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ABSTRACT

MOLECULAR ANALYSIS OF THE dunce GENE OF

Drosophila Melanogaster, A GENE INVOLVED

IN cAMP METABOLISM AND BEHAVIORAL PLASTICITY

 

By

Chum-Nan Chen

The dunce (dnc) gene of Drosophila melanogaster has been identified
 

as a genetic locus which influences the ability of the fly to be condi-

tioned behaviorally and was shown to be involved in cAMP metabolism.

Subsequent genetic and biochemical studies of this gene led to the

postulate that gng is the structural gene for a CAMP-specific phosphodi-

esterase. The cloning of the gene was accomplished previously to

initiate a detailed molecular analysis of gng. The goal of my thesis

research is to determine unambiguously the nature of the 933 gene product

and to elucidate the structure of the 9&9 gene to gain insight into the

expression of the gene and its regulation.

Six complementary DNA (cDNA) clones representing the Egg RNA

transcripts have been isolated from several oligo d(T)-primed cDNA

libraries and sequenced. A composite sequence obtained from two of the

longest cDNA clones reveals a major open reading frame, whose conceptual

translation predicts a protein which is homologous to several other

eukaryotic cyclic nucleotide phosphodiesterases. This homology provides

direct evidence confirming the previous hypothesis that dnc encodes a





CAMP-specific phosphodiesterase. The deduced amino acid sequence of the

933 gene product also shows homology to the regulatory subunit of the

CAMP-dependent protein kinase and to the precursor of the Aplysia

californica egg-laying hormone. The biological significance of these

homologies are discussed. The intron/exon organization of the 3' portion

of the ggg gene is deduced by aligning the cDNA and the corresponding

genomic sequence. The result showed that the ggg open reading frame is

interrupted by four introns.

To delineate the 5' structure of the Egg gene and its RNA trans-

cripts, a primer-extension cDNA library was constructed and eighteen ggg

cDNA clones were isolated and characterized. Restriction mapping,

hybridization analysis and sequence determination of these cDNA clones

and the corresponding genomic exons resolve these into five different

classes, each representing a distinct transcript. Furthermore, the

differential splicing pattern for each class of transcript revealed by

these cDNA clones and the unexpected discovery of two other genes resid-

ing within one of the gng introns indicate an unusual and complicated

organization of the dug gene. Four out of the five classes of cDNA

clones each defined a distinct 5'-most exon. The 5' boundary for these

S'-most exons was mapped by 81 nuclease protection experiments, and one

of them was shown to be a transcription start site by parallel primer-

extension experiments. These results suggest that the Egg gene contains

at least two overlapping transcription units, one extending over a length

of 5A kb and the other over more than 107 kb. The latter transcription

unit consists of a minimum of 16 exons.
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Chapter I

LITERATURE REVIEW AND INTRODUCTION

A central question in both neurobiology and psychology is how

learning, the acquisition of information, and memory, the storage and

retrieval of the acquired information, are achieved. Previous work on

vertebrates suggests that both learning and memory are somehow expressed

through changes in nerve cells and this view has recently been confirmed

(Kandel and Schwartz, 1982). Major efforts have therefore been directed

to explore the molecular mechanisms underlying the plastic alterations

in specific neurons which are in turn responsible for learning and

memory. Among the various endeavors made in this direction, the

reductionist approach is characterized by an attempt to look at the

elementary forms of learning and memory in relatively primitive

organisms, whose nervous systems and behavioral repertoires are far more

simpler than a human. Such a strategy is justified because it is the

simplest common denominator of behavioral modification that are pursued.

This review will focus on the genetic dissection of learning and memory

processes in the fruit fly, Drosophila melanogaster. In particular, one

mutant, dunce, will be discussed in detail.
 





 

 

The rationale for the genetic dissection approach is based on one

assumption. That is, genes code for the constituent molecules of the

biological apparatus responsible for learning and memory. By altering

each of the appropriate genes separately, one can produce specific

lesions in the apparatus thus disrupting the learning and memory

processes. Comparative analyses of the mutant and normal organisms can

then follow to reveal the nature of the gene product and the molecular

component required for learning and memory. The experimental organism

suitable for such genetic approach should be capable of learning, and

readily amenable to genetic analysis. No other organism can currently

challenge Drosophila when the combination of these two prerequisites is

considered.

Drosophila can learn a variety of tasks, both non-associative and

associative. The non-associative tasks include habituation, attenuated

response to repetitive neutral stimuli, and sensitization, enhanced

response to a neutral stimulus after experiencing a noxious stimulus

(Duerr and Quinn, 1982). In the associative tasks, the flies learn to

associate a sensory cue with either a negative or a positive reinforce-

ment (Quinn et al., 1974). The paradigm which has been used to date as

a screening assay for learning mutants, is an olfactory conditioning

task, in which the flies are required to avoid an odorant coupled to an

electric shock (Quinn et al., 197“; Dudai et al., 1976).

Five chemically induced X-linked mutants were isolated based on

their inability to learn or remember in the screening paradigm. These

mutants include dunce (dnc), turnip (tur), cabbage (cab), rutabaga (rut)
 

and amnesiac (amn) (Dudai et al, 1976; Quinn et al, 1979; Duerr and

Quinn 1982). While the dnc, tur, cab, and rut flies fail to learn the





 

 

shock-avoidance task, the Egg mutants learn normally but forget more

rapidly than wild-type (Tully and Gergen, 1986). However, careful

measurement of the initial levels of learning exhibited by the 922 and

gut mutants using a different paradigm indicated that these mutants show

appreciable levels of learning though not to the degree displayed by the

wild type flies (Tempel et al., 1983). Interestingly, though initial

learning levels differ among ggg, gut, and Egg, the memory retention

profile of gng and gut do not differ qualitatively from that of amg

(Tully and Quinn, 1985).

The memory retained in the ggg, gut, and amn mutants decays up to

three times faster than in wild type flies during the first 30 minutes

after training but levels off considerably afterwards and can be

measured more than three hours after training. On the other hand, it

was demonstrated in Drosophila that an anesthesia-resistant (long-term)

form of memory emerges immediately after training, reaching a maximum

level in 30 to 60 minutes (Quinn and Dudai, 1976). Taken together,

these results suggest that the gng, gut, and amp mutations affect

components of short-term memory, while leaving the long-term memory

processes substantially intact (Tully and Quinn, 1985). It has been

reported that both cab and Egg have fleeting memory (Dudai, 1983).

However, the abnormal behavior of these two mutants has not been further

examined.

Some preexisting mutant flies with either abnormal biochemical or

pigmentation phenotypes were found to be incapable of performing in the

screening paradigm. Among these mutants, 293, a second chromosome

mutation in the structural gene for dopa-decarboxylase, has been

reported to exhibit almost no learning (Tempel et al., 1984). Since the





 

Egg mutation reduces the levels of serotonin and dopamine, whose

synthesis requires normal activity of dopa-decarboxylase (Livingstone

and Tempel, 1983), it was suggested that either serotonin, or dopamine,

or both, is an essential component for learning (Aceves-Pina et al.,

1983; Tempel et al., 198A). In light of the studies of Egg, it is

interesting to note that the mutant ebony, which has twice the normal

dopamine levels (Hodgetts and Konopka, 1973), performs poorly in the

screening paradigm (Dudai, 1977). However, the effect of ebony on

acquisition and memory has not been analyzed further. Finally, yellow,

a mutation affecting the pigmentation of the larval mouth parts and of

the adult cuticle and derivative structures (Lindsley and Grell, 1968),

also perturbs performance levels in a similar paradigm as do several

other body color mutations (Tully and Gergen, 1986). The basis for this

is not understood.

Most of the mutants described above were initially assigned as

conditioning mutants on the basis of their performance in the screening

paradigm. However, it was later shown that some of these mutants are

defective in other types of behavior. These include habituation and

sensitization (Duerr and Quinn, 1982), leg-lifting conditioning (Booker

and Quinn, 1981), and modification of courtship behavior (Siegel and

Hall, 1979; Gailey et al., 1982; Gailey et al., 198A). The results

obtained with courtship experiments are of special interest, since in

this case a presumably naturally-occurring conditioning is tested.

Several types of experience-dependent modifications of courtship

behavior have been described (Gailey et al., 198A). For instance, male

flies previously paired with unreceptive fertilized females will

subsequently avoid courting virgin females, which, in contrast, are



 



courted vigorously by naive males. Surprisingly, mutants isolated on

the basis of defective olfactory conditioning were found to be mutant

also with respect to experience-dependent courtship behavior. It

therefore seems that Drosophila use their learning ability in natural

situations, and not only when conditioned in an artificial circumstance.

The biochemical defects associated with some of the mutants

isolated based on their poor performance in the screening paradigm have

been identified. The gng mutation affects a cAMP-specific form of

phosphodiesterase (PDE), resulting in abnormally high levels of CAMP

(Byers et al., 1981; Davis and Kiger, 1981). The biochemical and

behavioral phenotypes of 939 comap to chromomeres 3D3-3DA (Kiger and

Golanty, 1977; Kauvar, 1982). In contrast to ggg's biochemical

abnormalites, the rut mutation alters a Ca2+/calmodulin-dependent form

of adenylate cyclase, resulting in slight reduction in the cAMP content

(Livingstone et al., 198A). Both behavioral and biochemical phenotypes

of gut, like dug, comap to chromomeres 12E1-13A5 (Livingstone et al.,

1984). Mutant tug flies show abnormal neurotransmitter receptor binding

properties for serotonin and abnormal GTPase activity (Aceves-Pina et

al., 1983). More recently, protein kinase C activity is found to be

drastically reduced in the head homogenates from tug flies (Smith et

al., 1986). The tug learning deficit has been mapped to a region

between forked and carnation (Booker and Quinn, 1981), but the

biochemical defects have not been mapped. Thus, the possibility still

exists that separate mutations are responsible for the behavioral and

the multiple biochemical defects associated with tug. To date, no

biochemical abnormalites have been noted in gab flies. Nevertheless,

the fact that three of these independently isolated learning/memory
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mutants together with the learning-deficient Egg mutants (Tempel et al.,

198A) all affect components of the monoamine-activated adenylate cyclase

pathway strongly suggests a central role for the cAMP signaling system

in the learning and memory processes. This conclusion is clearly

consistent with the observation made in Aplysia (Kandel and Schwartz,

1982). It was shown that protein phosphorylation dependent on cAMP can

modulate synaptic action which underlies a simple form of learning.

Among the behavioral mutants isolated and charaterized to date, gng

is the most studied one and, hence, has the most advanced genetics and

biochemistry. There are six different alleles known for gng. Two Eng

mutant alleles were isolated on the basis of their inability to perform

in the paradigms described previously and these were designated dnc1 and
 

dncz. Furthermore, dnc2 also exhibits recessive female sterility (Salz
 

 

et al., 1982). It was later discovered that two female-sterile alleles

isolated by Mohler (1977) failed to complement the female sterility of

dncz, suggesting that dnc2 is an allele of these mutants. Since
  

Mohler's mutants were found to be defective in learning (Byers, 1981),

they were renamed as dncM11 and dnchu. In contrast, the dnc1 allele
 

does not cause female sterility. This was later shown to be due to the

presence of a dominant suppressor of female-sterility gene, su(fs).

located elsewhere in the dnc1 chromosome. When this suppressor is
 

removed by recombination, the dnc1 allele results in female sterility
 

(Salz et al, 1982). On the other hand, dncML was isolated by screening
 

males carrying a mutagenized X-chromosome for mutations causing a

decrease in cAMP PDE activity (Davis and Kiger, 1981) and dncCK was

 

selected on the basis of female sterility (Salz et al., 1982). The six

dnc mutants described here all fail to complement one another with
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respect to female sterility (Salz, et al., 1982) and were found to have

reduced cAMP PDE activity (Davis and Kiger, 1981).

The literature of the Drosophila PDEs has recently been reviewed

(Davis and Kauvar, 198A). Briefly, three forms of PDE have been

identified in adult flies and are designated form I, II, and III. The

form I isozyme is a Ca2+/calmodulin-regulated cyclic nucleotide PDE

(Yamanaka and Kelly, 1981) and hydrolyzes both cAMP and cGMP with each

acting as a competitive inhibitor of the other's hydrolysis (Kauvar,

1982). Limited proteolysis using trypsin activates this enzyme and

eliminates the Ca2+ sensitivity (Kauvar, 1982). The other major PDE

activity (form II) in fly homogenates appears to hydrolyze

preferentially cAMP and therefore is designated a cAMP PDE. Little is

known concerning form III. This form has been detected as a residual

cGMP hydrolytic activity in the presence of excess cAMP to inhibit form

I. This activity is more thermolabile than form I and is not sensitive

to Ca2+ (Kauvar, 1982).

Three lines of indirect evidence indicate that the gng locus codes

for form II PDE. First, the 939 mutations reduce or eliminate only the

form II activity (Byers et al., 1981; Davis and Kiger, 1981). This

biochemical defect of form II is observed in crude homogenates and in

purified preparations (Kauvar, 1982). Second, only form II activity is

proportional to the dosage of chromomere 3DA (Shotwell, 1983).

Furthermore, the increased activity of form II with increased dosage of

3DA is due to a change in the Vmax of the activity without altering the

Km as expected if the increased dosage merely increases the number of

the form II PDE molecules. Third, the dnc1 allele produces a form II
 

PDEase that is markedly more thermolabile than normal, and the dnc2
 





 

 

allele gives a kinetically altered enzyme (Kauvar, 1982). However,

several different molecules are known to regulate the PDEs

post-translationally (Hurley and Stryer, 1982; Sharma et al., 1978;

Strewler and Manganiello, 1979), hence the hypothesis that 222 codes for ‘

a molecule that interacts with and activates the PDE catalytic moiety

has remained a formal possibility.

