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ABSTRACT

ISOLATION AND CHARACTERIZATION OF GENES REGULATED
BY CYCLIC-AMP IN Drosophila melanogaster AND
DIFFERENTIALLY EXPRESSED IN dunce MUTANTS.

By

Yungdae Yun

Clones containing sequences expressed at altered abundance
levels in dunce mutants were isolated by differentially screening
a Drosophila genomic library with cDNA probes synthesized from
the mRNAs of normal Drosophila flies and dunce mutant flies. Two
classes of clones were isolated. One class contains genes
expressed at a higher steady state abundance level in dunce
mutants compared to normal flies and the other contains genes
expressed at a lower steady state level in the mutants. Since
dunce mutants have an elevated cAMP content due to a mutation in
the structural gene for cAMP phosphodiesterase, the isolated
clones potentially contain cAMP responsive genes.

The clones containing sequences which are overexpressed in
the mutants carry a common repetitive sequence which codes for a
5.5 kb poly A+ RNA. Restriction analysis and hybridization
experiments show these repetitive sequences to be members of the
copia family of transposable elements. Administration of
pharmacological agents (cAMP, isobutylmethylxanthine or
forskolin) to normal flies to increase cAMP levels leads to an
increased steady state level of copia RNA. Thus, copia RNA

metabolism is under control of cAMP.



The nucleotide sequence of one clone which is
underexpressed in dunce mutants was determined. Within the
sequenced genomic region, two complete open reading frames (SER1
and SER2) and part of a third (SER3) exist. All of these were
found to be homologous to genes which code for serine proteases.
Genome blotting experiments indicate that at least nine genes
homologous to these genes are present in a haploid genome.
Hybridization experiments with probes representing specifically
each of the three sequenced genes suggest that only SER1 (or SER1
related genes) is underexpressed in dunce flies. The SER family
of genes are abundantly expressed in the gut, which suggests that
a major function of the gene products is probably in digestion.
Upon treatment of normal flies with the pharmacological agents
CAMP, isobutylmethylanthine or forskolin, the mRNA levels of SER1
(or SER1 related genes) decrease. Thus, mRNA levels of a serine
protease gene(s) are regulated negatively by cAMP in Drosophila.
This is the first example of regulation of a simple serine

protease gene(s) by cAMP.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

Cyclic-AMP (cAMP) has been shown to mediate many biological
processes in diverse organisms. In procaryotes, cAMP with its
receptor protein, CRP, modulates the transcriptional activity of
a variety of genes (3, 89). In eucaryotes, the molecule serves as
a second messenger through which intracellular events are
initiated in response to external stimuli. One important area of
cAMP action which is currently under intensive study is its role
in modulating eucaryotic gene expression. The genes regulated by
cAMP encode proteins with broad range of functions. For example,
CAMP has been shown to regulate the mRNA levels of several
hormone genes (23, 46, 62, 67, 87), proto-oncogenes (15, 42, 76,
85) and genes encoding key metabolic enzymes (47, 54, 57, 90).
The alteration in gene expression, in turn, presumably leads to
physiological responses.

Part of my interest in the function of cAMP regulated genes
involves their possible role in learning and memory. Previous
work on two invertebrates, the sea snail Aplysia (17, 48) and the
fruit fly Drosophila (2), has demonstrated that cAMP metabolism
is intimately coupled with learning and memory processes. Kandel

and his colleagues (39, 40) have proposed a model in which long
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term memory is envisioned to result from an alteration in gene
expression due to an increased level of cAMP. This model predicts
that at least some of the genes regulated by cAMP are
functionally involved in long term memory consolidation.

The dunce mutants of Drosophila were originally isolated as
learning/memory mutants (32) and subsequently found to have a
mutation in the structural gene for the cAMP phosphodiesterase
(19, 26). The loss of cAMP degradative capacity results in an
increased cAMP content, up to six fold over normal depending on
the particular mutation assayed (26). Since cAMP is known to
regulate gene expression in procaryotes and in eucaryotes, it is
expected that the mRNA levels of certain genes whose expression
is modulated by cAMP would be different between normal flies and
dunce mutant flies.

