high ecdysteroid levels and the accumulation of their transcripts requires 

protein synthesis (see Chapter 4). Moreover, only esr20 mRNA becomes undetectable at 

high ecdysteroid levels in vivo, and therefore, seems to be the only typical downstream 

gene. In addition, a fortuitous feature of esr20 is that its transcript is very abundant, and 

it is expressed in a homogeneous tissue type which is easy to obtain, the tracheal 

epithelial cells. 

In vivo, the transcript of esr20 is detectable at low steroid levels following the 

ecdysteroid peak in all three developmental periods I have examined (Fig. 4.30), after 

which it becomes undetectable regardless of whether the ecdysteroid levels continue to be 

low (after larval ecdysis and before adult ecdysis), or increase (after pupal ecdysis). 

This expression pattern suggests that esr20 requires first the rise followed by fall 

of the ecdysteroid levels, for its transcript to accumulate to detectable levels. In vitro 

experiments supported this notion and showed (Fig. 4.28) that the accumulation of this 

mRNA was inhibited in the continuous presence of 20-HE at 0.05 J..lg/ml or higher 

concentration, and its accumulation required protein synthesis. 

Figure 5.1 shows the Northern blot analysis of esr20 expression pattern during 

the final 24 hr before, and shortly after pupal ecdysis. The transcripts of esr20 becomes 
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detectable 16 hr prior to ecdysis and after reaching a plateau at -4 hr the transcript levels 

rapidly decline at ecdysis. Thus, in addition to the regulation by ecdysteroids of the 

appearance of the transcript, its abrupt disappearance at ecdysis is also of interest. 
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Figure 5.1. Developmental expression pattern of esr20 in trachea at pupal ecdysis. A) 
Northern analysis of 10 J..Lg total RNA from trachea dissected from animals at various 
times before and after ecdysis. Numbers indicate time (in hr) before or after pupal 
ecdysis. The blot was probed with [32p] labeled antisense riboprobes of esr20 and ATP 
synthase as the control. Markers are in kb. B) Relationship between esr20 expression 
and the hemolymph ecdysteroid titers over the same time period. The normalized relative 
density (bar graph) represents the mean and standard error of density of the signal from 
five autoradiograms. The relative density was calculated by dividing the density of the 
esr20 band by the density of the ATP synthase band for each lane. The specific activity of 
the probes and the exposure times varied from experiment to experiment, therefore for 
each experiment this value was normalized to the relative density obtained for -4 hr 
animals. Data represent the average of five experiments. Data for the ecdysteroid titers 
(line graph) are from Truman et al. (1983). 
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In this chapter I describe the preliminary studies of the up and down-regulation of 

esr20 mRNA at pupal ecdysis, and propose a model which describes my current 

hypothesis on its regulation. 

5.1. Up-regulation of esr20 

To provide direct evidence for the notion that esr20 mRNA accumulation 

required first the presence, then the absence of the ecdysteroids, I performed two types of 

experiments. First, my goal was to perturb the prepupal peak of ecdysteroids in vivo 

causing a premature drop in ecdysteroid levels, second, I intended to mimic the naturally 

occurring steroid peak in tissue culture. 

To disturb the natural ecdysteroid levels I removed the major source of the 

ecdysteroids, the prothoracic gland, at four different time points during the prepupal 

ecdysteroid peak. The prothoracic gland is located in the thorax of the animal and it is 

possible to tie a ligature between the thorax and abdomen and remove the thorax and the 

head. These isolated abdomens stay viable for several days. I ligated the animals at the 

start of the prepupal peak of the ecdysteroids (at -84 hr, i.e., 84 hr prior to pupal 

ecdysis), at the hormone peak (at -54 hr), during the decline of the ecdysteroid levels (at 

-40 hr), and at -24 hr (see Fig. 5.2 A). I isolated trachea from the abdomens 10 or 16 hr 

after ligation and analyzed the total RNA on Northern blots. Figure 5.2 B shows, that 

esr20 mRNA accumulated only in animals that were ligated at -24 hr, at the very end of 

the prepupal peak. In'trachea dissected ten hours after ligation at -24 hr the transcript 

levels were at or above the levels observed in -4 hr animals. 