Another phenotype conferred by gng mutation is female sterility

(Salz et al., 1982), which was briefly mentioned earlier. The reason

for this is unknown, but it was noted by Davis and Kauvar (198“) that

cAMP appears to be involved in amphibian oocyte maturation (Bravo et

al., 1978). On the other hand, elevated cAMP levels are associated with

meiotic arrest (Schcrderet-Slatkine et al., 1982). It is, therefore,

possible that meiotic arrest is the direct cause of female sterility in

the 922 mutants. Interestingly, the female sterility can be suppressed

without removing the form II PDE defect (Salz et al., 1982) and the

behavioral phenotypes by several different suppressor elements

(Shotwell, 1982) .

In order to unambiguously determine the nature of the gng gene

product and to further our understanding of the gene and its importance

in cyclic nucleotide metabolism and normal physiology, a molecular

analysis of the gng gene was launched. A cloning strategy was devised

to take advantage of the fact that a locus, §g§:£, which is

cytologically close to ggg, was previously cloned. The characterization

of the §g§;fl gene, which encodes one of the protein components of the

glue synthesized in the larval salivary glands, provided the molecular

probes to initiate a chromosomal walk to recover DNA containing the gng

gene. Overlapping segments of DNA cloned in bacteriophage lambda



 



 

spanning about 100 kb were isolated and characterized (Davis and

Davidson, 198A). Furthermore, since the gng gene was mapped to a single

chromomere 3DA, which is between the proximal breakpoint of a deficiency

chromosome Df(1)N6uJ‘15 and the proximal breakpoints of Df(1)N6“116 and

Df(1)N71h2u-5, Davis and Davidson (198A) have determined the molecular

limits of these deficiency chromosomes to assign the approximate

location of the gng gene on the cloned DNA. To delimit ggg further, an

approach was used to map gggE, presumably representing the Egg protein

coding region since the mutation produces an enzyme with altered kinetic

properties (Kauvar, 1982), by using restriction site polymorphisms as

genetic markers and by following the segregation of the polymorphisms

and dnc2 after meiotic recombination. In this manner, dnc2 was mapped
  

to an interval of 10 to 12 kb (Davis and Davidson, 1984).

Subsequent work by Davis and Davidson (1986) examined the

transcription from gng and identified a minimum of six polyadenylated

RNA species of 9.6, 7.”, 7.2, 7.0, 5.0, and A.2 kb as Eng transcripts.

This array of RNAs have the same polarity and share exon sequences. The

transcription unit(s) that give rise to this set of RNAs was shown to

correspond to the ggg gene based on the following grounds: (1) All the

transcripts have exon sequences residing within the region to which dnc2
 

mutation was mapped; (2) the RNA expression pattern in two null alleles,

dncM11 and dnchu, is altered (Davis and Davidson, 1986). Furthermore,

the coding region for £39 RNAs was tentatively delimited to an interval

of about 25 kb. Surprisingly, a fragment internal to this 25 kb region

hybridizes only to the 5.0 kb gng RNA transcript indicating differential

usage of exons by this transcript (Davis and Davidson, 1986).
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The developmental expression profile for these transcripts was also

examined (Davis and Davidson, 1986) and is as follows: The 5.0 kb

transcript is present throughout the development but increases in

abundance with ages. The 9.6, 7.“, 7.2, and 7.0 kb transcripts are not

present in early embryos but appear starting at later stages of

embryogenesis and following stages of development. In contrast, the “.2

kb RNA appears in early embryonic stages, disappears in the intermediate

stages of development, and finally reappears at adult stage.

The work described in this thesis represents a continuation of the

molecular characterization of the gng gene. In essence, efforts were

made to isolate complementary DNA (cDNA) clones representing the gag RNA

transcripts. These gag cDNA clones were sequenced and the amino acid

sequence of the presumed gng gene product was deduced. In addition, a

portion of the intron/exon organization was determined by aligning the

sequences of the cDNA and the genomic clones.

Chapter II describes the isolation and sequencing of clones

representing the 922 transcripts from several oligo-d(T)-primed cDNA

libraries. Two of the longest cDNA clones reveal a major open reading

frame, whose conceptual translation predicts a protein with a molecular

weight of 40,000. The deduced amino acid sequence is homologous to

other eukaryotic cyclic nucleotide PDEs. The homology, together with

prior genetic and biochemical studies, provides strong evidence that gag

codes for a PDE. In addition, homologies to the regulatory subunit of

cAMP-dependent protein kinase and the egg-laying hormone precursor of

Aplysia californica are noted. The intron/exon organization is deduced

and the results indicate that the open reading frame is divided in the

genome by four introns.
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Chapters III and IV describe the continuing efforts to elucidate the

structure of the gflg RNA transcripts. A primer-extension cDNA library

using a synthetic oligonucleotide was constructed and 18 clones

representing the ggg RNA transcripts were isolated from the resulting

library. Restriction mapping, hybridization experiments and sequence

analysis of these cDNA clones and the corresponding genomic exons

resolve these into five structurally distinct classes, each

representing a different transcript. The splicing patterns revealed by

various classes of cDNA clones indicate that complicated RNA processing

events underlie gng expression. Unexpectedly, two functionally

unrelated genes were found to be nested within one of the gng introns.

Two overlapping transcrition units for gng, one extending over a length

of 5” kb and the other over more than 107 kb, were identified and the 5'

end of the former transcription unit was defined by parallel S1 nuclease

mapping and primer extension experiments. In summary, characterization

of the ggg gene has elucidated a large portion of the gene's

architecture and also lead to a surprising finding of genes with a gene.

Thus, the complexity of the gng gene challenges our current view about

the organization of the eukaryotic genes in general and raises

interesting questions about the coordination of transcription and

processing of complicated transcription units.





Chapter II

MOLECULAR ANALYSIS OF cDNA CLONES

AND THE CORRESPONDING GENOMIC CODING

SEQUENCES OF THE Drosophila dunce GENE,

THE STRUCTURAL GENE FOR cAMP PHOSPHODIESTERASE

 

INTRODUCTION

Though prior genetic and biochemical data strongly suggest that gag

is the structural gene for form II PDE, the identity of the gag gene

product has remained ambiguous. To conclusively resolve this issue, I

have isolated and sequenced several cDNA clones representing the gng RNA

transcripts and deduced the primary structure of a putative gng gene

product. The predicted amino acid sequence of the ggg product is

homologous to both a bovine and a yeast PDE. Interestingly, homologies

to other proteins were also noted and will be described in this chapter.

A portion of the intron/exon organization for the £39 gene was deter-

mined by aligning the sequences of cDNA and the corresponding genomic

clones. The genomic sequence was determined by Sylvia Denome.

12
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MATERIALS AND METHODS

Library Screening

Four cDNA libraries in Agt10 and one in a plasmid vector were

screened. The adult cDNA libraries were obtained from T. Bargiello and

M. Young (Rockefeller) and L. Kauvar and T. Kornberg (UC, San Fran.).

Pupal libraries were from S. Falkenthal (Ohio State) and N. Davidson

(Caltech) and M. Goldschmidt-Clermont and D. Hogness (Stanford). We

also screened the embryonic library from Stanford. The most extensive

screening procedures were conducted with the Rockefeller library.

Approximately nine million phage were screened from this library. The

five independent clones obtained were each recovered more than once

suggesting that we have saturated this library. From one to four times

the number of independent recombinants present in the other libraries

wwesmwawm

DNA Sequencing

The inserts of the cDNA clones were digested with various

restriction enzymes and small fragments were subcloned into M13 vectors

for sequencing. The small cDNA clones were sequenced on both strands.

The clones, ADC1 and ADC7, were sequenced completely on one strand and

partially on the second, but the genome sequence has been obtained for

both strands.

Computer Analysis

The IBM-compatible programs (Lipman and Pearson, 1985) were used

for analysis of protein sequences. The nucleic acid sequences were
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analyzed with Staden's programs (Staden, 198A) which we have modified to

run on IBM microcomputers (unpublished). The Drosophila codon usage

table was compiled from known or suspected protein coding genes

recovered from GENBANK or the primary literature sources and include

DRAS1, DRASZ, ACT88F, ACT79B, DASH, DSRC, ADH, RPU9, CP1, CP2, YP1, YPZ,

HSP70, and SOS“. This codon usage table was used to compare with the

codon preference displayed by the gng open reading frame. The degree of

conformity upon such comparison is then used to evaluate the probability

of the open reading frame in question to be translated i_ vivo.
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RESULTS AND DISCUSSION

Isolation of dnc+ cDNA clones

The chromosomal region which contains at least a portion of dnc+
 

has been defined to approximately 50 kb by mapping the breakpoints of

chromosomal aberrations whose genetic residence relative to dnc+ is
 

known (Figure 1). Based on genetic criteria, the right breakpoint of

 

the Notch (g) deficiency, Dr(1)N5“J15, resides to the left of dnc+ and
 

the right breakpoint of Df(1)N6u116 resides to the right of or within

the gene. The coding sequences for the array of the large dnc+
 

transcripts extend from coordinate 21 to H6 as determined by RNA

blotting experiments (Davis and Davidson, 1986). Some internal regions

of the gene code for some of the RNAs but not others, indicating that

the RNAs are internally heterogeneous, probably due to alternative

splicing. In addition, these RNAs are found at very low steady state

abundance levels in the adult fly. Our estimates from semi-quantitative

S1 analysis (unpublished) put the abundance of these transcripts at no

more than 10'5 of the mass of the polyadenylated RNA fraction.

We screened five different cDNA libraries to recover cloned copies

of the gng: poly(A)+ RNA molecules (see Materials and Methods). Two of

these cDNA libraries represent the RNA population in adult flies, two

the RNAs found in pupae, and one represents embryonic RNA. Our previous

developmental RNA blotting experiments indicated that the complexity and

the abundance of dnc+ RNAs is greatest during the pupal and adult stages
 

(Davis and Davidson, 1986). Restriction fragments which are unique in
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sequence were nick-translated and used to screen the cDNA libraries.

These fragments are illustrated in Figure 1. In some screens, the probe

was a mixture of those genomic fragments shown; in others, only the

probe representing coordinates HO-UZ was used since this probe contains

the greatest sequence homology to dnc+ RNAs (Davis and Davidson, 1986).
 

Mixtures of fragments with some representing more 5' regions of dnc+
 

were included to help recover clones representing 5' regions of the

transcripts which arise from incomplete second strand synthesis during

cDNA cloning procedures.

More than ten million cDNA clones were screened from the five

different libraries with the dnc+ genomic probes. One positive was
 

recovered from the Stanford Oregon-R embryonic library and is designated

ORCN. Five more independent positives were recovered from the Canton-S

adult library constructed at Rockefeller University and these are named

ADC 1, 2, 3, 6 and 7. No positives were recovered from the other cDNA

libraries. The number of positives recovered confirm the low abundance

level of dnc+ RNAs. The Rockefeller library contains approximately one
 

million independent recombinants and we recovered five independent

clones, suggesting an RNA abundance level of about 5 parts per million.

The positives recovered from the screening procedures were analyzed

by restriction analysis to eliminate duplicate copies of the same cDNA

clone and to gain information about possible overlaps. The recovered

clones ranged in size from about 0.3 to 2.2 kb. All of these were

subcloned and sequenced.
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Fig. 1. The dnc+ chromosomal region. A restriction map of the dnc+
  

chromosomal region is shown. The region is defined by breakpoints

associated with the chromosomal aberrations, Df(1)N6uJ’15 and

Df(1)N6ui16, and the regions to which these breakpoints have been mapped

are indicated. A coordinate line measured in kilobase pairs is shown

above the restriction map. The break in the coordinate line indicates

the location of an insertion element found in the Canton-S strain but

not in other strains (Davis and Davidson, 198M). Coding regions for

dnc+ RNAs extend from coordinate 21 through coordinate M6, defining the
 

gene to at least 25 kb. The direction of transcription is from left to

right. The line segments below the map represent the genomic

restriction fragments which were used to probe the cDNA libraries.

These probes all have homology to dnc+ RNAs as determined previously by
 

RNA blotting experiments (Davis and Davidson, 1986).
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Two cDNA clones define a long open reading frame which has

characteristics of other protein-codigg genes

The physical relationships between the cDNA clones were established

by sequence comparisons between the clones and with the genomic DNA

sequence (see below). These relationships are illustrated schematically

in Figure 2. The two largest cDNA clones of about 2.0 and 2.2 kb

overlap by 1Au8 residues. The sequences of the smaller cDNA clones,

except for ADC2 and a portion of ORCN, are contained within the two

largest clones. The clone, ADC2, has been placed relative to the other

by comparing its sequence with that of the genomic DNA. ADC2 starts 656

bp 3‘ to the terminal nucleotide in ADC7. The cDNA clones probably

represent the 5.“ and/or the 7.2 kb RNA transcripts, since these are

found at higher abundance levels than other transcripts in the adult RNA

population (Davis and Davidson, 1986). None of the clones contain

poly(dA) terminus representing the poly(A) end of the RNAs and they do

not contain sequences representing the 5' end of dnc+-encoded
 

transcripts.