Reported here are results of studies designed to isolate
genes expressed at altered abundance levels in dunce mutants. The
genes were identified by differential screening with labelled
CDNA probes prepared from normal and dunce mutant flies and
subsequently found to be regulated by cAMP.

This review is divided into four parts. The first part will
provide a summary of the general roles of cAMP and its mechanism
of action. The second and third parts will be focused on the
roles of cAMP in altering gene expression and in learning and

memory. The fourth part will provide a summary of dunce work.
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Role of cAMP and its mechanism of action.

Since its discovery, cAMP has been shown to regulate
numerous cellular processes in both procaryStes and eucaryotes.
In E. coli, cAMP bound to its receptor protein (CRP) induces many
catabolic enzymes and the represses several biosynthetic enzymes
and regulatory proteins (3, 89). The action of cAMP-CRP is
apparently mediated at the level of transcription. The best
studied systems are operons subject to catabolite repression,
like those for utilization of lactose, galactose, or arabinose.
For example, the cAMP-CRP complex exerts a positive control by
binding to the control region of the lactose operon and increases
the efficiency of RNA polymerase transcription (89). The cAMP-CRP
complex can also modulate transcription by the control of
termination. In the galactose operon, the expression of the
promotor-distal genes is reduced with respect to the promotor-
proximal gene. This polarity can be relieved by cAMP-CRP (89).

In eucaryotes, cAMP mediates cellular responses to external
stimuli in a variety of cells. Peptide hormones,
neurotransmitters, and prostaglandins trigger their respective
physiological responses by binding to cell surface receptors and
changing internal cAMP concentrations in target cells (8). The
intracellular cAMP concentration is regulated by a balance
between the activities of adenylate cyclase and
phosphodiesterase. Guanine-nucleotide-binding proteins (G
proteins) appear to play a critical role in the regulation of the

adenylate cyclase activity. In the adenylate cyclase system, the
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stimulatory and inhibitory receptors are coupled to two G
proteins, stimulatory G protein (Gs) and inhibitory G protein
(G1) (37). G proteins are composed of three subunits, ;dp,;
subunits. When GTP is bound, the A subunit is dissociated from
the lRi complex and this dissociated «£subunit is responsible for
the activation or inhibition of adenylate cyclase (37). The cAMP
level is also modulated by the degrading capacity of
phosphodiesterase. In eucaryotes, multiple forms of cyclic
nucleotide phosphodiesterase exist. Some forms specifically
degrade either cAMP or cGMP and others degrade both (6).

G proteins that regulate adenylate cyclase activity are
members of a large family of guanine nucleotide binding proteins
including transducin (82) and Go protein (81). The ras gene
family was first found as a cellular homologue of the ras
oncogene which have sequence homology to the o subunit of G
protein (44). In yeast, two genes, rasl and ras2, are involved in
the cAMP pathway by regqulating adenylate cyclase (16). Recent
advances in molecular cloning revealed the presence of more G
proteins than have been biochemically defined, which suggests a
more complex role for G proteins (12, 14).

In eucaryotes, cAMP action is mediated via cAMP-dependent
protein kinase, which phosphorylates specific proteins when it is
activated by cAMP. The holoenzyme of cAMP-dependent protein
kinase is an inactive tetramer composed of two regulatory
subunits (R) and two catalytic subunits (C). Binding of two

molecules of cAMP to each R subunit releases the C subunits,
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which become active and are able to phosphorylate substrate
proteins (53). Two major classes (Typel and Typell) of cAMP-
dependent protein kinases are present in most mammalian cells.
These two classes have different R subunits (RI and RII) but
seemingly identical C subunits (53). Some C subunit activity is
neutralized by the heat stable protein kinase inhibitor, which
can inactivate as much as 20% of the total C subunit present
(30,91).

Cyclic-AMP regulates several metabolic pathways via cAMP-
dependent protein kinase. These include triglyceride synthesis
and breakdown, inhibition of fatty acid synthesis, stimulation of
gluconeogenesis and glycogen metabolism (22). The best studied
system is the control of glycogen metabolism in skeletal muscle.
When activated by cAMP, the C subunit of cAMP-dependent protein
kinase alters the phosphorylation state of phosphorylase kinase
and glycogen synthase (22). Phosphorylation not only changes the
catalytic activity of these enzymes but also affects the
sensitivity of the enzymes to effectors. For example, the
regulation of phosphorylase kinase by two Cat*-binding proteins,
calmodulin and troponin-C, depends on the phosphorylation state
of the enzyme (22). Calmodulin determines the ca*t sensitivity of
the phosphorylated form, while troponin-C determines the
sensitivity of the dephosphorylated form. The effects of
phosphorylation can be amplified when the initial substrate is a
kinase or a phosphatase which in turn modifies a second enzyme.