The absence of detectable levels of esr20 mRNA in abdomens ligated at -40 hr 

and earlier could be caused by residual ecdysteroids in the abdomens or insufficient time 
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in the absence of the ecdysteroids at 10 and 16 hr after ligation. To test if esr20 mRNA 

was detectable in abdomens that were allowed to develop for longer periods of time, I 

ligated animals at -54 and -40 hr and dissected the abdomens 36, 48 and 60 hr after 

ligation. These abdomens continued to develop, which could be followed by the 

appearance and darkening of the pupal cuticle. Abdomens ligated at -54 hr showed 

tanning of pupal cuticle after 60 hr, as did all abdomens ligated at -40 hr and dissected 36, 

48 and 60 hr after ligation (see asterisks in Fig. 5.3). Cuticle tanning requires low 

ecdysteriod levels (Hiruma et aI., 1985), thus, in these abdomens the hormone levels 

were declining, yet I did not detect the transcript in tracheae from either of these 

abdomens. This suggests that a long exposure to the ecdysteroids, followed by a long 

withdrawal of the hormone is insufficient to induce the accumulation of esr20 mRNA in 

isolated abdomens. 

To replace the natural ecdysteroid pulse in tissue culture, I isolated tracheae at the 

beginning of the prepupal peak of the ecdysteroids (at -84 hr), and incubated the tissue 

first in the presence of 20-HE followed by incubations in hormone-free medium. In a 

number of experiments I varied either the hormone concentration (0.5-5 Ilg/ml) or the 

lengths of the exposure (12-24 hr) to and subsequent withdrawal (12-24 hr) of 20-HE, 

but I did not detect esr20 mRNA in any of these experiments. The RNA was intact 

judged both from the ethidium bromide stained gel and by reprobing the Northern blots 

with ATP synthase, suggesting that the tissue was still healthy. 

These results are consistent with those of the ligation experiments. Both sets of 

experiments lead to the conclusion, that removal of the ecdysteroids after a steroid peak is 

necessary, but not sufficient to trigger esr20 mRNA accumulation. 
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Figure 5.2. esr20 expression after removal of the prothoracic gland at four time points 
during the prepupal peak. A) Titers of 20-HE during the prepupal peak (Morton, 
unpublished). The amount of 20-HE was determined by HPLC. The arrows mark the 
times of the ligations, after which tissue was collected at time points given above. B) 
esr20 expression. Asterisks mark time points when pupal cuticle tanning was apparent. 
Total RNA was isolated from trachea at the marked times and 10 J.lg was separated on a 
formaldehyde agarose gel, transferred to nylon membrane and probed with [32p] labeled 
riboprobes of esr20 and ATP synthase as control. The quantification of esr20 mRNA 
levels was carried out as described for Figure 5.1 
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Based on the work of Ashburner and Richards we know of two categories of 

downstream response genes in the ecdysteroid regulated cascade (Ashburner et aI, 1974; 

Richards, 1980; see Chapter 1.), the secondary response genes (larval and prepupal) and 

the mid-prepupal genes. The most typical characteristic of such genes is that their 

expression starts after an ecdysteroid pulse, it is inhibited by high ecdysteroid levels, and 

requires protein synthesis. 

Thus far the regulation of six such genes have been studied in some detail (Apple 

and Fristrom, 1991; Hiruma and Riddiford, 1993; Natzle, 1993; Woodard, 1994). 

Although, by most criteria all genes are potential downstream genes, their response to the 

continuous presence of 20-HE, and to inhibition of protein synthesis varies. 

Apple and Fristrom (1991) have described three genes that encode pupal cuticle 

proteins, whose expression in vitro required first the presence followed by the absence of 

20-HE. Their expression could be blocked by readdition of the hormone, but the effect of 

blocking protein synthesis on the accumulation of the transcript was not examined. A 

gene with a similar response to 20-HE is the dopamine decarboxylase (ddc) gene, both in 

Drosophila and Manduca (Clark et aI., 1986; Hiruma and Riddiford, 1993). 

Surprisingly, though, the protein synthesis blocker cycloheximide has an opposite effect 

on ddc mRNA levels than that expected based on the Ashburner model. After injection of 

the inhibitor into Manduca sexta larvae, or incubation of the integuments in the presence 

of CHX following an ecdysteroid pulse, an increase in the accumulation of the transcript, 

rather than a decrease was observed (Hiruma and Riddiford, 1993). Likewise, the 

expression of the putative mid-prepupal gene BFTZ-Fl (Woodard et aI., 1994) is 

inhibited in the presence of 20-HE and is enhanced in the presence of CHX. The latter 

result, is in disagreement with the behavior of the potentially corresponding chromosome 

puff, and is considered to be an artifact caused by culture conditions. In contrast to the 
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latter genes, a potential secondary response gene, IMP-Ll, isolated from Drosophila 

imaginal discs is not inhibited in the presence of 20-HE, but the accumulation of its 

transcript is blocked by CHX (Natzle, 1993). 