The cDNA clone isolated from the Oregon-R embryonic library (ORCH)

has a 508 bp deletion when aligned with the Canton-S cDNA clones, ADC6

and ADC7. The terminal sequences of this deleted DNA found in the

Canton-S clones are not consensus splice sites, so this deleted DNA

apparently does not represent an intron which was not removed from the

RNA templates of the Canton-S clones. It seems more likely that this

represents divergence in genomic sequences between different fly strains

which is reflected in the RNA transcripts from which the cDNAs were

derived. The existence of such internally deleted sequences suggests

that the deletion is nonessential sequence information, possibly the
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Figure 2. Alignment of dnc+ cDNA clones. The line segments represent
 

the extents of the dnc+ cDNA clones and their overlap determined from
 

sequence comparisons. The location of the long open reading frame

defined by ADC1 and ADC7 is depicted. The position of ADC2 was placed

relative to other cDNA clones by aligning the sequence of the cDNA

clones with the genomic sequence. The dotted line within ORCA

represents the segment found in the Canton-S genome sequence but missing

in this cDNA clone recovered from an Oregon-R library. The tail of ADC3

represents sequences not found in the dnc+ chromosomal region. The open
 

arrow of ADC6 represents sequences at the 5' end of this clone which

belong at the 3' end in an inverted orientation (closed arrow). This

organization stems from a cDNA cloning artifact.
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3'-untranslated portion of the RNA molecule. The presence of a long

open reading frame 5' to this deletion (see below) confirms this

position.

Two other cDNA clones have unusual organizations. ADC6 does not

entirely represent an authentic dnc+ transcript. One hundred residues
 

found at the 5' end of the dnc+ RNA-like strand in this clone actually
 

represent the same number of residues in the RNA-complementary strand

immediately 3' to the end of the cDNA clone. This was discovered with

knowledge of the genome sequence and this type of artifact has been

observed and explained by others (Volckaert gt al., 1981). The clone,

ADC3, has a tail of about 170 residues which are not found in the dnc+
 

chromosomal region (Figure 1) as determined by sequence analysis and

hybridization experiments. The genomic sequence at the point of

nonhomology with ADC3 does not correspond to a consensus splice site

(not shown), so the tail may not represent dnc+ sequence information.
 

From the sequences of ADC1 and ADC7 we have been able to obtain

significant information about a dnc+-encoded protein. The RNA-like
 

strand of these clones defines an open reading frame of 1086 nucleotides.

The sequence of the open reading frame with some flanking sequence and

the amino acid sequence of the predicted translation product is

presented in Figure 3. Using the first ATG as the start and translating

the open reading frame through to the first in-phase stop codon wOuld

produce a protein molecule of U0,000 daltons. The first ATG does not

exhibit upstream sequences characteristic of eucaryotic initiator codons

(the consensus sequence is CCA/GCC; Kozak, 198A). The second ATG in the

open reading frame resides 30 nucleotides downstream from the first, but
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Fig. 3. Sequence of the long open reading frame in dnc+ cDNA clones.
 

Residue 1 is the first nucleotide of the first exon located in the 2.5

kb Higd III/Egg RI fragment (Fig. 6). The sequence flanking the open

reading frame is shown in lower case letters. Stop codons are marked

with asterisks, including the in frame stop codon 5' to the first ATG.

The boundary sequences and the sizes of the introns are shown above the

position at which introns interrupt the cDNA sequence.
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this one also does not have characteristic initiator codon sequences.

We tentatively assign the first ATG as the initiator codon because of

the known preference to utilize the first ATG.

The size of the open reading frame immediately suggests its

occurrence is not fortuitous and that it is probably translated into a

protein molecule. The DNA sequence of the long open reading frame was

analyzed for codon usage with computer graphics (Staden, 1984) by

comparison to a codon usage table compiled from 1A different Drosophila

protein-coding genes. Much of the sequence of the long open reading

frame conforms to the codon usage bias of other Drosophila

protein-coding genes. However, some regions of the long open reading

frame score relatively low with respect to codon preference, especially

the region from 620 to 730 and 1330 to the stop codon. The dnc+ open
 

reading frame also displays the base periodicity expected for a

protein-coding sequence (Staden, 198A; Fickett, 1982). These analyses

demonstrate that the dnc+ open reading frame exhibits the properties of
 

other protein-coding genes, so we conclude that the open reading frame

is very likely to be translated lg vivo.
 

Two unusual features of the open reading frame are to be noted.

First, the region from 620 to 730 has an AT content of about 70 percent,

which is quite high for protein-coding regions. This high AT content is

reflected in the unusual codon usage for the region as we noted above,

and is confined to a single exon (Figs. 3 and 7). Second, the

carboxy-terminal sequence of the predicted protein is produced by a

series of codon repeats. Thirteen of 20 codons between residues 1261

and 1320 correspond to a GPurineN motif. This results in a highly

acidic region of the protein, since half of the amino acids of the
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twenty are glutamic or aspartic acid residues. Region 1321 to 1350 is

composed of mostly ACN codons, coding for 8 threonines out of ten. The

region 1372-1399 is formed from GGN codons which translate into a string

of nine glycine residues. The significance of the codon repeats is

unknown.

The dnc+-encoded protein is homologous to bovine and yeast PDEs

Because prior genetic and biochemical analyses suggested that dnc+
 

codes for cAMP PDE, we compared the sequence of the putative translation

product with the partial protein sequence of the CaM PDE from bovine

brain (Charbonneau et al., 1986) and the conceptual translation product

of the yeast PDE2 gene (Sass et al., 1986). One segment from the CaM

PDE of 5” residues is strikingly homologus to the dnc+ translation
 

product. Within a stretch of 57 amino acids of the dnc+ product there
 

exist 32 amino acids which match the bovine PDE sequence for an identity

value of greater than 50 percent (Fig. A). A contiguous stretch of 12

amino acids within this region is completely conserved between the

bovine PDE and the dnc+ gene product. The dnc+ gene product is more
  

weakly homologous to the product of the yeast PDE2 gene. These

homologies are explored in more detail in the companion paper by

Charbonneau et al. (1986). Most importantly, these homologies, along

with the prior genetic and biochemical evidence, conclusively identify

dnc+ as the structural gene for cAMP PDE.
 

A short, but perfect homology is found between the dnc+-encoded PDE and

a regulatory subunit of cAMP-dependent protein kinase which localizes

sequences potentially involved in binding cAMP

Since the cAMP PDE must contain residues which bind the substrate

molecule cAMP, we compared the sequence of the dnc+-encoded PDE with the
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Fig. A. Highly conserved region between the dnc+-encoded protein and
 

bovine PDE. Residues 196-252 of the dnc+ translation sequence (Fig. 2)
 

are aligned with a portion of the sequence of bovine CaM PDE.
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dncPDEzRWVA EEFFLQGDKERESGMDISPMCD

CaMPDE:RWTM EEFFLQGDKEAELGLPFSPLCD

dncPDE: HNATIEKSQVGFIDYIHELWETWASL

CaMPDE: KSTMVAQSQIGFIDFIVE ——— FSLL
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sequences of known cyclic nucleotide binding proteins. These include

the E. coli catabolite gene activator protein (CAP), the mammalian
 

regulatory subunits of type I (RI) and II (RII) cAMP-dependent protein

kinase, and cyclic GNP-dependent protein kinase (cGK). Each of the

latter three proteins binds two molecules of cyclic nucleotide probably

through two homologous domains.

Although no extended homologies were found, the dnc+-encoded PDE
 

does exhibit a short but interesting homology to RII. The homology is

confined to a small region of 7 contiguous amino acids which are shown

in Fig. 5. Others have demonstrated that unrelated proteins

occasionally exhibit octamers of perfect homology (Wilson, 1985), but

there are two reasons for believing that this identical heptamer is more

than a fortuitous match. First, the heptamer contains a tyrosine and a

methionine, two amino acids which are relatively rare in protein

molecules. The occurrence of two infrequently used amino acids in the

conserved heptamer makes its fortuitous existence less likely. Second,

the conserved heptamer in R11 is thought to interact with the bound cAMP

molecule because it aligns with sequences in CAP which by

crystallographic studies are known to be close to bound cAMP (Weber et

al., 1982). Fig. 4 also illustrates related sequences in the two

homologous regions of RI and 00K which have been proposed to be part of

their respective cyclic nucleotide binding domains (Titani et al., 198A;

Takio et al., 198A). Therefore, we propose that the short but perfect

homology is part of the cyclic nucleotide binding site in cAMP PDE. As

in CAP, the complete cAMP binding site in PDE may be comprised of A-5

separate subsegments which when folded form the cAMP pocket (Weber et

al., 1982).

.u...- _—..- .. .
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Fig. 5. Homology between a portion of the dnCT-encoded PDE and cyclic
 

nucleotide binding proteins. The dnc+ PDE residues 81 to 91 are aligned
 

with the identical sequence in RII. Also shown are similar sequences

from other cyclic nucleotide binding proteins. The designations (a) and

(b) refer to sequences within the two homologous domains of RI, RII and

cGK.
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A region of dnc+-encoded protein is weakly homologous to the precursor

of the Aplysia californica egg-layipg hormone

We searched the protein library for other proteins homologous to

the dncT-encoded PDE. One other protein in this library consistently
 

met criteria suggesting a remote, but possible relationship to a portion

of the PDE molecule. Surprisingly, this homologous protein is the

precursor of the Aplysia californica (A. pal.) egg-laying hormone (ELH)

(Scheller et al., 1983).

ELH is synthesized as a larger precursor from which the

neuropeptide is released by cleavage at two sets of dibasic amino acids.

The homology between the dnc+-encoded PDE and the ELH precursor extends
 

across the ELH peptide and into the region which encodes the carboxy

terminal portion of the precursor (Fig. 6). Fifteen residues are

identical between the PDE and ELH precursor over a stretch of U7 amino

acids, giving an identity value of more than 30 percent. Statistical

analysis of the homology (Lipman and Pearson, 1985) produced Z values

consistently greater than 9 after optimization. This value is believed

to indicate a possible relationship.

The locations of the dibasic amino acids at which the ELH precursor

is cleaved are shown in the Figure. Inspection of the homologous

portion of the PDE shows that the basic amino acid pairs, lys-lys, are

found at about the same positions as the dibasics in the ELH precursor

when the two sequences are aligned. One additional dibasic (arg-lys) is

found in the PDE at the beginning of the homology.

We regard the potential evolutionary and functional relationship

between the dnc+ gene product and the A. cal. ELH precursor as
 

speculative, because it requires invoking a novel organization to the







33

Fig. 6. Homology between a portion of the dnc+-encoded PDE and the ELH
 

precursor of A. cal. Residues 117-173 of the dnc PDE is aligned with a

weakly homologous segment of the precursor to the A. cal. ELH. The
 

dibasic cleavage sites in the ELH precursor and the potential cleavage

sites in the PDE are underlined.



 



dnc

ELH:

L A D L K T M V E T

L A D L R Q R L L E

EEVAGSGVLLL

KGERSSGVSLL

D N Y T

T S N K

S T D M S K H M S L

T E Q I R E R Q R Y

R I

E E

dnc

ELH

M

S

0550120?ng

AAISINQDLK

M V I

A I T

I V

M L

L

L

 

E i
n
.



35

dnc+ gene as discussed below. However, certain biological
 

considerations discussed below open the possibility that the structural

homology is meaningful.

The dnc+ protein-coding sequence is interrupted by four introns

As part of our structural studies of the dnc+ gene, we have
 

sequenced the 25 kb coding region with the exception of a large intron

which resides between coordinates 31.6 and 33.7 in Fig. 7. The complete

sequence of the gene and the intron/exon organization of its 5' region

will be presented elsewhere, but here we present the genomic

organization of the sequences which encode the long open reading frame.

Comparison of the genome sequence with that of the cDNA clones

reveals that the coding sequences for the PDE open reading frame are

interrupted by four intervening sequences. The locations of the introns

and their boundary sequences are shown in Fig. 3 and are illustrated

schematically in Fig. 7. All of the introns display boundary sequences

conforming to consensus splice sites. The proposed initiator methionine

codon is located on an exon of 26“ base pairs, which we designate exon 1

of the protein-coding region. The second exon contains the RII homology.

The ELH homology resides on the third exon with the exception of the

amino-terminal dibasic residues illustrated in Fig. 6, which are split

by an intron. The major PDE homology (Fig. A) is found on exon A, but

lesser homologous regions are encoded by each of the other exons, with

the exception of exon 5 (Charbonneau et al., 1986). This exon contains

the codon repeats as well as the stop codon.



 





Fig. 7. Intron/exon organization of the genomic region which codes for

cAMP PDE. The coordinate system and restriction fragments which contain

dnc+ coding sequences are illustrated (R=Eco RI, H=Hind III, B=Bam HI).
 

Exons defined by the cDNA clones within the region of the gene analyzed

here are depicted in the expanded view of the 3' portion of the gene.

The locations of various landmarks including the RII homology, the ELH

homology, and the highly conserved segment to bovine PDE are shown.
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FURTHER DISCUSSION

Molecular studies of Drosophila behavioral mutants have produced

some important information regarding the biochemical processes potenti-

ally underlying behavioral plasticity. The dnc+ gene. WhiCh was the
 

first gene identified to play a role in learning/memory processes;

encodes a component of the cAMP metabolic system, namely the enzyme

cAMP PDE. The genetic and biochemical data heretofore have suggested

this relationship but alternative explanations have also been considered.

For example, previous evidence was compatible with the possibility that

dnc+ codes for a molecule which regulates the PDE post-
 

translationally, and yet potentially played some other role in neuronal

physiology important for normal learning and memory. We present data in

this paper which demonstrate sequence homology between the predicted

translation product of dnc+ and the amino acid sequences of other PDEs.
 

These data assign dnc+ as the structural gene for cAMP PDE with
 

certainty.

The size of the open reading frame is large enough to code for a

molecule of about “0,000 daltons. Previous experiments to estimate the

molecular weight of cAMP PDE have been ambiguous. From gel filtration

experiments, the molecular weight has been estimated to be between

60-69,000 daltons. Velocity sedimentation experiments give values of

between 35-45,000 daltons. The purified enzyme, or a proteolytic

fragment of the enzyme, travels upon electrophoresis as a molecule of

about 35,000 daltons on SDS-polyacrylamide gels (Davis and Kauvar, 198A;





39

Kauvar, 1982). The information presented here indicates that those

estimates around “0,000 daltons are correct; and that the estimates of

greater than 60,000 may be due to formation of structure other than

spherical shape during gel filtration, the association of the PDE with

other components during filtration, or other causes.