The cAMP-dependent phosphorylation of phophorylase kinase
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provides a good example of such a cascade (22).

The role of cAMP in Dictyostelium differentiation is a

unique case because in this instance cAMP acts extracellularly

like a hormone (36). Dictyostelium grows vegetatively as single

cells, but can aggregate to form a multicellular organism when
starved. Aggregation is mediated by cAMP pulsing. cAMP is
secreted by a cell at an aggregation center and binds to
receptors of nearby cells. Nearby cells sense the cAMP
concentration and move up the cAMP gradient toward an aggregation
center. This aggregate develops into a fruiting body with two
terminally differentiated cell types, spores and stalks cells
(36) . In addition to this role in aggregation, cAMP is involved
in the regulation of gene expression throughout the development

of Dictyostelium (36). Regulation by cAMP of cell type specific

genes in Dictyostelium is mediated by a cell surface cAMP

receptor but does not require an increase in intracellular cAMP
level by activating adenylate cyclase (41).

Although the influence of cAMP on cell proliferation has
been a subject of controversy, recent evidence indicates that
CAMP can act as a mitogenic signal both in mammalian cells (13)
and in yeast (63). In yeast, cAMP induces mitosis wvia activation
of a cAMP dependent protein kinase. However, an elevated level of
CAMP blocks the initiation of meiosis in Xenopus oocytes (61) and
in yeast (63).

Cyclic-AMP has also been implicated in the regulation of

muscle contractility (31). The phosphorylatién of troponin-I in
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cardiac muscle fibers contributes to the increased rate of
relaxation of cardiac muscle in response to adrenaline (31).
Similiarly, phosphorylation of myosin light chain kinase in
smooth muscle induces relaxation of the muscle (31). In

addition, cAMP controls muscle contractility through the direct
modulation of Ca** flux at the membrane level. The
phosphorylation of a protein in cardiac sarcoplasmic reticulum,
termed phospholamban, by cAMP-dependent protein kinase and by a
membrane bound Cat*-calmodulin dependent protein kinase is
associated with activation of the sarcoplasmic reticulum ATPase
and increased rates of Ca‘' uptake into these vesicles. This may
promote relaxation of the cardiac muscle by adrenaline (22, 31).
This example shows that phophorylations stimulated by either cAMP

or Catt are to some degree interdependent.

Regulation of gene expression by cAMP.

One important area of cAMP action which is currently under
intense investigation is its effect on the regulation of gene
expression. As already stated, cAMP in bacteria acts as an
allosteric effector, after binding to CRP, to change the
transcriptional activity of many genes including catabolite
sensitive operons. This appears to be the only role of cAMP in
bacteria (3, 89).

In eucaryotes, various genes have been reported to be
regulated by cAMP. Expression of several hormone or

neurotransmitter genes are known to be regulated by cAMP. These

T
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include the genes encoding growth hormone (93), prolactin (62),
somatostatin (67), gonadotropin (46), vasoactive intestinal
peptide (87), proopiomelanocortin;(60), and proenkephalin (23).
Cyclic-AMP regulates the mRNA levels of these genes in a positive
manner and at least in part at the level of transcription. The
proto-oncogenes c-myc and c-fos can also be induced at the level
of mRNA by increases in cAMP (15, 42, 76, 85). Often these
increases in cAMP are intermediary steps in stimulation by growth
factors. For example, the induction of c-myc and c-fos by
epidermal growth factor in fibroblast cells (76) is cAMP-
dependent. The mRNA levels of tubulin and actin, the main protein
constituents of microtubules and microfilaments, are also
modulated by cAMP (38). Tubulin mRNA levels are modulated
biphasically by cAMP, increasing at low concentrations and
decreasing at higher concentrations (38). The induction of
plasminogen activator by calcitonin and vasopressin is mediated
by cAMP at the level of mRNA (69). The mRNA levels of the
transferrin receptor gene were recently shown to decrease when
levels of cAMP increased (86). In addition, mRNA levels of
several genes encoding key enzymes in different metabolic
pathways are regulated by cAMP either positively or negatively.
The positively regulated genes include those encoding tyrosine
hydroxylase (57), phosphoenol pyruvate carboxykinase (54),
lactate dehydrogenase (47), tyrosine aminotransferase (72), and
alkaline phosphatase (35). Cyclic-AMP regulates the mRNA levels