Despite their differences in regulation, the in vivo expression patterns of all of the 

above genes could be induced in vitro by manipulating the levels of 20-HE, suggesting 

that the hormone alone was sufficient for their regulation. Based on the initial culture 

experiments (Fig. 4.28) esr20 appeared to be a downstream gene with similar 

characteristics. However, in contrast to the genes described above, the accumulation of 

esr20 mRNA could not be induced by various hormone treatment and withdrawal 

paradigms, nor in isolated abdomens that were exposed to the endogenous ecdysteroid 

levels prior to the removal of the source of the hormone. The incubation times I used 

were very similar to those that proved sufficient to induce the accumulation of the ddc 

mRNA in Manduca integuments (17 hr in the presence, 24 hr in the absence of 20-HE, 

Hiruma and Riddiford, 1993). The ligated abdomens were healthy and continued to 

develop for several days, judged by the gradual tanning of the pupal cuticle. As the 

tanning of the pupal cuticle requires declining ecdysteroid levels it is probable that the 

ligated abdomens contained sufficiently low levels of the ecdysteroids to permit esr20 

expression. 

Thus, it appears that the ecdysteroids alone are insufficient to induce the 

accumulation of esr20 mRNA and an additional, possibly humoral factor(s), is also 

required. The role of the ecdysteroids appears to be permissive, namely, the removal of 

the hormone is necessary for the accumulation of esr20 mRNA, but it is another factor, 

acting between -40 and -24 hr before pupal ecdysis that induces the accumulation of the 

transcript. 
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The release of this factor(s) appears to require the presence of the head and/or 

thorax. The most likely sources of the factor(s) are the retrocerebral complex and the 

neurosecretory cells of the ventral nervous system. The retrocerebral complex is located 

close to the brain and is composed of the corpora cardiaca and allata, which have 

neurohemal, neurosecretory and secretory functions (Nijhout, 1975; Panov, 1983). Some 

axons of the thoracic and abdominal neurosecretory cells terminate in the perivisceral 

organs, a specialized neurohemal site of the transverse nerve (Truman, 1973; Taghert and 

Tuman, 1982). In the isolated abdomens the retrocerebral complex, the suboesophageal 

and thoracic ganglia are missing, and although the abdominal nervous system is intact, 

the release of peptides is often triggered by descending neural input, which is absent in 

these preparations. 

A similar, permissive role of the ecdysteroids has been described in the case of the 

abdominal motoneurons, MN-12, during the postemergence wave of motoneuron death. 

In the newly emerged adult moth approximately half of the motoneurons die shortly after 

eclosion, a process which requires both the rise and the subsequent decline in the 

ecdysteroid levels during adult development (Truman and Schwartz, 1984). The death of 

MN-12 in the third abdominal ganglion is dependent both on changes of the ecdysteroid 

levels, and on factor(s) from adjacent ganglia (Fahrbach and Truman, 1987). 

Experiments using tissue culture or transsected nervous systems suggests that the 

presence of the pterothoracic ganglion was required to induce the death of MN-12, and it 

is assumed that this ganglion is the source of the factor(s) which actually triggers the 

death ofMN-12 (Choi and Fahrbach, 1992). 

Based on the above results and considerations, esr20 does not appear to be a 

typical downstream gene in an ecdysteroid induced regulatory cascade. For such genes it 

is assumed that their transcription is activated in part by products of the primary response 
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genes. The primary response genes are activated shortly after the rise in the ecdysteroid 

levels commences, and their protein products are likely to act several hours afterwards. In 

Manduca, the rise in ecdysteroid levels occurs approximately three days before the 

appearance of esr20 mRNA, and it is unlikely that a primary response lasts for such a 

long time. This has been shown to be the case for the only known primary response gene 

in Manduca, MHR3, whose expression pattern is similar to genes in the second wave of 

primary response genes in Drosophila (Palli et aI., 1992). 

5.2. Down-regulation of esr20 

In the intact animal the levels of esr20 mRNA gradually rise between -20 and -4 

hr, then drop by approximately four fold by 1 hr after pupal ecdysis. To determine if the 

disappearance of the mRNA also occurred in vitro, I dissected trachea 4 hr before pupal 

ecdysis, placed the tissue in culture medium and isolated RNA for Northern analysis after 

4-36 hr in culture. Figure 5.3 shows that in culture, in marked contrast to what is 

happening in vivo, the mRNA remains at similar levels to that detected at the time of 

dissection for up to 8 hr, and is clearly detectable for as long as 36 hr after dissection. 

Thus, it is apparent that in vitro either a signal, or part of the mechanism necessary for the 

removal of esr20 mRNA is absent. 

Two questions arise from this observation. The first is, whether the down

regulation of esr20 occurs at a transcriptional or at a post-transcriptional level, and 

second, what is the nature and source of the signal that initiates the removal of the 

transcript. 