The homology between the bovine CaM PDE and the dnc+-encoded PDE is
 

substantial and includes a subsequence of 12 amino acids which are

identical between the two PDEs. This is extraordinary considering that

the two PDEs are representatives of the PDE enzyme family from different

phyla as well as being different isoforms of the enzyme. The bovine PDE

hydrolyzes both cAMP and cGMP with some preference for cGMP as

substrate, and is regulated by Ca2+ and calmodulin. The Drosophila

enzyme is specific for CAN? as substrate and is not sensitive to the

modulator calmodulin. Interestingly, the dnc+-encoded PDE is more
 

homologous to the bovine CaM PDE than to the yeast PDE (Charbonneau et

al., 1986), even though the yeast PDE is like the dnc+ PDE in being
 

specific for cAMP and insensitive to calmodulin.

The search for sequences conserved between the dnc+ gene product
 

and cyclic nucleotide binding proteins did reveal a short but perfect

homology with the RII subunit of cAMP-dependent protein kinase. The

sequence glu-leu-ala-leu-met-tyr-asn is found in the dnc+ PDE, which is
 

also found in RII. This sequence in the RII protein aligns with the

corresponding sequence in CAP which has been found by crystallographic

analysis to reside close to cAMP. Thus, it corresponds to one of the

4-5 subsegments dispersed throughout CAP which fold to form the cAMP

binding site; we have, therefore, concluded that this heptamer is

probably part of the cAMP binding site in the dnCT-encoded PDE molecule.
 





HO

These residues apparently do not interact with cAMP directly. Instead,

the corresponding glutamic acid residue in CAP, which resides in a loop

structure, is thought to form an internal salt bridge with the ‘

guanidinium group of an arginine located in a long alpha helix (McKay et

al., 1982). Interestingly, we did not detect homologies with

subsegments which might interact with a bound cyclic nucleotide

directly.

A search of the Protein Database identified a weak homology between

the dnc+-encoded PDE and the A. cal. ELH precursor. We should like to
 

stress that some proteins with no obvious biological relationship can

exhibit much greater homology (Lipman and Pearson, 1985) than the A.

93A. ELH precursor has to the Drosophila PDE, but several considerations

are compatible with the possibility that this remote homology is more

than coincidental. In addition to the structural features noted above,

an intriguing point consistent with a functional role of the homologous

segment is that App females are sterile, and this sterility is due in

part to their failure to lay eggs. Additionally, the female sterility

is suppressible by other genetic elements independently of the other App

phenotypes, consistent with the possibility that dnc+ has at least two
 

different functions. It is also interesting that the ELH homology is

nested within the PDE molecule; but it is confined to its own exon, so

that via alternative splicing one of the dnc+ transcripts might code for
 

ELH separate from the PDE molecule. These possibilities are currently

being tested.

We have previously described the complexity of the dnc+ locus with
 

respect to its transcripts (Davis and Davidson, 1986). The six

transcripts with sizes ranging from 4.5 to 9.6 kb are more and larger
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than that necessary to code for the enzyme, cAMP PDE. The possibility

that dnc+ encodes more than one function cannot be eliminated with our
 

current understanding of the locus. We expect to gain further

information about the structure and function of dnc+ RNA molecules by
 

isolating cDNA clones constructed by primer-extension methods.





Chapter III

AT LEAST TWO GENES RESIDE WITHIN A

79 kb INTRON OF THE DROSOPHILA DUNCE GENE
 

INTRODUCTION

Partial molecular characterization of the App gene presented in

Chapter II, along with prior genetic and biochemical studies, provided

compelling evidence that the gene codes for the enzyme, cAMP

phosphodiesterase. The observation that the gene codes for at least six

overlapping poly(A)+ RNA molecules ranging in size from 4.2 to 9.5 kb

(Davis and Davidson, 1986; Fig. 10), has suggested that the gene is

extraordinarily complex. I present in this chapter the sequence of a

App cDNA clone and the corresponding genomic coding regions to document

an elaborate organization of the App gene. The cDNA clone defines App

exons which are separated by an enormous intron of 79 kb. More

importantly, at least two other genes are shown to reside within this

large intron, including the well-defined glue protein gene, Sgppfl. These

results increase our appreciation of the complexity of the App locus and

eukaryotic genes in general, and impact upon our understanding of the

evolution and regulation of eukaryotic genes and the processing of their

primary RNA transcripts. The analysis of RNAs from the App region was

performed by Ron Davis and the data concerning the Elfill gene was

provided by Tom Malone and Steve Beckendorf at University of California,

Berkeley.

A2
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MATERIALS AND METHODS

Construction of a primer-extension cDNA library is detailed in

Chapter IV. All the recombinant DNA techniques involved were described

(Maniatis et al., 1982). Dideoxy sequencing using 358 was performed

according to the method described by Biggins et al. (1985) with minor

modifications.
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RESULTS

The dunce locus was isolated as overlapping clones representing
 

genomic segments extending rightward from the nearby gene, Sgs-4 (Davis

and Davidson, 1984; Fig. 8). We identified a genomic region of

approximately 25 kb (coordinates 21-46 in Fig. 8) as containing exons of

the dunce RNA molecules by RNA blotting experiments (Davis and Davidson,
 

1986), isolated cDNA clones from oligo-dT-primed cDNA libraries (Chen et

al., 1986), and sequenced the cDNA clones and the genomic region from

coordinates 21-46 (Chen et al., 1986). The cDNA clone, ADC1 (Fig. 8),

defines exons 5 through 13, as well as the open reading frame which

encodes the cAMP phosphodiesterase enzyme. However, because the longest

cDNA clone previously isolated was only 2.2 kb, and the smallest dunce
 

POlY(A)+ RNA molecule is 4.2 kb, we sought cDNA clones representing more

of the 5' sequence information of dunce RNA molecules.
 

To isolate cDNA copies of the 5' regions of the dunce RNA molecules,
 

we constructed a primer-extension cDNA library. Eighteen cDNA clones

representing dunce RNAs were recovered from this library and analyzed by
 

restriction mapping, sequence analysis, and hybridization experiments to

genomic clones. One clone, named 863, is described in detail here. The

sequence of 863 defines exons 3, 4, 5, and part of 6 upon comparison with

the genomic sequence. However, 863 contains an additional 1.1 kb of

sequence information not found in the genomic region from coordinates 21

to 46, suggesting that there are other exons to the left of exon 3.

Approximately 80 kb of genomic sequence contained in clones to the left
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Fig. 8. Schematic of the 3C6-3E5 chromosomal interval showing Sgs-4 at

chromomere 3011-12 (McGinnis et al., 1980); and dunce and the comple-
 

mentation group, App, both of which have been mapped cytogenetically to

chromomere 3D4 (Salz et al., 1982). The expanded view of the genomic

DNA within the 3C11-3D4 interval is mapped in AAdeII fragments relative

to an arbitrary coordinate system from -50 to 50 (Davis and Davidson,

1984). Each unit of the coordinate system represents 1 kb. The

numbering does not include a 7.3 kb insertion element which resides

between positions 2 and 5 (Davis and Davidson, 1984). dunce exons
 

numbered 1 to 13 are illustrated below the restriction map along with

the locations of other genes. The dunce exons are defined by the cDNA
 

clone, ADC1, previously isolated from an oligo-dT-primed cDNA library

(Chen et al., 1986); and 863 (this study). ADC1 contains the open

reading frame (ORF) for the cAMP phosphodiesterase. The limits of sam

are shown.
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of exon 3 was surveyed by hybridization with 863. Only the 2.9 kb

AldeII fragment at coordinates -48 to -51 was found to hybridize. A

major portion of this 2.9 kb genomic fragment was sequenced and aligned

with the sequence in 863 (Fig. 9). The alignment reveals two additional

exons, designated 1 and 2, which are separated by a small intron of 98 bp.

In contrast, exons 2 and 3 are separated by an enormous intron of about

79 kb. All of the intron/exon junctions conform to the consensus

sequence of splice sites, indicating that 863 represents a portion of an

authentic dunce RNA molecule and not a cDNA clone with an artifactual
 

arrangement.

RNA blotting experiments confirm the authenticity of 863 and assign

exons 1 and 2 as coding for the 9.5 kb RNA and at least one of about 7.2

kb. Single-stranded probes representing the RNA-complementary sequence

or the RNA-like sequence of exons 1, 2 or 6, were used to probe blots of

the poly(A)+ RNA population of adult flies (Fig. 10). A probe

representing the RNA-complementary sequence of exon 6 hybridizes to all

molecules previously assigned as dunce RNAs (Davis and Davidson, 1986),
 

showing that each dunce RNA utilizes this exon. In contrast, probes
 

representing the RNA-complementary sequence of exons 1 and 2 hybridize to

the 9.5 and 7.2 kb RNAs, showing that only a subset of the Apppp poly(A)+

RNAs utilize these exons. RNAs other than 9.5 and 7.2 kb are also

detected by probes of exons 1 and 2, but we currently have little

information about the nature of these molecules.

A surprising picture emerges when the structure of dunce as defined
 

by 863 is superimposed upon the known location of other genes in the

region. The Sgs-4 gene was previously assigned to coordinates -44 to -45

in Fig. 8 (Muskavitch and Hogness, 1982; McGinnis et al., 1980). This
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Fig. 9. Nucleotide sequence of exons 1, 2 and a portion of 3 aligned

with the corresponding genomic sequences (Fig. 8). Portions of the

sequence shaded in dark gray indicate the sequences found in 863. The

terminal nucleotide in 863 is not the 5' end of exon 1 as S1 experiments

have shown that the exon continues to a probable splice-site 381

residues more 5' to the end of 863. This region is shaded light gray.

Primer-extension experiments also reveal that at least one dunce RNA
 

contains approximately 500 more nucleotides coded for by exons upstream

of exon 1 (see Chapter IV).
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aaatatacaatagaacacgtttaaaggccaaatcatgtgtagatgaagaattgtatattttgtgactaaaccactcttgaatatggttga

aaaaaaaaaaaagaaatttatattgatataagTATTTGGUTCTCTGCATTTTTAGCATCGCGNCAGTGGCAGTAGCMCGGCACCGGAA

ACGGAAGCGGGACCGGMACGGCCAGGGATTAGGTGGCAGCTGCAGTGCCMCGGCCTGGCAGCCAGTGGCGGCGTTGGAGGGGGCGGTG

GGAGTGGCAGCGGCGGCGGTGGGTGT65CAGCGGGAGTGGCAGTGGGAGTGGCAAGCGGAMTCMAGGCMGMCAMGTGCTTCGGTG

GCACAGTGTTTCGGTGTTGCCTCCCTTGTCCGGGGGCGCTCCGCAGCCCCCGCCACMGTCCGCCCCMACACCAGCCCAGACGCCGGAC

GAGCTCMGGTCATTCCGGAGGATTGTAATCTGGAAMGTCCGCGGAGCMAASCGCGACTTACTGGAGCGGMCMCAAGGAGGACGAT

CT6171’WCGEACCEEATECGGATCTGAGCTGGATCTATACGGCGGCGGCCGGCGGCGGTACGMMAGCATTCGCTGGCAGACACCAT

CGATACATCGGTGACCACCCCEATTTCCTTMAGACCCTGATCMCGACETEEACGABGAGCTGGACCAGCAACTGAGTGCGGCGGATAT

ABCAGCCGCCAG'ITTGGCCAGCGGTCT6611'GCCCGCCGAGCGGMCCAGMACACTGAGCGACGCCAGTGTCTCACCCACCGCGGTGGT

GCAGCAGCAGCAGCAGCTGCAGCMCCACTCTTGCMTCACMCCACATFFTGTGCCCAGCAGCGGCAATATCCTTAGCCAGGTCACCCT

GTACAGCGGCAGCMTCCCICGACMATCCCTGCCAGAGTGCAGTGCABMTCMGGCCMACTCCMTCCCAATCCCAATCAGAKTCCA

AACACMATCCGMCCAGMTCMCAGCGTTGCAGTTBCCAGCCGCAGACTTCCCCATTGCCGCATATCAMGAGGAGGAGGMTCCGAT

CAEGCCAACTTTMACACCAGACGAGCCTGMBSAGCATCAGCCTCTCCCGCCACCGATCACCATAGCCACTGGCTACTGCGGCAGCTGC

WMTWUTWWWTMTWTWGWHATAUMgtagg.

3‘; ,,._q . 4.1-».R

ttggttgcattcaattaagatgcaaatattcaaatatatttaccaatatatgtatatccgtgattaatgtttatattgttttattgccga

tagiflTCTTCBACGCCCTCGCCGCGCA I IAMGTTWCCTGCTGGTCSCSMTCGTCCTTGCGCCC

DGATCBGCGGGTGBCTCCT«12331:?anETCAUGGCAGCAAWHTGGCCTCCAGCAGCACCACCGBCGGC

'1 ‘ cmmmfirmwmmmcmmmmmmm

'1 (TA TCGCAGCTSCIWTWAGEERTEATCSGTGACCTSCAGMGTACCATAGTCGGTATC

1TCAAGAATCGTCGCCATACTCTGGCCMT6TTCthgagttctgatcctttatgtaaatataatatacccaattgaattcgttttcatgt

 

 

  

  

 

ctgaatataatatataatgaatataatataattatatatgaatataatgacacaggtttta ....... .. 78.5 kb .. . .....