of these genes at the level of transcription. On the other hand,
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mRNA levels of pyruvate kinase (90) and dihydrofolate reductase
(96) are regulated negatively by cAMP at the level of
transcription. Thus, the extent of current knowledge regarding
the role of cAMP in the regulation of gene expression is that
cAMP modulates the activity of various genes by altering mRNA
abundance, either positively or negatively and in most cases,
this modulation is at least in part at the level of
transcription.

The mechanism by which cAMP alters the expression of genes
in eucaryotes is not well understood. cAMP may act by altering
the phosphorylation states of nuclear proteins, which in turn
affect the transcription rates of specific genes. Alternatively,
as in bacteria, cAMP could bind to a receptor protein, like R
subunit of protein kinase, which would interact directly with the
regulatory region of the DNA wihout being phosphorylated. Both R
and C subunits of protein kinase have been suggested as mediators
of cAMP action in alteration of gene expression. The R subunit
has been proposed as a candidate based on the following rather
indirect evidence. First, the amino acid sequence of RII subunit
is homologous to that of the bacterial CRP which binds to DNA and
modulates transcription (94). Second, RII may have intrinsic
topoisomerase activity, and when phosphorylated can alter the
degree of DNA supercoiling (24). Third, translocation of the R
subunit into the nucleus increases as the intracellular
concentration of cAMP increases (52).

Several observations support the alternative hypothesis that
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the C subunit of protein kinase mediates cAMP action. First, free
C subunit, when microinjected into hepatoma cells, causes an
increase in tyrosine aminotransferase synthesis (10). Second, the
transfection of the gene which codes for the heat stable
inhibitor of cAMP-dependent protein kinase (95) results in
inhibition of the cAMP-stimulated expression of a cotransfected
reporter gene (43). This result indicates that active C subunit
is a necessary intermediate in the stimulation of gene
transcription by cAMP, since protein kinase inhibitor
specifically binds the dissociated C subunits. However, the
result does not exclude R subunit as a necessary phosphoprotein
in transcriptional regulation by cAMP.

There have also been efforts to understand the mechanism of
CAMP action through the study of trans-activating factors. The
study of several cAMP regulated genes in mammalian cells by
deletion analysis identified a short stretch of DNA which is
responsible for cAMP sensitivity in the 5’ flanking region of the
gene. The genes studied include phosphoenol pyruvate
carboxykinase (79), somatostatin (67), proenkephalin (23),
vasoactive intestinal peptide (87), and gonadotropin genes (46,
80) . The sequences of these cAMP responsive elements strongly
resemble each other; an 8 base pair consensus sequence 5’-
TGACGTCA-3’ can be derived. Montiminy et. al. (68) purified the
trans-activating factor which binds to the cAMP responsive
element of the somatostatin gene and showed that it 1is

phosphorylated by cAMP-dependent protein kinase.
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The work on proenkephalin gene (23) suggests the possible
intersection of cAMP and protein kinase C in regulation of gene
expression. The expression of this gene is modulated both by cAMP
and phorbol ester. The DNA sequences required for regulation by
both cAMP and phorbol ester map to the same stretch of DNA,
including the cAMP responsive element described above, in the 5’
flanking region of the gene. This finding raises the possibility
that phorbol ester, known to act via activation of protein kinase
C (7, 71), may act to increase intracellular levels of cAMP,
activate cAMP-dependent protein kinase, or phosphorylate an
trans-activating factor common to both pathways.