Figure 5.4 shows two possibilities for the down-regulation of esr20 mRNA 

levels. If the disappearance of the transcript was regulated at the level of transcription, 
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Figure 5.3. Expression of esr20 in tissue culture. Tracheae were isolated at -4 hr, placed 
in tissue culture medium and total RNA was isolated from the tissue after 4, 8, 12, 24 and 
36 hr incubations. The expression of esr20 was determined as described in the legend to 
Fig. 5.1. The values were taken from four independent experiments. In these experiments 
the values obtained for the density of esr20 signal were not corrected by the values for 
A TP synthase, because of the somewhat faster decay of the control mRN A. 

then the putative signal at ecdysis would terminate the transcription at the esr20 promoter 

(Fig. 5.4 A). In this case, esr20 mRNA would need to be short lived « 1 hr) and require 

continuous transcription to maintain its levels. By contrast, if the mRNA was down-

regulated at a post-transcriptional level (Fig. 5.4 B), one could predict that the 

transcription of the gene stops several hr prior to ecdysis, and the putative signal at 

ecdysis initiates the destabilization of the mRNA, which in this case is likely to have a 

long half-life. A third possibility can be derived from the combination of the above two 

models. It is feasible, that esr20 is down-regulated both at the transcriptional and post

transcriptional levels. In this case the gene would be transcribed until ecdysis, when the 

putative signal would simultaneously halt transcription and induce the degradation of the 

mRNA. 
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Figure 5.4. Schematic representation of two possible models for esr20 down-regulation. 
The open oval represents any combination of transcription factors required for initiation 
of transcription at the esr20 promoter, the arrows mark ongoing transcription. 

It is possible to distinguish between these possibilities if tracheae isolated at -4 hr 

are incubated in the presence of an RNA synthesis inhibitor. If esr20 was down-regulated 

at the level of transcription, then blocking transcription in culture would lead to rapid 

decline in mRNA levels. By contrast, if esr20 mRNA was down-regulated at the post

transcriptional level and transcript long lived, then blocking RNA synthesis would have 

no profound effects on transcript levels. If esr20 was down-regulated both at the level of 

transcription and RNA turnover, the inhibitor would likely result in a more rapid decline 

in mRNA levels than that observed in untreated tissue (Fig. 5.3). 

To test the effect of inhibiting RNA synthesis on the disappearance of esr20 

mRNA, I isolated trachea at -4 hr and incubated the tissue in the presence of 10 J..lg/ml 

actinomycin D. At this concentration this inhibitor is effective in blocking the 

incorporation of radiolabeled uridine to RNA by 95% (Meszaros and Morton, 

unpublished; Riddiford et aI., 1981). Figure 5.5 shows that in the presence of the 
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unpublished; Riddiford et aI., 1981). Figure 5.5 shows that in the presence of the 

inhibitor esr20 mRNA levels remained unchanged for up to 12 hr in culture, suggesting 

that the mRNA has a long half-life in culture, and that its disappearance is regulated at the 

post-transcriptional level. Futhennore, it appears that in the presence of actinomycin D 

esr20 mRNA has a longer half-life (approximately 24 hr, Fig. 5.5), than in its absence 

(approximately 12 hr, Fig. 5.3), which also supports the notion that de novo transcription 

(and translation) is required for the removal of esr20 transcript. 
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Figure 5.5. Expression of esr20 in culture in the presence of actinomycin D. The 
experiment was carried out in an identical way to that shown in Fig. 5.3: tracheae were 
isolated at -4 hr, placed in tissue culture medium and total RNA was isolated from the 
tissue after 4, 8, 12, 24 and 36 hr incubations. The expression of esr20 was detennined 
as described in the legend to Fig. 5.1. The values were taken from three independent 
experiments. In these experiments the values obtained for the density of esr20 signal 
were not corrected by the values for A TP synthase, because of the somewhat faster decay 
of the control mRNA. 

Therefore, it seems likely that at ecdysis an unknown signal initiates events that 

ultimately lead to the destabilization of esr20 mRNA. A number of such mechanisms 

have been shown to require protein synthesis (Atwater et al., 1990; Peltz and Jacobson, 

1992; Schiavi et al., 1992; Schwartz et aI., 1992; Rubin and Halim, 1993), thus, it was 

of interest to detennine if inhibiting translation affected the down-regulation esr20 
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2 hr prior to pupal ecdysis, let the animals ecdyse, and determined the amounts of esr20 

mRNA on Northern blots 3-4 hr after ecdysis, when esr20 mRNA is normally 

undetectable. 