. . . . . .acaaatatcttatttacttatacatatatctacaattaattggcattgcaaaagcatgctaatcgaattttctcaacattatcg

-: _ mmmwgw'u5.22:2:

_. ‘IWMTWWWGGWMW.....'..5
ais»: .“hfiv‘fi  
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Fig. 10. Analysis of RNAs from the dunce region. At the top is shown a
 

schematic of dunce exons 1 through 6 aligned on a partial restriction
 

map. Compare with Fig. 2 for the locations of restriction sites within

the sequence of exons 1 and 2. Single-stranded probes a-g were used to

probe blots of 10 pg of adult poly(A)+ RNA after fractionation by

denaturing gel electrophoresis. dunce RNAs were previously sized (Davis
 

and Davidson, 1986) as ranging from 4.5 to 9.6 kb and the RNA from

coordinates 17-20 as 1.8 kb relative to E. coli rRNA standards. The

revised sizes indicated here were obtained relative to the BRL RNA

ladder.
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places Sgs-4 as part of the 79 kb intron of the dunce gene. Sgs-4 is a
 

well-characterized gene coding for a protein component of the glue

produced in the larval salivary glands (Muskavitch and Hogness, 1982;

McGinnis et al., 1980). It is expressed primarily in the glands of late

third instar larvae and is transcribed in the same direction as dunce.
 

The transcriptional unit of Sgppfl has been rigorously defined with its

promoter at coordinate -45.6 (Muskavitch and Hogness, 1982). All of the

cis-acting elements necessary for a high level of expression, dosage

compensation, and normal spatial and temporal specificity have been

defined within the sequence between 840 bp 5' and 130 bp 3' of the

transcription unit (McNabb and Beckendorf, 1986). In addition, a

partially characterized gene called Elfill (preAntermolt gene-1) is

located just distal to §gppA (McNabb and Beckendorf, 1986), and therefore

also lies within the large intron of dunce. Like Sgs-4, Pig-1 is
 

expressed primarily in larval salivary glands, but its expression begins

earlier and peaks in second, rather than third, instar (Fig. 11). The

Elfill transcriptional unit is about 630 bp long and lies just 840 bp

distal to §gppA between coordinates -46.4 and -47.0 (B. Rogers and

S.K.B., unpublished). It encodes an approximately 750 bp poly(A)+ RNA

 

that is transcribed from the opposite strand as dunce or Sgs-4 (Fig. 11).

Interestingly, neither of these two dunce-intronic genes has introns of
 

its own (Muskavitch and Hogness, 1982; S. Beckendorf, personal

communication). This may be significant since Sgs-4 is the only one of

the five characterized Sgs genes which lacks introns.
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Fig. 11. Location of the Elfill gene and its pattern of spatial and

developmental expression. The upper portion of the figure is a diagram

of the gigpl and §gppfl genes aligned on a partial restriction map.

Panel a shows the tissue specificity of Blgpl transcription. A

single-stranded RNA extending in the 5' to 3' direction and representing

a unique genomic sequence from the left EppRI site to the right AApHI

site was used to probe a blot of RNA from dissected salivary glands (SG)

or from larval carcasses remaining after the salivary glands had been

removed (CAR). To confirm the orientation of the 31821 gene, the

opposite strand was used to probe a similar blot. No hybridization was

detected in this case. Panel b shows the temporal regulation of

Elfill' A nick-translated probe containing the same AppRI-BApHI-AAAHI

sequence was used to probe a blot of RNA from embryos (E), first,

second, and third instar lavae (L1,L2,L3), pupae (P), and adults (A).

Each lane contained 32 ug of total RNA.
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DISCUSSION

There is suggestive evidence that other genes may reside within the

79 kb intron of dunce. For example, a single-stranded probe
 

representing a unique sequence at coordinates 17-20 hybridizes to a 2.0

kb transcript in adult flies (Fig. 10). This transcript is encoded by

the same strand as dunce but shows a distinct developmental expression
 

profile, existing at detectable levels only at the 3rd larval instar and

later (Davis and Davidson, 1986). In contrast, most of the dunce RNAs
 

reach detectable levels during embryogenesis or the 1st larval instar.

Therefore, this RNA appears to be encoded by a transcription unit

distinct from dunce. Moreover, a genetic complementation group called
 

sam (pperm-Apotile) can be placed close to or within the large intron of

dunce. Mutations which define this complementation group cause male
 

sterility and these have been placed genetically to the right of the

right breakpoint of the chromosome Df(1)N6u~j15 (Salz et al., 1982), for

which the molecular breakpoint is within coordinates -2 and 0 (Davis and

Davidson, 1984). The right limit of App is the open reading frame of

dunce, since sam mutations map genetically to the left of dunce
  

mutations (Salz and Kiger, 1984) which alter the Km or thermostability

of the cAMP phosphodiesterase (Kauvar, 1982; Davis and Kauvar, 1984),

and therefore must reside within the protein coding region. It is

possible that the 2.0 kb transcript from coordinates 17-20 corresponds

to the sam complementation group.
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Previously mapped chromosomal breakpoints allow a minimum estimate

of the chromosomal domain occupied by dunce. Sgs-4 has been placed in
 

chromomeres 3011-12 by its molecular location relative to that of

chromosomal abberations which break in this region (McGinnis et al.,

1980). Similarly, exons 3-13 of dunce reside between chromosomal
 

breakpoints located on either side of chromomere 3D4 (Chen et al., 1986;

Davis and Davidson, 1984). Therefore, dunce must extend over a minimum
 

of five polytene chromosome bands.

Several other eukaryotic genes are known to have unusual, but less

elaborate organizations. For example, adjacent genes transcribed in

opposite directions which overlap at their 3' ends have been described in

the mouse (Williams and Fried, 1986) and in Drosophila (Spencer et al.,

1986). A cuticle protein gene has been found to be embedded within an

intron of the Gart gene of Drosophila (Henikoff et al., 1986). More
 

recently, a gene was discovered which is encoded from the opposite strand

of the gonadotropin-releasing hormone gene of the rat (Adelman et al.,

1987). One might argue that genes with large introns, such as dunce, are
 

likely to contain biologically- important information within the introns.

However, the Antennapedia gene of Drosophila contains several introns as

large as 60 kb, but no other genes have been found to reside within these

(Schneuwly et al., 1986). Structural organization exemplified by dunce
 

poses several questions regarding the regulation and evolution of genes

and the processing of their primary transcripts. First, is there any

relationship between the expression of dunce and the genes within dunce,
 

 

or are the expression patterns completely independent of one another?

Second, how has this organization evolved? Perhaps the genes within the

large intron have transposed between dunce exons, or alternatively, exons
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1 and 2 of dunce may have recently been recruited to comprise part of
 

dunce. Third, is dunce expressed as a primary transcript of more than
 

 

100 kb with a 79 kb intron subsequently removed, or is it more

reasonable to invoke trans-splicing, discontinuous transcription, or

other more novel processes to accomplish the joining of exons 2 and 3?





Chapter IV

STRUCTURAL CHARACTERIZATION OF THE MEMORY GENE dunce

OF Drosophila melanogaster: PRIMER-EXTENSION COMPLEMENTARY

DNA CLONES REVEAL FIVE STRUCTURALLY DISTINCT TRANSCRIPTS

 

INTRODUCTION

A primer-extension cDNA library was constructed in order to recover

clones representing the 5' portion of the App RNAs. A total of 18 App

cDNA clones were isolated. Restriction mapping, hybridization analysis

and sequencing have resolved these clones into 5 different classes each

representing a structurally distinct RNA transcript. S1 nuclease mapping

was performed to determine the 5' boundary of the 5'-most exons revealed

by various classes of cDNA clones. Primer-extension analyses were done

to map the transcription start sites for different classes of RNAs. In

this manner, the 5' end of one of the 5'-most exons was demonstrated to

be a transcription start site, which resides 3' to the exons defined by

other classes of cDNA clones. The data therefore suggest that App has at

least two transcription units, one extending over 54 kb and the other

spanning more than 107 kb. Restriction mapping of the primer-extension

cDNA clones were performed by Mary Eberwine.

58
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MATERIALS AND METHODS

Isolation of RNA

Total RNA was prepared from Canton-S adult flies according to the

method described by Labarca and Paigen (1977). Polyadenylated RNA was

selected by one passage over an oligo d(T)-cellulose (Collaborative

Research, type 3) column as described by Maniatis et al. (1982).

Construction and screenipg of a primer-extension cDNA library

Double-stranded cDNA was synthesized from 5 US POly(A)+ RNA by

priming the first strand synthesis using M-MLV reverse transcriptase

(Bethesda Research Laboratories) with a unique complementary 20-mer

(5'-AGTCCAGCTCCTCGATTGTG-3'), whose sequence resides within exon 6 (Fig.

14). Second strand was made according to the method of Gubler and

Hoffman (1983) without the use of E. coli DNA ligase. The cDNA was then

methylated, blunt-ended, and its ends modified by adding EcoRI linkers

(New England Biolabs) followed by restriction digestion. To fractionate

the resulting cDNA as well as to remove excess linkers, the restriction

reaction was chromatographed on a Bio-gel A-SOm (Biorad) column according

to Huynh et al. (1986). The fractions containing cDNA with sizes greater

than 500 bp were pooled and ligated to Agt10 arms. The library was

packaged pp vitro and screened prior to amplification. The screening
 

probes used were a mixture of genomic fragments representing exon 3,

which was identified by RNA blot analysis and S1 nuclease mapping prior

to cloning, and exon 5. These DNA fragments were labelled with 32P by

Klenow extension of random hexamer primers (Pharmacia).
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DNA seguencipg

Genomic DNA and cDNA clones were sequenced using several different

strategies. In some cases, fragments to be sequenced were cleaved with

selected enzymes and subsequently cloned into M13 vectors.

Alternatively, progressive deletion subclones were generated by a

simplified method of Henikoff (1985) with EonII and S1 following a

specific combination of restriction digests. Dideoxy sequencing was

performed using either 32? or 35$ (Messing et al., 1983, and Biggin et

al., 1985).

S1 nuclease and primer extension analysis

S1 nuclease mapping was done according to the procedure of Berk and

Sharp (1977). Primer-extension analysis was carried out as described by

Laughon et al. (1986). 32P-labelled probes used for both S1 mapping and

primer-extension were generated by the method of Burke (1984).
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RESULTS

Figure 12A schematically illustrates the structure of two of the

cDNA clones (ADC1 and ADC7) isolated from an oligo-dT-primed cDNA library

which were previously sequenced (Chen et al., 1986). The sequence of

these two clones upon alignment with the corresponding genomic sequence

defines the 3' end of exon 5, exons 6 through 12, part of exon 13, and

the open reading frame (ORF) coding for cyclic AMP phosphodiesterase.

Given that the App transcripts are very large, ADC1 and ADC7 can only

represent the 3' portion of the App RNAs. In order to isolate cDNA

clones representing regions more 5' to the exons defined by ADC1 and ADC7

of App RNAs, we isolated cDNA clones from a primer-extension cDNA

library.

Complementary DNA clones isolated from a primer-extension cDNA library

define five classes of dunce RNAs

We used a synthetic oligonucleotide whose sequence is derived from

exon 6 (Figure 12) to prime first-strand synthesis in the construction of

a primer-extension cDNA library with adult poly(A)+ RNA as substrate.

All of the App RNAs should hybridize to this oligonucleotide, since exon

6 is contained in all of the App RNA molecules (Figure 10). The

resulting library was screened with probes representing exons 5 and 3.

The location of the latter was determined by S1 nuclease experiments

prior to the library screening (not shown). A total of 18 positive

clones were isolated. These clones were then subjected to comparative





 

 



 

Fig. 12. Schematic representation of the intron/exon organization of

the App gene and the structure of the primer-extension cDNA clones. (A)

The coordinate system has been described previously (Davis and Davidson,

1984), but is not drawn to scale throughout. The boxes below the

coordinates represent the exons revealed by cDNA analysis and the

numbers are designation of each exon. The extent of the 5' most exons

in different classes of cDNA clones was determined by S1 nuclease

mapping experiments. The approximate molecular limits of the

chromosomal aberrations associated with dncCK and a deficiency
 

chromosome, Df(1)N6u~j15 are shown. The locations of two genes, ElEll

and §gA:A, and the presumed transcription unit from which a 2.0 kb RNA

is derived are indicated. The arrows represent their respective

direction of transcription. (B) Restriction maps of primer-extension

cDNA clones. R = EcoRI, H = HincII, B = BamHI, X = XhoI, N = NruI.

Filled circles at the ends of the maps represent EcoRI linkers.
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restriction mapping and hybridization analysis to genomic clones.

Representative clones were subsequently selected and sequenced.

Restriction maps for the all of the primer-extension cDNA clones

isolated in this study are shown in Figure 12B. Since the sequence of

exon 6 is known, there is a predicted NruI site 88 bp 5' to the position

of the primer used in constructing the library which should be present in

all of the cDNA clones. We have oriented the restriction maps so that

this NruI site is towards the right, since App transcription is from left

to right in Figure 128. This orientation was later confirmed by sequence

analysis of some of these cDNA clones. Clones 863, 921 and 923 all have

unique-restriction maps. These therefore define portions of at least

three different classes (I, III and IVA) of App transcripts. Class II

contains 11 members. These are identical in their restriction map except

that some extend further to the left than the others. Six members of

this class end at an authentic EcoRI site, due to incomplete protection

of the EcoRI sites by methylation. Class IVB consists of four clones

which also are identical except for the degree to which they extend in

the 5' direction. Thus, comparative restriction mapping of the eighteen

primer-extension cDNA clones identifies a minimum of five structurally

distinct classes of App RNA molecules, whose sequences diverge from one

another more 5' to the synthetic primer within exon 6.