Several groups reported the localization of the phorbol
ester responsive elements in the 5’ flanking region of several
phorbol ester inducible genes (4, 49, 64) and found that they
share a seven base pair motif 5’-TGAGTCA-3’ which is identical to
the cAMP responsive element 5’/-TGACGTCA-3’ except for the absence
of cytosine residue in the middle of the motif. The trans-
activating factor which binds to this seven base pair motif of
phorbol ester inducible genes has been purified (5, 56) and
found to be identical to the mammalian transcription factor AP-1
previously described (55). AP-1 is activated only by phorbol
ester but not by cAMP (45). The relationship of AP-1 and the
trans-activating factor that is sensitive to cAMP remains to be
determined.

Recently, another trans-activating factor, AP-2, was

described which mediates both phorbol ester and cAMP responses
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(45) . AP-2 recognizes a totally different stretch of DNA from the
CAMP responsive element described above (45). AP-2 is the first
example of a trans—actiQating factor which mediates gene
induction in response to two distinct signalling pathways, CcAMP

and protein kinase C .

Role of cAMP in learning and memory.

The study of learning and memory in higher forms of animals
is difficult due to their complex nervous system. Therefore, the
reductionist approach using an organism with a simpler nervous
system is justified assuming that elementary molecular events
underlying learning and memory are shared throughout phylogeny.
One organism that seems particularly useful for a molecular
analysis of learning and memory is the marine mollusc Aplysia.
This animal has a relatively simple nervous system with large
identifiable neurons that are accessible for electrophysiological
and biochemical studies. The molecular model of learning and
memory established from the study of Aplysia has been described
in recent reviews (17, 39, 40, 48). The model predicts that
learning and memory occur at the same locus, the synapse. They
result from alterations in synaptic connections mediated by
changes in cAMP concentration and subsequent changes in
neurotransmitter release. Experimental observations indicate that
memory has at least two forms: a short-term form that can last
seconds, minutes and hours,and a long-term form lasting days,

weeks and years.
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Short-term memory does not require the synthesis of new
proteins and is thought to depend on second messenger-mediated
covalent modifications of previously synthesized proteins that
modulate the properties of nerve cells and their synaptic
connections (17, 48). Molecular mechanisms underlying the short
term memory are best illustrated in the sensitization of Aplysia
(17, 48). The animal learns to enhance its gill or siphon
withdrawal reflex in response to a noxious stimulus applied to
its head or tail. At the molecular level, the first step of
sensitization involves the release of neurotransmitters,
including serotonin, from the facilitating interneurons.
Serotonin released from the nerve terminal of the facilitating
interneurons binds to receptors on the surface of the nerve
terminal of the sensory neuron and activates adenylate cyclase
system to increase the level of cAMP. One consequence of the
increased level of cAMP is the closure of the S-channel
(serotonin sensitive K* channel) through phosphorylation by cAMP;
dependent protein kinase. As a result, repolarizing K* currents
are decreased and action potentials become broader (presynaptic
facilitation). Consequently, the Cat* influx that normally occurs
during the action potential is increased and this enhances the
transmitter release and activity of motor neurons. Thus, short-
térm memory in Aplysia is the result of high levels of cAMP in
presynaptic neurons and the subsequent release of
neurotransmitter (17, 48).

Long-term memory can be distinguished from short-term
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memory at the molecular level, since long-term memory requires
new protein synthesis. Inhibitors of RNA synthesis or protein
synthesis selectively block the long-term facilitation of the
synaptic connection without interfering with the short-term
facilitation (66). The long-term facilitation also requires
protein synthesis only while the stimulus is being applied (66).
Inhibiting protein or RNA synthesis after the period of training
fails to block long-term memory. Thus long-term memory is
thought to be the result of altered gene expression due to the
changes in levels of second messengers including cAMP (61, 62).
This model of long-term memory predicts that at least some of
the genes regulated by cAMP are involved in long-term memory
processes. Recently, it has been shown that other second
messengers, inositol trisphosphate and protein kinase C, also may
be involved in learning and memory consolidation (9).