Animals were injected with 150 J.lg cycloheximide, which resulted in 60 J.lg/ml 

final concentration of the blocker in the haemolymph (Morton and Truman, 1985). When 

injected into larvae, at this concentration CHX has been shown to inhibit the 

incorporation of [3H] leucine into proteins by 75% (Morton and Truman, 1995). Even 

without completely blocking translation, cycloheximide prevented the disappearance of 

esr20 mRNA (Fig. 5.6), whereas in tracheae dissected from the animals injected with 

saline esr20 mRNA was undetectable 3-4 hr after ecdysis. In addition, it appears that the 

effectiveness of CHX is decreased as the times of the injections approached ecdysis. 

The caveat in using cycloheximide is, however, that it blocks the elongation of 

transcription by causing the aggregation of polysomes on the mRNAs, thus, the 

transcripts become physically protected from nucleases (Sisler and Siegel, 1967). 

Consequently, this action of cycloheximide could lead to the same result as inhibition of 

the synthesis of a protein necessary for esr20 mRNA disappearance, namely, presence of 

the transcript in ecdysed animals. To test this possibility, I repeated the experiment with a 

second inhibitor, puromycin (PM). This drug blocks the initiation of translation, and 

dissociates the polysomes from the mRNA (Nathans, 1967). Puromycin is a less potent 

inhibitor than CHX, and it has been shown to have toxic effects at high concentrations 

(Riddiford et aI., 1981). Therefore, I injected animals with only 50 J.lg PM, which led to 

20 J.lg/ml final concentration of the drug in the haemolymph. At this concentration PM 

inhibits the incorporation of tritiated leucine into protein only by about 35% (Riddiford et 

aI., 1981), yet it was still effective in preventing the disappearance of esr20 mRNA (data 

not shown). 
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aI., 1981), yet it was still effective in preventing the disappearance of esr20 mRNA (data 

not shown). 
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Figure 5.6. Effects of cycloheximde on the down-regulation of esr20 mRNA. Animals 
were injected with saline or 150 J.Lg cycloheximide at 8, 6, 4, and 2 hr before pupal 
ecdysis. Tracheae were isolated from the animals 3-4 hr after pupal ecdysis. The 
expression of esr20 mRNA was determined as described in the legend to figure 5.1. The 
data are derived from three independent experiments. 

These results support the data obtained with cycloheximide, and show that protein 

synthesis is necessary during the last hours preceding ecdysis for the subsequent removal 

of the transcript. 

Two events occur shortly before, or at ecdysis, which might serve as signals for 

esr20 destabilization. At approximately -4 hr the ecdysteroid levels increase slightly (Fig. 

5.2 A, inset). It is feasible, that this small rise in honnone levels initiates events that 

ultimately lead to the removal of esr20 mRNA. To test this possibility I incubated 

tracheae from -4 hr animals for different lengths of time (2-12 hr) in the presence of 0.5 

or 5 J.LglmI 20-HE. In neither of these experiments did I observe the disappearance of the 

transcript (data not shown). It is not known, however, whether the tracheal epithelial cells 
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A second candidate for the putative extracellular signal is EH. Several hours prior 

to EH release its target tissues are already capable of responding to the peptide. Injecting 

larvae with EH 4 hr before ecdysis induces premature ecdysis in approximately 60 min. If 

the drop in transcript levels was directly triggered by EH, one would expect precocious 

decrease in transcript levels in animals injected with EH. This, however, was not the 

case, the transcript levels remained unchanged in animals 30 and 45 min. after the 

injection, or in animals dissected after they have prematurely ecdysed, 60-90 min after the 

injection. Similarly, EH added to tracheae in tissue culture failed to induce a reduction in 

esr20 transcript levels (not shown). 

Therefore, EH does not appear to trigger the mechanism that destabilizes the 

mRNA directly, but its indirect effect cannot be excluded. For example, in abdomens 

ligated at -6 and -2 hr, esr20 was present when these abdomens were dissected 8 and 4 hr 

later, i.e., approximately 2 hr after the animal would have ecdysed. If the abdomens were 

allowed to develop longer, after 8-16 hr they underwent a process which was reminiscent 

of ecdysis. This process led to the shedding of the larval cuticle, or at least to an attempt 

to do so, which could be detected by a white line on either side of the abd'omens, formed 

by the old tracheal cuticle being pulled out through the spiracles. In the animals that had 

this appearance, regardless of how long after ligation it occurred, esr20 mRNA levels 

were significantly reduced (Fig. 5.7). 

Taken together, these results support the hypothesis that esr20 mRNA is down

regulated at ecdysis via a mechanisms that is triggered by an extracellular signal, requires 

protein synthesis and affects the stability of the transcript. 