To identify the genomic coding sequences for the RNAs represented by

these cDNA clones, we used a representative from each class to survey the

genomic sequences from coordinates -50 to +23 by blot hybridization to

genomic clones. For example, clone 863, whose structure and sequence

were reported in Chapter III, hybridized only to a 2.9 kb HindIII

fragment residing at coordinates -51 to -48 (Figure 8) among the





sequences to the left of coordinate +23 (not shown). Clone 941,

representing class II, hybridized to the region -17.5 to -16. In a

similar fashion, clones 921, 923, and 831 were hybridized to blots of

genomic clones to locate their corresponding genomic coding sequences. A

summary of the results of this analysis is shown schematically in Figure

12A. Thus, these hybridization experiments confirm that the 5' regions

of the the RNAs represented by these clones are coded for by separate

genomic regions, with the exception of classes IVA and B.

Several of these cDNA clones were completely or partially sequenced

along with the genomic region to which they hybridized in order to

complete a detailed picture of the intron/exon structure and the splicing

patterns which produce RNAs represented by the primer-extension cDNA

clones. Exons 3, 5 and at least the 5' portion of exon 6 are shared by

RNAs of the five different classes (Fig. 12A). Exon 4, which is only 39

base pairs in length, is differentially used, since classes I, II, and

IVA contain this exon, while III and IVB do not. Clone 863 defines part

of exon 1, exons 2 through 5 and a portion of exon 6. Class II cDNA

clones define a single exon more 5' than exon 3, which we denote as exon

2.3 (Fig. 12A). Class III is represented by a single cDNA clone, 921.

The 5'-most exon present in 921 is denoted as 2.7 which is spliced

directly to exon 3. The 5' region of class IV clones is coded for by

exon 2.8, which resides very close to exon 2.7. This class contains many

representatives, which suggests that the transcript(s) represented are

more abundant than the other App transcripts.

The entire sequence of all exons defined to date and some sequence

of the flanking introns are presented in Fig. 13. Several features of

the sequence are to be noted. First, all of the splice junctions conform
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Fig. 13. DNA sequences of the App exons and flanking introns. Exons

are numbered as in Fig. 12A. The sizes of each intron or the distance

between some exons are shown. The App repeats are shown. The position

of the internal transcription initiation site P2.7 is indicated with an

arrow. Potential polyadenylation signal sequence AATAAA are overlined.

The 5' ends of exons 1, 2.3, and 2.8 are tentatively assigned from S1

experiments. The sequence of the primer, located in exon 6, used for

cDNA library construction is boxed. The intron sequences are

represented by lower case letters. The putative initiation codon (ATG)

for the upstream ORF and the major ORF, which codes for cAMP PDE, are

underlined and are located in exons 6 and 9, respectively. The 5' ends

of various cDNA clones, for which the complete sequences have been

obtained, are shown and the numbers are the numeric designation of the

cDNA clones. Also, few restriction sites are shown throughout the

sequence and some of them are referred to in Fig. 14. Since the 3' end

of the App gene has not been rigorously defined, the 3' boundary of exon

13 is not shown. The endpoints of some of the probes used in S1 (82.7

used for mapping exon 2.7) and primer-extension experiments are also

indicated (P1, P2.3, P2.7). However, the endpoint of the probe primer

used in the primer-extension experiment of exon 2.8 is not defined. See

Fig. 14 for the structures of these probes.
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A1 I 10121 I ICICICCAI l I l MIIAICGCGGEAGIGGEAGIAGEWWWWCWGGCCW! IACGIGIZCAGCIGCAGIGL‘CAACGECUGIIA

Fa“

DECAGIGGCGGEGI IWIWIMAWGGIGGGIGIGIMIWIGIIAGIWIGGCWWMICAAAGIIAASAACAAAGHII 11560112120.
  

CAGIGI1ICGGICIIGLTICCCI11211100120132131:ICCGCAR‘CCCCGCCACMGICCGECCCMACACCAGECCAGACGCCGCACGAGClCAAGfiICAlll‘CWllElAAll'lCG

AMAGICCGCGGAGCAAAAIECGCEACI [MIMMWWICIEIMRMCWWWICIWIGGAICIAIACGEWCGIIGGCBGIAEEA

AMAGCAIICGCIGGCAGACACCAICGAIACAICGBIGACCACCCCGAI1ICCIIMAGACCCIGAKAACGACEACGACGAGGAGEICGACCAGEAACIGAGIGCGGCGGAIAIAGCAGC

:11

CGCtACl l IGGCCWIUUH IIICCGCCGAGCGEAACCAGAAACACIGAIIGACECCAGIGICICACCCACCGCUZ1M1GCAECAGCAGCASCAGC1GCAGCAAL‘CACltl IGCAA

op-

ICACAACtACAl 1 1 ICIGCCCAECAGCGGCMTAICCI IACCCAGGICACCEIGIWGGCAEMICCCICI'ACAAAICCCIGCCAGAGIWAGIIIAGAAICMGGCCMACICCAA

ICCCAAICCCAAICAGAAlCtAAACACMAICCGAACCACAAICAACAnCBI IGCAGI IGCCACCCIIAGACI ICCI‘CAIIGCCGCAIAICAAAGAWGCAAICCGAICACGCCAAC

llIAAAEACCAGACCAGCCIWAICAECICICCCGCCACCGAICACCAIAGCCACIGGCIACIWAGUECWGCGI ICAICACICAICCGEAACCICGICI 1cm

GCACAGIACCICCCGGGGGICAGCMACICAMIAIAH  1.99!tggttgcultcuuc-gllgcuctaltcuntat-ltuccnlat ltgt It Itccglg-ttnt9n

   
{liatlgllttlttqccglt 1ACC1 1C1{DUCGCCC1CGCCGCECA1CMAC1AAG11CCCCAABCCGCACMGICC1GCIGGICGCGAA1CCICC1 iGCGCCCAl {WWII-CBC

  

   

   

on

G1m£10C1CA1CCGCCACCACIGICA1lGGCAGCMl1CEAACGACAC11IGGCC1CCAGCAGCACCACCGGCGGCACCGETACCACCACCL‘AGMCAGCAGCAGCGIIAGGHCCCGCA

CACCACCGGCIAACCICGICEICGGCC1mICCCCACCICGCACCCCAGCAACICECAGCWCIGICCACCAGCAAGHGCAGGCGGAGCAGGGAICCAIEGGWACCIGCAGAAGI

P351
       

AECA[AGICGGIAIUCAAGMICGICGCCMACICIGECCAAIBII lqugztctg-tccntotgtmt
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AAAl‘CA [C ICCCAGBA'SAG 1 AA 166 1GGCCCAGCAGCAGGACGCGGAGCAGCACCACCACCACCACCACCACCACAA 1ACA1 AA lAAECACACCCAGCGAGG 1 GOA YCECGACGAAGI GCG

EICCAIGGCCGACC”GAGEIECGAICCCECBAMAGCAGGIGCAGGIACAGAGICMAAcl1CICCACCACGTCGAGCACCCAAmlccCCACCCAC1CA11IICEAIGAGCAGIAGIGC

CGGCAC1KlmAGCAAAGCm-GGACAWCCAGCMAICCMCAGC1ICAGCAGUCCAACAGCICCAGCAACICCAGCAGCAGCAGCAGCAGCAACAClcttlA-EAgAAICAIA

ICCACIICGACUGAAGCCAI'AGCUGCAGICCAU‘ACMIIGIGGGCCAGGCCAC1ACAA11Em1fl€ctAMICCIAAGIGCCIEEIIGGCCGE1lCGClGGCCCAGCAGC

ISAACGCCI‘AAAGC1CCACC1mmwcCAGCWCACAGGACCAGCACMGCACFAG1AGCABCAGCAGCACC1181 IACA 1 AGCCAGlT-GC ICCACCAACC IGCCCCG l GGCAA

”CCAAIICGECCAGCICGCCCAGCAGCAAGACTCEIICEACACH1CC11CABCAGCCGGAGBGIGCGCACGGI11ICIGACGECCL‘AICAGAAGCMGIGCMCAAI”GIGCGCTCC

ECOR1

ACAICGGCACAI1CGGAGCCGGCAGCCGGAGIGGC1GGCGCACGGGCGCAGAAGIGCAIACGAGCGCI ICCACACAGAICGAlGA[OCCAGIG106CCGG10|GG10£AGICGGC1051AA

C1 IGACHIASACC[CCGCCAK’GESAGGHCCA10CAGC151EGAIGAGCAAAC11‘JECCCIGCAGCAUCAIL‘MCCA 1A1 [GAICICCAAGICGBCFUMCCATCGAGAIGAAEAGC 1E0

En1 1’s“

ICGCEGGCATGCGCACCCACHGACAHGAGCGIGCCI ICHGCCGCCGCCGCGCAAICGAMAAIAACCAI 1 1 [GAGICCAAI ICACGCACECCCCGGIC IGCAIGAIAIGUCAAGCCG

GCCCAAGGACGAICCCEGCIAICGCCCAGGAICAGCI1ICCCGSCAGCBAHCWCCICHl
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Eta" Sail

clqcncggcqqcnqugcngaqqgclgstlggutgugogcchccqclttclgcguuagnqaactttgultuncqctctclcc-gcuccaql s-uuthtlulqglcgucn

aaluacsltulclllgllgscc-occnlgt llccticgccnuclgacnn-gc-atlcn1guqaagcqntttctq-aaacaqlchc-sqttqgtccatccqun tgqqoclth

alauqulqclct ctcucucucutgcgcacttcoltcugl Igloloqttgtgccnlgqlcqc-ccqccccllint sctclcgaut uqtg-glgngc-tuutqqgtu-u lcq
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UGIGIA61GCBGWCC10CAGCAGAGAGEAIECCAII‘GGCGAICACAACGCélAII'GFAHICGIGICIGIGIGWIGCGIGIGGGIGFCIG1GIGIU'
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I IGCCCGIGAAH l 1 1101 10111311111 lAtl‘Al 111 11 II I l MAGICCICCICCCACCIGIGIGCAAAACAACAACAAAAAGCAGBAGAAWGAAAAAAGAGAAGC101AAAI IA

CA1AAAAGAAGEAGCAGAAGIIMCAIAACAGAGICGAAAAIGAIWAEAAAAlAAAGC1AACACAA1A1AA1ACA£CAAAAA1AIGGCCAGIAA11ACAGAAAAIA1AIGCAAAA

A0106"lAAAAElIABICCAAAAIAAACAAAAACAAAAACCMACAAAGGGCGGEAICEAGAAAIGCAAAMIHGIGC1AACAAAGCACACACGCAAGIGAACAC[AAAAACIGAIAGCA

ACAAAAAAAAAAAAACIIGAAAAAC1ACCAAAAC1C1ICCAACIAAAAICGCAAAGCEAAEAAAAHGCCAAABI11IAAAAIAAA1AAC1A1AEIA1A1AAIEAAAACl 11131610101

1A€AA1AAAAAACCCICACIGAAAA1ACAA1AAAIAAAItAAAflIAleCA1IAGAAACAAAAC[MIGAAIAACGAACAAlAAIAACAAACIGAMWAAGI IGI 16AC1AA1AAA€AAA

AIAI1AAACCAA1AA1AA1AA1AA1AA1AAACAGAAAA1181A|IIGGAIAAAIACICCAIAIICAAAAGAAAAAI lGAAAACAAC-AAAGAIAAIAGIAAAlGC Pglqluttcltcuc

 

Itgttnttlntcnacgcnnutslut-ugulthCIngolotcgglace-ltccntnttggauctna-gaaontatten-9.9!gqtngccccc-au-al-qn-gnnntnet-Instthla

clonal-actatugttIn-tInnocent-gttggnntctot-gccgnngttgncgcnnuacgauqt-aotntgth-nolgclnlucnlntaqua-oceanic:cutlnncat-Inccocc

gen-aaactgutcttI-lul-tgtqtstancg-laccnltttlonl!.9195!auntatcttgtccaJ-gunlqctcnclsqueal-tilts!allotIccnaaauctcnlnnacautcca

mgmtttcntnttcl 1C1GA1A18AACGAAAC1AIICAACIAI1A1AAIICAAA11GC1AAAAACIGTGIAA116513C1AGAAAAIGI1G111111AAGAAAGAGAGAGAACAAI 11A

GAAACC1AA11A10118AA111AAAA1C|A11IICGAAIGAACIAAAAAIIGCAGCGEGAAH IMIAGAIAAAHIAAIAAAAAAAAHCAAAAAAI1CC1AA101C11C11AAAAAA11

1AA11AA11C11CAACAG! C1CAAAG1AAAAAAAA61AH llAAAAlAAAHEAAAAAl111AAIAAA1AAAAA1AAAA13AI [ICAAAIAAAI 1A1 l 1C1AA1 ECIAAAAICAAM 11 IA

AAIAAAAAHCCACCAAIAIAACAEAGIAICGAAAATCGCIEAAICIU IACAAAAAAAAAAIAAACAAACH 1C61AAA1111C[AGAAIGCCGCCGL‘CGCGACUCCACCAGIGCENAI

I

161GIGCGIGCGCC 1AG1AC1CA1G10101E01610A111 161W1GGCGACCAAAAC 1GACGACGCCG1CGE1GCC 1C 1mC1CAG€CGCAG1CGCCGCC 1CCGCAGCAGCAGCA£CA

GCAGCAACAAC1ACAACAACAACAACAAEAACAGCCACCAGGECAECAACAACCACACCAGT 1ACAACAGCCCCAACACCAGCAACACCAACAGCEA1AACAACAACA1A1AGA1CGCGBA

op-

AIL‘ICCIGAAAGCCACCCLTAAACICAAGAAGAAGMAAAGYGCAAGCAAAVCICCI1C61CBACGAK‘CAGCAACBC11EAAGCAAGCAGCGACMCGGCGBAGCCCAAACGCICCACCAG

5311

CAGCGCCLTGCCCGCCUCGAGAGCAACGIACCGCCGCGU1136661351311ICYGCEGCAAAAGABCAGCGAAACYAACAGCGC1£CAAC01CAGCAGCAGEGGCGGCAG1GCAAACGGAA