The genetic analyses of learning and memory in Drosophila

have independently shown that cAMP plays a critical role in
learning and memory. Flies can be trained in various learning
paradigms, both associative and non-associative. For example,
flies can be trained to avoid an odorant associated with
electrical shock (73). Several X-linked mutants have been
isolated that fail to display this learning. The first mutant
isolated was dunce (32) and since then, four other mutants

rutabaga, amnesiac, turnip and cabbage (1, 74) have been

isolated. In addition, the mutant Ddc with a second chorosome

mutation may have the learning defect (84, 58).
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For some of the mutants, the biochemical defects are known.
The dunce flies have a mutation in the structural gene for cAMP-
phosphodiesterase (19). Drosophila has two different
phosphodiesterase activities and dunce flies show reduced or
eliminated levels of cAMP-phosphodiesterase activity depending on
specific mutation assayed (26). The rutabaga flies show reduced
adenylate cyclase activity. Adenylate cyclase in Drosophila is
heterogeneous and rutabaga lacks the form of adenylate cyclase
activity activated at low Ca** concentrations (59). It has been
speculated that turnip flies may have a defect in the signal
transduction system coupled to serotonin receptors (88). All
these biochemical defects mentioned above affect sequential
steps in cAMP signalling pathway. These results from Drosophila
work together with the findings in Aplysia indicate that cAMP
second messenger systems play an essential role in learning and
memory.

Some of the mutants described above were subsequently found
to perform poorly in other learning paradigms including
habituation and sensitization (34), leg position conditioning
(11), reward type associated learning (83), and experience
dependent courtship behaviour (75). Careful examination of the
learning and memory ability of isolated mutants demonstrated that

dunce, rutabaga, amnesiac and cabbage flies show appreciable

learning initially, but their memory decays very rapidly compared
to wild type flies (33, 88). Therefore, the mutants dunce,

rutabaga, amnesiac and cabbage can be classified as memory
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mutants rather than learning mutants.

The dunce mutants.

Adult flies of Drosophila have at least two different forms
of phosphodiesterase activity. Form I phosphodiesterase degrades
both cAMP and cGMP as its substrate whereas form II is specific
for cAMP and is designated as cAMP-phosphodiesterase (25). Form I
phosphodiesterase is activated by Ca**-calmodulin, but form II is
not (92). Several observations indicate that dunce flies have a
defective form II phosphodiesterase. Six different mutations in
dunce have been isolated (26, 32, 65). All reduce or eliminate
the activity of form II phophodiesterase. The dunceMl4, dunceMll
and dunceML mutants completely lack form II activity, but duncel,
dunce2 and dunceCK exhibit reduced levels of form II activity
(26) . Moreover, two of the mutations alter the enzyme activity in
ways which indicate a structural alteration of the enzyme. The
duncel allele produces a form II enzyme that is more labile to
heat than normal and the dunce2 allele produces an enzyme with
higher Km (50). In addition, form II phosphodiesterase activity
is proportional to the dosage of polytene chromosome band 3D4,
where the dunce mutations have been localized (51, 77). The loss
of cAMP degrading activity results in high cAMP levels in the
dunce mutants, up to six fold over normal in the amorphic mutants
such as dunceMl4 or dunceMll.

The dunce gene has been cloned by chromosomal walking and

recombination mapping using restriction site polymorphisms as
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genetic markers (28). The amino acid sequence of the dunce open
reading frame shows extensive homology to those of the mammalian
and yeast phoséhodiesterases (18) . This with the other evidence
mentioned above clearly indicate that the dunce gene encodes a
phosphodiesterase. The dunce gene locus generates a complex set
of mRNAs ranging in size from 4.2 to 9.5 kb (29) and subsequent
gene structure characterization revealed that these RNAs are
generated by a complex process including alternative splicing
(19, 20, 21). The dunce gene extends over 107 kb and contains at
least two other genes within one of its intron, including the
glue protein Sgs-4 (20, 21).

One other phenotype of dunce is female sterility. The
dunceMl14 and dunceMll mutations were originally isolated on the
basis of female sterility (65) and later other dunce mutants
were also found to have female sterility (77, 78). Female dunce
mutants lay few eggs even though the severity of female sterility
is highly subject to genetic background (77). The reason for this
female sterility is unknown, but cAMP has been reported as a
inhibitor of meiosis in Xenopus (61) and yeast (63). The amino
acid sequence of a part of the dunce open reading frame was found
to have homology to that of egg-laying hormone of Aplysia (19).
Whether this has an effect on female sterility is unknown.