One final point at which all mechanisms inducing mRNA decay converge, is the 

shortening of the poly(A)+ tail, the removal of which appears to be necessary for mRNA 

degradation (for review see Sachs, 1993). It is notable that six transcripts encoded by the 
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Figure 5,7. Presence of esr20 mRNA in abdomens ligated before pupal ecdysis. Animals 
were ligated 6 or 2 hr before ecdysis, and tracheae were isolated either after 8 and four 
hours, or after the abdomens have undergone the ecdysis-like process. The samples were 
processed and quantified as before. 

71E late puff of Drosophila melanogaster have been shown to undergo developmentally 

regulated poly (A)+ tail shortening prior to their disappearance in prepupae (Restifo and 

Guild, 1986b). It appears that this may also be the case for esr20. On several Northern 

blots for which the RNA was separated on a higher percentage gel than I routinely used 

(1.8% instead of 1.2%) I have observed a decrease in transcript size starting at -1 hr and 

continuing for as long as the transcript was detectable (Fig. 5.8). The decrease in 

transcript size appears to be around 100 nucleotides, which is within the range found by 

Restifo and Guild (1986b). 

Protein synthesis has been shown to play a role in the regulation of mRNA 

turnover in two ways (Atwater et al., 1990; Peltz and Jacobson, 1992; Schiawi et al., 

1992; Rubin and Halim, 1993). Firstly, the interaction of the mRNAs with the 

translational machinery often leads to the gradual removal of the adenosines, which 

destabilizes the transcripts. Secondly, it may be necessary for the synthesis of a trans

acting factor which is part of the mechanism necessary for the removal of an mRNA. It 
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Figure 5.8. Expression of esr20 between -24 hr before and 3 hr after pupal ecdysis. Ten 
J.1g total RNA was separated on a 1.8% formaldehyde agarose gel transferred to Zeta
probe membrane and probed with a [32p] labeled riboprobe from esr20. The Northern 
blot was overexposed to clearly show the range in transcript size in time point after 
ecdysis, thus the drop in tanscript levels at ecdysis is not detectable. 

is conceivable, that inhibiting protein synthesis prior to pupal ecdysis prevents the 

degradation of esr20 mRNA not because it prevents the synthesis of a factor necessary 

for this process, but because it inhibits the translation of ESR20. In cultured trachea, 

where protein synthesis is occurring the mRNA persists for almost 36 hr, .which makes it 

unlikely that coupling to translation alone, would be responsible for esr20 down

regulation. In addition, preliminary experiments of actinomycin D injections to -6 to -2 hr 

larvae showed, that inhibiting RNA synthesis prevented the disappearance of esr20 

mRNA at ecdysis (data not shown). These two lines of evidence suggest that de novo 

synthesis of a protein is required for the disappearance of this mRNA. Thus, it is 

feasible, that the initial decrease in the poly(A)+ tail observed at -1 hr is related to 

translation, but it seems likely that a second set of events is initiated at ecdysis that 

ultimately leads to the removal of the mRNA. 

The signal initiating the removal of esr20 transcript is clearly not the direct effect 

of EH, but it is likely that either EH indirectly, or an event associated with ecdysis 

behavior is responsible. At the last larval ecdysis EH action results in the elevation of 

cGMP levels in approximately 50 neurons in the ventral nervous system (Ewer et al., 
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1994). This action of EH appears to be indirect, and is postulated to depend on 

descending input from the brain. The direct target cells of EH are not known, but it is 

possible that among them are neurosecretory cells which would release the actual signal 

for esr20 down-regulation. The behavioral and elecrophysiological characteristics of the 

ecdysis-like process in isolated abdomens is also unknown, as is the signal that initiates 

it. EH is synthesized in a pair of ventromedial neurosecretory neurons in the brain 

(Truman and Copenhaver, 1989), which send their axons along the ventral nervous 

system, exit the nervous system in the proctodeal nerve, where EH is released (Truman 

and Copenhaver, 1989; Hewes and Truman, 1991). In the isolated abdomens the cell 

bodies of the EH containing neurons are absent, but measurable levels of the peptide is 

present in their processes in the ventral nervous system (Riddiford et al., 1994). It is 

conceivable, that a gradual leaking of EH from the terminals triggers the process of 

shedding the pupal cuticle. The neuronal circuit underlying ecdysis behavior is believed to 

be complete, but suppressed prior to EH release in vivo (Truman, 1985). Thus, it is also 

possible that in the isolated abdomens, in the absence of descending cerebral input the 

inhibition of this circuit gradually weakens, and after a period of time its activity reaches a 

threshold, which initiates the ecdysis-like process. 

5.3. Model for esr20 regulation 

The diagrammatic representation of the model is shown in Figure 5.9. 