GICGAAACAGGACGCCGGAAHCC ICGGCGGCA 1CGA1AA1L'IIAGCGBCAGCGGGCG 101 11:61 1[CCACMCAAlAACAGCAGCAGC1GCGCAGCGACCGCCAGCGAGGAGCAAAACIE

ACG1ACOCICACCGGCAGCAGCGECAATACT1CCACG1CGACGTGGTGCCGCACGA1CAAC1 ICCTGGTGMIAIGGIGTGCICGI11101111312161 10(21ACAAC1 1 ICGCAA1 1CGCC12

 

1C1A Agog-agtcgcgcchlcqnt n!usmgc-atttnthcgauttcgllatttttll----------------------35.71113---------------------Ithltt

  
cn- 11CGA1G1AGAAAA1GGICAGGGCGC1AGAICACCIITCGAGGGCGIITCACCCAGCBCCGGI11061AC1ACAGAA1116CCGCAGCG1CGCBAAC1CG111C1A1A1CGC1CCGA

   

 

       ”CC-GAE“[GAGA1GICACCCAACIL'CMGICCEGAAACWAA'GE aagtt:ct-— --:tttttccaq

1611 1AAAmACAcuAt0c1cuu01ccircAcccuAgzacgmgc.............................5. 5m,............................“mtg“;

—— ._ —____._.,

[ccmccccncuuc 1:111 lcchcccn 1 1cccccw111 1 ucccncct 'ACGHCACIGCGCAACAA r 1 unnmcmcnum rccancucnuugqungzgm ------

...........1 .6kb--- ---——~--------alccalc [CEAGGCCGCCCAACCAA 1CG1CG ICGGCC ICGCCA1 CAGGAAA 1CCACCAGGAGCCCCCL' 1A1CCCMGGCEAGGA

GGCA1ACAC1‘CG3C1GGC1‘ACCG - ACAAICGAGGAGC TEGAI'I 1613C 1CGACCAGC IGGAGACCA ICCAGACCFA 1CCCAGEG11' ICCGACAIEGCG1CCC1 1AA taggettcnn

——' rmet —

----0.2kb------cccctltca 1GCAAACGL‘AIGCICAACAACGAGCIUCCCACI1IAGCGAGECAECAGAICBGGAAHCAGAI11CEGAA1A1A1A11§11CCACA1111100
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gtaagttlga------2.5kb -------ctccttgca CAAGCAACAGGAGI1CGAC110CCA11‘CC1CFGL‘G160AGDA1AA1CCCGACCIGGIGECCGCCAUGCALCCGUEGIEA

AFAGICCGCIGGACAG1A1GCACGC1CCCGA 1CGCCGCGCGG1CCOCCCAIBICG€ACA ICABL‘GlIl‘BlAAACAGACEGCIGICGEAML‘GAAIACCI 1CACCGGCCAAFGI l IGFCCACC  

 

1[€061lBGAGACACCAGGGAGAAlGAGCIGGGCACGL'IGEIFGGCGAAC1GGACACC1GGGG1AI1(‘AGA1A11CAGCAICGGCGAGHCAGIGICAAICGACCBCICACCIGIGIGGCA

    

    1ACACCA1A1111‘A tgcganaaa------- 103129-------gcccccacs GIAGAGAAHAFIGACI‘AGICIIAIBAIACCACCGAAAACHI1C11AAC111A101C1A1‘1CIGG

   

AGGACCACIACCICAAAGACAHCFGI1ICAFAAI11'GCIECAIGCFCCECMGIGACACAAAGCAC1AA161IC1AC1CAA1ACA1‘CCIIGC1GEAEGGCGIAIICACACCBCICGAAGI  

 

GCCCGGGGCGCIGI1CGCCGC1161‘A1ACAFGAIGIIGAICAIFITCCUIMCCAAICACI1C11GG|1AAC1CAA Lgcqt an!---------pr---------- aaccccgcaq

11CCGAAC1AGCA11AA101ACAAIGACGAA1C1G111155AAAA1CA1CA11”123161ICCL‘IIIAAAI1A1IACAAAAICAAGGAIGICAIAIAI1C1GIAA1A1GCAAA ntqagti

.AAAI‘AAI'GITAAAl'AI IGACCAAAAIGGI 1A1 IGAIAI 1010CIGICCACGCM’AICINAAGFACAIGAGICIGFIGGCCGA     

   (T1AAAGAI‘AA1CGIGGAAAECAAAAAGGIGCCI‘GCEIITGGAGIAFIIIIGFlGCAfAAF IAFAFFGAIFITAIAFA anqtalac ---------- 701m -------- Llcqaalt sq
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GNIIIWICIGBIGEACIGCGCCGA1C1GABCAAICCCACCAAEL‘GCIGCFI11|A£AAGFU16|3€1AGCCFICCICAIWIICIICCIIK'ACCGCGAIAAGGAACGCC

AAICIZGGCAIGGACAIIACICCCAIGIGCGA1CGCCAIAA1ECACCAI[WICEAGIGGGCI1CA1CGACIACAICGICCACCCGCIAIWWWWCIGGIGCA

ICCBGAIGCL‘I‘AWIAIACWGAEACGCI1mmlACIACCAWAIGUACCGCCHCGCCGCCCCCAIFGGGCGICGA[WAICTBCAGGAGGAIAGGAIAECC

“AMIIGAGGAAICCGAEAGGAGAACCICBCCGAACIWBGCCUCWGIGGICCCWCEACCA

CCAfAGGCACAAEL‘GGAM‘CACCCCIBCA1CCGCGC1AAGAGC1GGIGBCGGIGGCGE[GRACGCGGAGGAAlmACCEAGAAEGGGIGGClGCtAAAACl'AACCGCAACACGGlGflAAI

GIGACGGAGAG1CBIGCGAA111AICIIAAA1 1ACA£CAAAAGGC1CACAACI 1 1 1 ICC 1A1 1AC131 1AGIGAC1AC1A11AACACA11AAAAACCAAAAEAAAAACCIAAAACCAAAAGCA

 

AAAAAAAAAAACAAAGAAAAACICI 1wm1wwmm1ucmmcmumcncmm111 IAAACCAAIGI 1 IAAACGCAIACAAAAAICCAAA

CAGEAAIMIAAAACIAACGIIMACCIAIAAAGICIAGACAAAAICGAAAAAGGAAAHAGAAAE11AC1IMIWACCCGAGAHGAICHGAAAAIACACIEAAAAACAAWG

m1uc1uu1uu1ccuc1m”cummmmmcumaucnuwuIcnwmccummmuuur 1011:1121 nunuuncn

culmcmlcccuctccwccc1m1cccl1cuccccctcccccccc1ccnc1cccc1 1 unnuuuuucuun 11:110c11101mmc1w11u11 11 1c

1cuw11 1c111c1mcucucn1cu1cmm1”cameraman 1 11AA1CEA11muumwm 11mmuuw1cmccmcmmun

11u1n1wc1m1111mm111111mz1 11111111111011 newcccccuuuum 1 1 1111:110111.311011111chHummuwmcuuaccu

CACAlmAnl HIHIHHIAIAIAAIllAGACCACAGCBAlAGAAGCEAAAGAAAAICAAECAIGIAAAGI1IMMACCNACIGAAHAAACCAAAAHGAAAGCCAACL‘GAGI16M

Accu111M1Icrnutcuutc1m1ccmccmmnccccucnmmaucmummlmwmIcucmccm 11211101 113111110

[AAIAIAIAIGAIAIAAAIAH111111AAA1A11A11161AAA1AA11lAAAlGlICCACICEAA”1AAA1CAAGCGGC1AAA1AC1131IGEAGCMAACIAAAAIGAAAACAAAGL‘LA

WACACACMMMA051w1u01m101wwm1c1ACM11110cm1AcM111cc1111mm111cm110M110cu111m11101s11cc

mmulwccmncuunuuumutmccwn1:11:111cmccc101c111:01:11AA1A11111ccc111111uuuu1nuuu11Ac1111w1c11u1

”mum IACIAAGCMCI IACICAGCCACACAAAI 1 1mmmmucacmmcmcnmuammtc111011011111 11Ac1cAAcmc11uAc1ccu1cccc

ACAEACACACAEACAAI 1 newccuAcncAccwumAmc1c 1 ICAAGCACAAAAAAAAC 11:1 1 111:1 1 1 ICAGIAAACAG[AMACCAAAGCAAACCAAAA 111

Aucncuuuvumcccmmm”acculnmu11m mccmccuucuunum1Au111011111uIccumccuuclwmucmucmc1r.

clcccccuwurcmmcmcccum1c1w10c0c11m111ucm 11:1 1 111011 14101111111101 11111111111 Muncwuccwncuun 1 1 1 mom

acrccuuun1c:11111015:10u0cm11w1cctm11m1110101111111111111112m1111121111111111Aununumaucauuum1111111111101

AIGAIAIGIGAAIGAAAICIAAIGAAAIWCIWWL—IGGICIAAMAIAICAI[AAAACCIGAICGAGMCEAAAUchGAACAABAlAU 1 Human 1 mcuccm

ClAAAIGlGCGCHtAGAACIACH11111ICBAAA'H1AA1CCNACCIICAGEAAAIAEAGCAAGAIAHI[ACC1ACA11ACAAACAIA1A11A11AA11GAAL'CA1AGHGCGACACA

wcnwuEGACGGEAAG 1CCA IBGCAAAL‘ 1 1Mcc11ww‘cuucc 1 AEI 1 1111112111111 10A1:1GAWWAGMMCAAAcAAAAMuAmACACMAAAmAc

 

CA1A10AC111111C1CL'1CICACAAAAIAAAAGEGAAAAACAGAAAAA1AAAC1AGIA1101A1161A11101AACACGAA11|1EC1GCGAGIGAACACHIACGCAGAACAIAAAGCC

GGAAAf1GAAAACC1ACAGAC-A11CCGCAGCAA1CGCGBCAC1GGIA1GIC1GIA1AGL‘1AA1ACC1ACAE11‘A11A161AA111ACCAGA01A11AACCGAACAA111AAA1116CA1A1

AIGfA1AHIA1ACCAACA1AC1AGGAA1ACAGGN1A1A111AG1AACGGCAIl|13A151A1A|I1CGAG11CAAACA1AACCC|AACCAAAIGI161AIG1GIA1G1C1AA1ICUIGAAC

1lAAAAG1CCAAABCCA1ACGIGAAAA1AACAACAAG1‘AA11IAIAGICAAAAACICGAAAAGIAI(‘1AAA[GIAAI 151 1AGAAAA1GCfA/101AAA 1CCGAAAG1 IACCACAGAGI 1AA

IGAGGAGGCAICA1C1A1C1101CA1CCCCAAAA11CCCAAAIGCAAI1111GAC1HCAAA1INAAIECICCIAGIAGAGGCACICBAI ll‘CIACICCl ICCI IAEECCCCCCCCCCCCFC

ACFAACIICCHIGCECCAACIAIIGIACH1A1CCAA|A111ICC1A11'GACGIG1GITGCI'AA11A1A1CAGIGIA1A1AAAC1A11IGAAAAICACGCAIAIAIAVGFAFAI‘AIAGAC

 

1111161AGCGICA1 IGIGICAI IAAGGAIGCCCAL'1 ”CA1Al'A1AIAIGAAGGWAIAAAIAAGCAMHAAA1A1ACAA1ACAA1A5A1ACA1A1A1GIGIGGI 1121CGGIAA1‘GAGA

EAII‘AGI‘AI l IGIAGCACAGCI IGCCCCAAAH 1A1 IGDGAAIAACGAGI ICFFGAAGI ICFCGAGAAAAAACAAAIGAAAACIGI l 1131 1616C 101 IAGFCGIAAAIGACAM‘I l 1 1 l1

1 IGACAlAAC11AA1ACE1AIAIA1A1AAAIA|C|A1IACAAIAIAIGIAICIAIAAAIAIAIAAAACAGGFBACAAACFAAAI IAAACCAAA1ACFGSAACAAAAAAAAAI’.AAAFCAAAA

AGAAGAGAGAGAAAAAAIAA lAt‘AAGEGAIAI IGAAAAIGGCM'GII l 1GlAf1A1AA1GAAAlGAGAAAA1‘ArCAAACACGAANGrAANNFAAAANAAAA1[IAAAI‘ACAIAAAAAAAIA

1ACAA13AAA1A11C11AACAAAGAGAAAAAAAIACI‘AlAAAAlGlGFEC10U'GA1‘GAFGG1 161 I 1GAAAAAAAGAGAAAECAAAAAAFAUGAFA 1 GFCCCI IGAAILICFI‘GA [1'0 1 AAC.





CEAGICCH1113MICGCAAAICGICCGCAIIICAAICGNIGAACAAICGGGAGAIAI1A1A1ACA1A1AGAACACGIAACIIIGIX‘EI[ACIGGCCAAACAGI[AGGI‘AI'IIHIIII

llCl IIIIIGGAAAIIIAIACAAIIACA1A1ACAAAAAGAGC1CACCCCCACAACAACAAGGACAACIGCAGAAGAAGAACAAAAAAAAIACACACAIACAIGCAAACAC1AACEC121ACA

PGGACAGCBAI IIGCCGGAACAAAAHCIGGGMI "CGAACCGAEAAAGBGAACGGAAACGGAAACTGEAEA—ACGAMAIAIAGAACGCGGCAAfll [Al 1 IMCACIGAAACIGAICGGGIG

IWIAIAGIACCGAAAIGGGGCIIACACAGGCIGAIICACCCAAAAIAAGIAIACAIGIAIIGIAGIAACGAGCECIGGCII11011A11AAG|1A161A1110111€GA|1AIG1111F.