Chapter II describes the differential screens employing
dunce mutants. The differential screens have provided clones of
sequences expressed at higher abundance levels in the mutants as

well as ones expressed at lower levels. The specific sequences on
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the clones responsible for elevated expresssion have been
idenfied as members of the copia family of transposable elements.
Feeding normal flies with pharmacological agents known to
increase cAMP levels results in elevation of copia RNA levels,
indicating that copia RNA levels are'directly modulated by cAMP.

Chapter III describes the characterization of a genomic
clone under-expressed in dunce mutants. This clone contains genes
coding for putative proteins homologous to serine proteases. The
mRNA levels of a gene (SER1) contained in this clone are reduced
in the dunce mutants. Feeding normal flies with pharmacological
agents known to increase cAMP levels leads to reduction of mRNA
levels of SER1 gene. This is the first example of a simple serine

protease gene regulated by cAMP.
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CHAPTER II

copia RNA LEVELS ARE ELEVATED IN dunce MUTANTS

AND MODULATED BY CYCLIC-AMP.

This chapter describes the results of a differential screen
to isolate genes expressed at altered abundance levels in dunce
mutants and potentially regulated by cAMP. The differential
screening employing dunce mutants provided clones containing
sequences expressed at either higher or lower abundance levels in
the mutants. Clones containing sequences which are overexpressed
in the mutants were characterized and shown to carry a common
repetitive sequence, the copia family of transposable elements.
Treatment of normal flies with pharmacological agents known to
increase cAMP levels resulted in an increased level of copia RNA.
The experiments described in Fig. 1, 4, 5 were performed by

Ronald L. Davis.

25



26

MATERIALS AND METHODS

Fly Strains.

The mutants, dunceMl4 and dunceMll were induced in an X-
chromosome (3, 19) carrying the visible markers yellow,
crossveinless, vermillion and forked (y cv v f). The only
difference in genetic background between these genotypes should
be those which incurred during mutagenesis and subsequent
manipulation and maintenance of stocks. Therefore, y cv v
chromosome was used as a control in experiments with dunceMl14 and
dunceMll.

Flies carrying a synthetic deficiency of 86-100 kb of the X-
chromosome (9), including the dunce locus, were prepared by
mating males of the genotype Df(1)N64i16;SM1, CyDp(l;2)w+51b7 to
C(1)DX, ywf/w+Y females (9). Males of the genotype
Df(1)N64i16/w+Y were selected and used as dunce deficiency flies
(abbreviated as Df(l)dnc in the text). The wild type stock,
Canton-S, was used as the duncet control for the deficiency

flies.

RNA isolation.

Total RNA was isolated from adult flies not older than 5
days as described previously (10). Poly A' rRNA was selected by
one pass over an 0ligo-dT cellulose column. RNA blotting and

hybridizations were performed as described (10).
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Differential screening.

Complementary DNA probes were synthesized by priming poly A*
RNA with o0ligo-dT. The differntial screening methods were
essentially those of T. St. John and R. Davis (31). Abundance
measurements of RNAs were obtained by scanning autoradiograms
with a densitometer and normalizing the experimental signal to

that obtained for the control signal.

Treatment of flies with pharmacological agents.

Three to five day old adults of wild type Canton-S flies
were grown in vials containing 3 mls of regular corn meal media
supplemented with pharmacological agents for 3 days as described
(2) . Cyclic-AMP (50 mg per vial) and isobutylmethylxanthine (50
mg per vial) were first added in 250 ul of water and then mixed
with media. As controls for cAMP and isobutylmethylxanthine,
media were supplemented either with 5’-AMP in 250 ul of water or
with water alone. Forskolin (2 mg per vial) was dissolved in 250
ul of 95% ethanol and added to the media. As a control for
forskolin, media were supplemented with 250 ul of 95% ethanol.
Total RNA was isolated by homogenizing flies in 1:1 mixture of
Holmes-Bonner buffer and phenol as described (5). The
concentration of total RNA was measured with spectrophotometer

and equal amounts of RNA samples were loaded in each lane.
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RESULTS.

Differential screening reveals alterations in the expression

level of certain genes in dunce mutants.