A) At relatively high ecdysteroid levels during the prepupal peak of ecdysteroids 

esr20 is repressed, potentially directly, by the hormone-receptor complex (EcR). 

B) Between -40 and -24 hr a signal (signal Y; most likely an extracellular ligand) 

initiates events that lead to the activation of esr20. This process requires protein 
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synthesis, thus, the cascade of events triggered by Signal Y is likely to be one the 

following two possibilities: Signal Y might bind to a cell surface receptor that activates an 

intracellular messenger pathway, which ultimately activates the transcription machinery 

(Factor Z) at the promoter of Protein X (as drawn in Fig. 6 B). Alternatively, Signal Y 

might be a ligand for a nuclear receptor, in which case the receptor may interact with or be 

a part of Factor Z. Protein X is required for activation of esr20, thus the synthesis of 

Protein X is necessary for esr20 mRNA accumulation, ~nd it is this step that is blocked 

by CHX. It is feasible that by this time the ecdysone-receptor complex is not found at the 

esr20 promoter, or it is also possible that competitive interactions between the receptor 

and Protein X determine if, and when esr20 transcription commences. 

C) Beginning at approximately 20 hr prior to ecdysis, esr20 rnRNA starts 

accumulating. Although the evidence is circumstantial, it is likely, that the transcription of 

the gene is stopped before ecdysis. The time window during which esr20 is transcribed 

might be determined by the length of the presence and/or activity of Protein X, or it is 

also feasible that transcription is halted by an additional signal. 

D) At ecdysis a presumed extracellular signal (Signal S) initiates events that lead 

to the degradation of esr20 mRNA. This process requires protein (and most likely RNA) 

synthesis, either for the synthesis/release of Signal S, and/or for the synthesis of a factor 

required for the removal of esr20 mRNA. Signal S, similarly to Signal Y, might activate 

either an intracellular messenger pathway whose final step is the activation of the 

transcription factor, Protein R, or activate Protein R via a nuclear receptor. Protein R 

could be required for the transcription of Factor Q, which is the presumed trans-acting 

factor responsible for the destabilization of esr20 mRNA. 

E) Once sufficient Factor Q is found in the cytoplasm its action rapidly leads to the 

degradation of esr20 mRNA, and after 3 hr the transcript is undetectable. 
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Figure 5.9. Model for esr20 regulation. For explanation see text (Chapter 5.3). 
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CHAPTER 6. 

CONCLUSIONS 

The major goal of this project was to identify genes that were negatively regulated 

by the ecdysteroids prior to pupal ecdysis in Manduca sexta CNS, and to begin studies of 

their regulation by the hormone. These goals have been successfully completed; I 

identified five genes whose expression in vivo coincided with low steroid levels, and four 

of these genes were repressed by high steroid levels in vitro. In addition, I initiated 

detailed studies of the regulation of one of the genes, eS1'20. Whereas the results fulfilled 

the major goals of the project, some details were unanticipated and raise additional 

questions. 

I chose subtractive hybridization as a method for identifying these genes because 

it appeared to be the most sensitive technique available. Indeed, the subtraction strategy 

that I developed has proven to be sensitive in two ways. Firstly, I was able to identify a 

transcript (MnglO), that comprised approximately 0.001 % of the poly (A)+ RNA pool. 

Secondly, I isolated a transcript (Mng14), whose levels change approximately only two 

fold between the two stages used for the subtraction. Given that the Mng14 mE,NA was 

only 0.2% of the poly (A)+ RNA pool, the isolation of this transcript required accurate 

separation of the common and subtracted pools of molecules. This technique, therefore, 

is suitable for the identification of transcripts that are rare, and whose levels do not 

change markedly in one developmental stage, compared to the next. With the 

improvements discussed in Chapter 3, it has the potential to become a valuable tool in 

future searches for differentially expressed genes in other times during development. 

The greatest strength, and at the same time the greatest disadvantage of differential 

screening techniques is that they often lead to the identification of novel genes, 
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however,the physiological function of the genes is often difficult to ascertain. The 

advantage of this is, that novel molecules involved in developmental processes can be 

found, without prior infonnation on their primary structure. This is the case for the genes 

that I have identified; three of the genes showed similarity (20-30% at the amino acid 

level) to known sequences. Furthermore, two of the sequences did not appear to encode a 

protein, rather, they are suspected to encode structural or regulatory RNAs. Our 

understanding of the structure-function relationships of RNAs is fairly limited, and the 

first step towards gaining more insight into this problem is the identification of 

homologous RNA sequences, but this similarity was not sufficient to propose a function 

for the genes. The comparative analysis of multiple sequences is one of the main 

requirements for creating testable hypotheses on the function of these molecules. In 

vertebrates, only two such RNAs have been reported, one of which was identified in 

three independent differential screens. Without a more detailed knowledge of these 

putative regulatory and/or structural RNAs, one of the few methods by which such 

molecules can be identified are by the differential screening techniques. 