CCICICICACAAlAlA1A1AIA1A1A1A1A1A1A1AIA1A1A1A1A1A1AIGIAIAI1C1AlGlA1A1AlA1A1A11AflI IAIGIAIGIGAAAAAABCGMMCAH1A1GAAACI'AA1EA

AAA 1CIAACC1GAAAACANAGAGAAAACCCCIZAAGICAAAAG|ACAGCAA1 IGCAICCAANANIAABNAANAINAAICAAAIUAAGAAEAAAGGICAC11313le IAAAAAAAAAAAG

AAGAAGAAAAAAAAIGGIICGCA ICEAAAIGA1AAAIGGIAMACAAAACAAIEAGCA56105CA11AIGAACAGA1 110AA1GAI 1ACGGAA1ACAGAC1AAAAAIGAAAAIGAAAAA1

 

1 l1AAAAAAAAAAA1CCAAA1AAA1GAAAAGAIAA1A111AAAAA1AIICCAGIIGCA11A11ICIGGCGGGCUZIICGAAAA1CAAGAGIAIGCAC1AGAIl1GC1GCAC1CABCCCAAA

:AG1A|GE11ICAAAAGA1A11C1ACA131I1C1A1AAC11CAGCGAIAGGTGGCGC111AIGCA15CG1AA61UG|ACAACGGAIG1AGAAA1ACAAAGCACCAAAGIC11CAC11C11Gl 1E

: A61111AA1AAACABCAA1C11IIGCAAFCCAAACCA"1COE11AC11AAA1ACAA1|1AAAA1CA1C1A1111A11IIGIAA11AIGGIA111A10CCAAACCACAC111AIIGCIGCAC1

GHGHHIHAAHICAACAII[OCCAEIIGCAATGCAAICCC1011C1CACA1CGC£GCC16AC1"GAEAGACAAIAEIGHCAA111CE1C11GCCA1AA111I1GGCAC111A101

IIAGCACHAAGACACGCCAC1A1AAGIAIGCAICCC111C111110111111060111C111C1111113A”11111111106051501131115AA616111AGC121MARQUEE!

C1GACC1CC1C1CG11CGCIGACGACCGAI1GAIAIGCGITAGIGC161CGGCCGGAACGI11A1CC11111C1”11111111116111C1AAAAAIG|11CACG1CGEA11[OCCACH

CAEIGCACGGAlCC

Baum
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to consensus splice signals. Second, exon 1, 2.3, and 2.8 sequences are

punctuated with App repeats (CAA/G) (Wharton et al., 1985). These

repeats are common within the protein coding regions of several different

Drosophila genes, but their existence outside of these regions has not

been documented. Third, there exists an additional open reading frame

immediately upstream from the major open reading frame (Fig. 13). The

significance of this open reading frame which potentially encodes a 154

amino acid peptide is unknown, though a regulatory role has been

suggested (Kozak, 1986).

S1 nuclease and primer-extension experiments identify one dnc promoter

To determine the 5' boundary of exons 1, 2.3, 2.7, and 2.8, 81

mapping was performed using relevant genomic fragments (Fig. 14). For

exon 1, a 1300 nucleotide long single stranded probe, extending from the

SalI site to the left most HindIII site was used in the S1 experiment and.

the protected fragment of 562 i 3 bp is observed (Fig. 14). This places

the 5' end of exon 1 562 i 3 bp 5‘ to the SalI site. Similarly, S1

mapping using appropriate probes for the rest of the 5'-most exons put

the 5' ends of exon 2.3 680 i 15 bp 5' to the middle EcoRI site, of exon

2.7 13 i 5 bp 5' to the PstI site, and of exon 2.8 461 t 2 bp 5' to the

third SalI site from the right (Fig. 14). Incidentally, the 5' terminal

nucleotides of all the 5'-most exons defined by the S1 analysis described

above mark a putative acceptor splice signal within the given error

ranges (Fig. 13). To see if the these S1-mapped 5' boundaries correspond

to splice junctions or transcription start sites, primer-extension

experiments were performed. For exon 1, a 278 nucleotides long

single-stranded probe ended at the PstI (Fig. 14) was used to hybridize
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Fig. 14. S1 nuclease (S1) and primer-extension (PE) products fraction-

ated on 5% polyacrylamide-urea sequencing gels. Relevant probes used

for S1 (S) or primer-extension analysis (P) are indicated. The S1

probes used for exons 1, 2.3, and 2.8 are restriction fragments. In

contrast, the S1 probe used for exon 2.7 and all the primer probes are

derived from eonII deletion subclones for sequence analysis. Their

endpoints are indicated in Fig. 13. Arrows indicate the position of S1

nuclease and primer-extension products with sizes shown in bp. Hybridi-

zation of probes before S1 nuclease treatment or reverse transcriptase

reaction was performed with 10 pg of poly(A)+ RNA from Canton-S adult

flies for S1 analysis, 30 ug of poly(A)+ for primer-extension experi-

ments (A+). Negative controls were performed using yeast tRNA (t). In

some of the experiments, two different RNA preparations were used (A+1

and A+2). The products of either S1 or primer-extension mapping were

sized using DNA sequencing ladders or 5' end-labelled pBR322 HpaII

restriction fragments.
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to RNA and extended with reverse transcriptase. If the 5' end defined by

S1 analysis is a transcription start site, then one should see an

extended product of about 377 bp. Instead, a prominent band representing

the extended product of 910 t 16 bp was observed (Fig. 14). Thus, the

data indicate that the 5' end defined by S1 analysis for exon 1 is a

splice junction and there is exon sequence of at least 533 i 16 bp

upstream from exon 1. Similar results were obtained with exon 2.3 and

ex0n 2.8 where the 5' ends defined by S1 mapping for these two exons are

splice junctions, and there are at least 418 t 10 bp and 481 i 10 bp

upstream from exons 2.3 and 2.8, respectively. However, the

transcription start site for exon 2.7-containing transcript(s) mapped by

primer-extension experiments corresponds closely to the 5' end of exon

2.7 defined by S1 mapping (Fig. 14). This demonstrates that the

transcript(s) containing exon 2.7 is derived from an internal promoter

since exon 1, 2, and 2.3 are all upstream from exon 2.7. Also, this

suggests that there is at least one additional upstream promoter to yield

the transcripts containing exon 1 and 2, and exon 2.3. However, the 5'

boundaries of exon 1, 2.3, and 2.8, determined by S1 nuclease mapping,

are close to a relatively AT-rich region. It is known that S1 nuclease

can produce spurious digestion patterns if a long stretch of AT sequence

is present in the region of interest. Therefore, before the 5' ends of

exon 1, 2.3, and 2.8 are determined by isolating and characterizing the

cDNA clones carrying the relevant region, we consider the assignment of

the 5' boundaries for exon 1, 2.3, and 2.8 tentative.
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DISCUSSION

Construction of primer-extension library as a general strategy for

clonipg specific regions of lopg and rare transcripts

The ideal method to understand the complete sequence complexity of

the App RNAs and the pattern of exon utilization by these RNAs would

involve isolating and sequencing a full length cDNA clone for each

species. Since each of these RNA molecules is found at very low

abundance levels in the adult poly(A)+ RNA fraction (Chen et al., 1986)

and since they are all very large (Davis and Davidson, 1986), this would

be a formidable and an unrealistic task.

Therefore, the alternative we chose is to target the region of

interest on the transcript, which in this case is the exons 5' to exon 6,

and to clone it by constructing a primer-extension cDNA library. Similar

strategy was employed to clone the 5' region of the human factor VIII RNA

transcript. While we were able to recover only 6 App clones from an

oligo d(T)-primed cDNA library with a complexity of 106 primary

recombinants, we managed to isolate 18 clones representing the regions of

our interest from a pool of 2x105 primary recombinants of this

primer-extension cDNA library. Therefore, we estimated the enrichment

power afforded by constructing the primer-extension cDNA library to be

roughly 20-fold. Other approaches such as enriching App RNAs by a

physical means and selecting larger cDNA synthesized to be cloned would

not only be laborious but also increase the chance of RNA degradation.

Making a primer-extension library incorporates an enrichment step into
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the standard cloning procedure and, thus, represent a simple and

efficient method to clone a specific region of a transcript with low

abundance levels.

The structure of dnc

Though the complete structure of App has not been elucidated, we

have managed to delineate a large portion of the App transcription and

processing pattern. The data from the analysis of primer-extension cDNA

clones, S1 nuclease mapping, and primer-extension experiments have

suggested that App has at least two overlapping transcription units with

great differences in size. One is about 54 kb in length whereas the

other is at least 107 kb since we have not been able to define its 5' end.

The structure of various classes of primer-extension cDNA clones

indicates either an operation of complicated RNA processing or the

presence of additional overlapping transcription units. The basis of

transcript heterogeneity observed in previous RNA blotting experiments is

the consequence of a combination of alternative splicing, transcription

from an internal promoter, and possibly differential usage of

polyadenylation sites. 0n the other hand, from RNA blotting experiments

(Davis, unpublished), there is no apparent alternative splicing detected

for the exons which encompass the major ORF. This suggests that each App

RNA incorporates the same ORF coding for cAMP PDE though the limited

resolution of the technique makes this argument weak. There are

precedents in eukaryotes in which alternative splicing occurs in the 5'

untranslated regions and does not affect the protein products as in the

case of the Antennapedia gene of Drosophila (Laughon et al., 1986) and

HMG-CoA synthase in both hamster and human (Gil et al., 1987). Of

special interest is the splicing pattern displayed by the HMG-CoA
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synthase gene, in which a small, 59 bp exon is differentially used. This

resembles the usage of exon 4 by different App RNA transcripts though its

biological significance is unknown.

The locations of the 5' most exons in different classes of cDNA

portrays an interesting picture of App transcription and processing.

Exon 2.3, like the Agppfl and BASIL genes (Chen et al., 1987), resides

within the 79 kb intron which separates exons 2 and 3. Similarly, exons

2.7 and 2.8 are nested within a 47 kb intron which separates exons 2.3

and 3. Furthermore, we have detected a distinct transcript using a

unique genomic fragment at coordinate +16.5 to +19.9 (The 2.0 kb RNA

depicted in Figure 8; Davis and Davidson, 1986). Though we have not

defined rigorously the extent of the transcription unit for the 2.0 kb

transcript, it is clear that a large portion of this transcription unit

is derived from this interval and thus is nested within the introns

defined by numerous App exons (Figure 12A). In addition, the 2.0 kb RNA

transcription unit, which has the same orientation as App, is

superimposed on two overlapping App transcription units identified in

this study. These observations all manifest the elaborate transcription

and processing underlying App expression and also raise quesions as to

how transcription and splicing of individual transcription unit described

here are regulated and coordinated.

It remains a puzzle why this otherwise seemingly simple structural

gene for an enzyme encodes such a remarkable set of RNAs. There are only

a handful of genes which encode a large number of transcripts like App,

such as the insulin receptor gene (Ebina et al., 1985). cAMP PDE

regulates the levels of an important intracellular second messenger which

in turn mediates diverse biochemical processes in the cells. Therefore,
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one would expect the regulation of the enzyme to involve intricate

control at the transcriptional and post-transcriptional levels, as well

as other levels. We now know a large part of the basis for App

transcript heterogeneity as mentioned earlier. The data presented

suggest that dnc has at least two transcription units, thus the

expression of cAMP PDE can be under the control of different promoters

responding to different cis-acting elements as well as trans-acting
 

factors representing different cellular environments. We also showed

definitive evidence that there is alternative splicing in the 5' regions

of App. This differential processing can incorporate different pieces of

exons, which might impart either differential stability of a resulting

transcript or encode small peptides that further regulate the subsequent

molecular events involved in the gene expression (Kozak, 1986; Brawerman,

1987). Furthermore, the long 3' untranslated region (Fig. 13) can

presumably participate in the regulation of App expression at the

post-transcriptional level. To recapitulate, we regard this remarkable

array of App transcripts as a reflection of numerous levels of regulation

of App gene expression. In addition, some of the aspects of App

regulation might be involved in modulating behavioral plasticity.

In Figure 12A, we show the locations of previously mapped

breakpoints of a mutant allele of App (AppEE; Salz et al., 1982), which

is associated with a translocation, and a deficiency chromosome

Df(1)N6u~j15 (Salz et al., 1982; Davis and Davidson, 1984). These two

chromosomal aberrations both affect the activity of cAMP PDE (Salz and

Kiger, 1984; Kiger, 1985). From the structure of App deduced in this

study, it becomes clear that while neither of these chromosomal

aberrations disrupt the open reading frame, they both separate all the 5'
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most exons represented in various classes of primer-extension cDNA clones

from the protein coding region. Therefore, we assume that the phenotypes

caused by dncCK and Df(1)N6uJ15 are not a consequence of an altered gene
 

product, but due to perturbed regulation of the App expression.

A previous report showed internal heterogeneity among the App RNA

transcripts (Davis and Davidson, 1986). The results demonstrated that

there exist exon sequences within the 1.6 kb EcoRI genomic fragment at

coordinate +30.6 to +32.3 (Fig. 12A) and they are utilized by a 5.4 kb

RNA transcript(s). However, we have yet to define any exon within this

interval. Though it is possible that the transcript(s) containing this

suspected exon sequence was not primed in the construction of the cDNA

library and thus not recovered as a cDNA clone, we consider it less

likely since we chose a primer which should hybridize to all of RNAs

detected in the RNA blotting experiments. It was also shown that this

1.6 kb fragment is unique therefore ruling out the possibility that the

RNA detected derived from elsewhere in the genome. The only explanation

we are left with is that this 5.4 kb RNA species is actually not the same

one detected by the probes derived from any downstream App exon and might

even be encoded by the strand opposite to that coding for App.

Nonetheless, further experiments are needed to sort out this puzzle.
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