Poly A" RNA was isolated from y cv v f male flies and
dunceMll male flies. Radiolabelled cDNAs were synthesized using
the two RNA populations as templates and equal counts of the two
probes were used to screen duplicate filters from a plating of
32,000 genomic clones. The general scheme of differential
hybridization is depicted in Fig. 1. About 30 clones showed a
stronger signal to the y cv v f cDNA probe than to the dunceMll
cDNA probe, and a similiar number of clones showed a stronger
signal to the dunceMll cDNA probe than to the y cv v f cDNA
probe. These clones were rescreened several times to select those
which hybridize reproducibly to the two probes with differential
intensity. From these rescreens, 7 clones displaying less intense
signals to the dunce mutant probe and 4 clones displaying more
intense signal to the dunce mutant probe than to the y cv v f
probe were obtained. Since the signal intensity represents the
abundance of the RNAs homologous to the genomic clones, these
clones potentially contain the genes differentially expressed in
dunce mutants.

The isolated clones might reflect alterations of gene
expression between the two fly strains because of the different
state of the dunce locus or because of random differences in

genetic background. To control for genetic background, the clones
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Fig. 1. The differential hybridization scheme.
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obtained from the differential screening were finally screened by
clone blotting experiments (Fig. 2). The clone blots were
prepared in triplicate from the phage DNAs of these clones. Each
blot was probed with equal counts of cDNA probes made to RNA

from vy cv v £, dunceMl4 or dunceMll. The clones which contained

genes expressed at altered abundance levels due to mutation in
dunce locus were expected to display an altered hybridization
signal in both dunce mutants compared to y cv v f. The control
clone included on the blot had shown equal hybridization
intensity to both the y cv v f and the dunceMll cDNA probe during
the differential screening procedure. Four representative clones
clearly show an increase in the hybridization signal with dunce
mutant cDNA probes (Fig. 2). These are named cARS (cAMP Regulated
Sequences) 4U (Up), 12U, 17U and 22U. Densitometry of the
autoradiogram reveals that the signals with the dunce mutant cDNA
probes are 3-9 times more intense than signals with the y cv v f
cDNA probes, after normalizing the signal values to that of the
control value. This result supports the conclusion that those
clones which behave similiarly with both dunce mutant probes
represent sequences expressed at altered abundance levels because
of the absence of dunce? function. Although several clones were
also obtained containing sequences underexpressed in dunce
mutants (refer to Chapter III), the remainder of this chapter is
focused on the identity and the regulation of the clones
expressed at higher abundance levels in dunce mutants.

RNA blotting experiments shown in Fig. 3A confirm that
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Fig. 2. Clone blots of cARS Up clones hybridized with total cDNA
probes.

Three identical blots containing EcoRI digested phage DNAs
of several cARS Up clones hybridized with equal counts of cDNA

probes made to poly A* RNA from y cv v f, dunceMl4 and dunceMll

male flies. Four clones shown (4U, 12U, 17U, 22U) display an
increased signal with dunce mutant cDNA probes relative to y cv v
f probe. Clone #14 was isolated in the differential screen but
failed to show increased signal with both of the dunce mutant

cDNA probes.
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these clones carry sequences which are expressed more abundantly
in the mutants. The labelled restriction fragment of the cARS 4U
clone which hybridizes to the cDNA probe'was used to probe the
RNA population from parental strain y cv v f and two mutant
strains dunceMl4 and dunceMll. The signal associated with a 5.5kb
RNA in the mutant lanes is 4-10 times more intense than the
signal in the y cv v f lane, after normalizing the signal to that
obtained upon reprobing the same blot with control phage clone 1.

The differential screens were repeated using RNA from
Canton-S male flies and male flies carrying a synthetic
deficiency of the dunce locus, Df(l)dnc. Seven clones displaying
less intense signals and 16 with more intense signals to the
Df (1)dnc probe were isolated from a plating of 23,000 genomic

clones

cARS Up clones contain members of the copia transposable

elements.

The clones carrying sequences which are over-expressed in
dunce mutants were used in cross-hybridization experiments to
detect the existence of any sequence homology. The clones did
cross-hybridize (data not shown), indicating the existence of a
repetitive sequence common to all of the cARS Up clones. This
repetitive sequence was localized on the restriction fragment
containing the sequences w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>