The uniqueness of these sequences and the lack of information on them are often 

serious obstacles to testing the function of these molecules. In systems where genetic 

analysis is possible, the chances of finding links between the novel molecules and known 

events/molecules is greater, but it again involves screening, often for unknown 

phenotypes. Given the pleiotropic effects of a large number of important molecules, the 

search for function will always be the most difficult, especially in a heterogeneous tissue 

such as the nervous system. 

A surprising aspect of the expression pattern of the genes I identified was that 

with the exception of esr20, their transcripts were detectable at all times during the last 

larval stage and in pupae. It is known that physiological processes related to the 
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preparation for ecdysis require de novo synthesis of RNA and protein, thus, finding only 

one gene whose expression was restricted to a time window after decline in ecdysteroid 

levels was unexpected. One reason for not finding such genes in the nervous system 

might be that these transcripts probably represent a very small percentage of all transcripts 

in the nervous system at that time. The neuronal circuit underlying many invertebrate 

behaviors are mediated by relatively few neurons, and this is likely to be the case for 

ecdysis as well. Other ecdysis-related events possibly depend on humoral factors released 

from the nervous system, and are also likely to utilize a small fraction of all neurons. 

Therefore, it is likely, that with screening only an aliquot of a relatively small cDNA 

library I would have missed these transcripts. 

It is, however, a valid question to ask whether finding transcripts that are 

detectable at all times was accidental, caused by the small sample size, or if it is a general 

phenomenon for developmental regulation in many cell types. An answer to this question 

could most likely be found by examining the pattern of changes in transcript levels for a 

large number of genes. 

Whereas finding the function of individual molecules will ultimately be necessary, 

the information on the spatial and temporal changes in expression of a large number of 

genes is likely to be very informative. At this point we have no information on the 

number of genes whose expression changes during a particular developmental or 

physiological process. It would be useful to describe the changes in gene expression 

within one well defined system, because it is likely to provide information of the basic 

pattern of such changes. For example, it would show whether, and to what extent genes 

are coordinately regulated, what fraction of the transcripts change and to what degree. 

Thus, even with their limitations, these techniques are likely to be major tools in gaining 

insight into the complexity of gene expression during development. 
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It is necessary to point out the differences I found in the data obtained by 

Northern hybridization and by RT-PCR. On Northern blots, four out of the five genes 

were undetectable at -24 hr, whereas with RT-PCR all five mRNAs were clearly 

detectable at -24 hr. This discrepancy shows that precaution should be taken when 

interpreting data obtained by the less sensitive Northern analysis. At this time, only a very 

few comparative studies of developmental gene expression patterns have been carried out 

using RT-PCR, therefore, it is too early to predict if such discrepancies will be a rule, or 

an exception. It is clear, however, that RT-PCR is a more suitable tool for monitoring 

spatial and temporal changes in gene expression. 

This project, therefore, led to the conclusion that searching for more genes would 

have several long term advantages. In this particular system, developmentally regulated 

genes in the time window between the commitment to metamorphosis and the onset of 

metamorphosis would be of general interest. A complete picture of the changes in gene 

expression in a system that is accessible to experimentation would be a good basis to 

unravel unexpected features of this developmental time period. 

The two findings of this project that can be most easily pursued are the search for 

the role of MngJO in the NS-Ll neurons, and the continuation of the studies of esr20 

regulation. Mng J 0 is expressed in only about a dozen neurosecretory neurons in the 

abdominal ganglia. These neurosecretory cells are large, opalescent cells, located on the 

periphery of the abdominal ganglia. These features allow their identification in situ, their 

dissection and subsequent culturing (see Tublitz, 1993). Given interest in these cells from 

several other directions it would be important to learn more about MngJO and its role in 

the development and physiology of NS-L 1. 

The preliminary results on esr20 regulation suggest that this gene is directly 

repressed by the hormone-receptor complex. The requirement for an additional factor to 
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induce the accumulation of esr20 transcript suggest that there might be an interaction 

between the steroid receptor and transcription factor(s) activated by another pathway. 

Therefore, the esr20 promoter could become an excellent model to study such 

interactions, given that the transcript is abundant and the tissue it is expressed in is easily 

available. In addition, the well characterized endocrine and neuroendocrine systems of 

Manduca will permit the search for the putative factor. Given the large number of surgical 

and endocrine manipulations available in Manduca, if the additional factor(s) is found it 

may become possible to study gene regulation under controlled conditions, in vivo. 
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