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Summary

We have isolated an ecdysone-inducible gene, E74,
from the early puff at position 74EF in the Drosophila
polytene chromosomes. We show that E74 consists of
three nested transcription units that derive from
unique promoters but share a single polyadenylation
site. The 60 kb E74A unit is directly induced by ecdy-
sone and leads to the synthesis of a 6.0 kb mRNA that
contains an unusually long 5' leader (1891 nucleo-
tides) with 17 short ORFs. Within the fifth of the seven
E74A introns are two E74B promoters that direct the
synthesis of 4.8 and 5.1 kb mRNAs. The nested ar-
rangement of these transcription units leads to the
formation of two E74 proteins, each with a unique
N-terminal domain joined to a common C-terminal do-
main. The unique N-terminal domains contain regions
rich in acidic amino acids while the C-terminal domain
is rich in basic amino acids and is very similar to pro-
teins encoded by the ets proto-oncogene superfamily.

Introduction

The larval-to-adult metamorphosis of Drosophila melano-
gaster is initiated by a pulse of the steroid hormone 20-OH
ecdysone (hereafter referred to as ecdysone) that occurs
at the end of the third larval instar. This pulse triggers a
coordinated change in the developmental pathways of
both the imaginal tissues that yield the aduit structures
and the strictly larval tissues, most of which eventually
histolyse.

The first clues to the genetic regulation of these coordi-
nated changes in tissue-specific developmental pathways
were derived from the effects of ecdysone on the pattern
of transcription puffs in the polytene chromosomes of the
larval salivary glands. Exposure of late third instar glands
to ecdysone results in the rapid induction of a small set
of “early” puffs, followed by the induction of a much larger
set of “late” puffs and the regression of the early puffs.
Detailed studies of the conditions required for these
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changes in puffing activity led Ashburner and his associ-
ates to propose the hierarchical model for the genetic
regulation of puffing shown in Figure 1 (Ashburner et al.,
1974).

We are interested in the possibility that this model is ap-
plicable to each target tissue and forms the basis for the
temporal coordination of their developmental pathways by
ecdysone. Thus, in each of these tissues, an ecdysone-
receptor complex would be formed that induces the tran-
scription of a small set of regulatory genes (early genes)
whose proteins control two fundamental processes: the
turning-on of a large set of effector genes (late genes),
whose products effect a change in those morphological
and functional properties of the tissue that define its de-
velopmental state; and the turning-off of early gene ex-
pression so as to determine the duration of that expres-
sion. Such a hierarchical model for the coordination of
tissue development may also apply to other developmen-
tal stages similarly characterized by a pulse of ecdysone.
Such additional pulses have been observed at mid-em-
bryogenesis and during the first and second larval instars,
as well as during prepupal and pupal development (re-
viewed by Richards, 1981).

The postulate that ecdysone acts via a complex with a
receptor protein was based on studies of vertebrate ste-
roid hormones, as it preceded evidence for an ecdysone
receptor in D. melanogaster (Ashburner et al., 1974). Evi-
dence for such a receptor initially consisted in the detec-
tion of proteins that exhibit ecdysone-specific binding (Kp
= 107 M) in extracts or partially purified preparations of
tissue culture cells, embryos, and third instar imaginal
discs and salivary glands (Maroy et al., 1978; Yund et al.,
1978; Sage et al., 1982; Schaltmann and Pongs, 1982;
Cherbas et al., 1984). Subsequently, Riddihough and Pel-
ham (1987) detected a protein in extracts of cultured cells
that exhibited specific binding to a 23 bp ecdysone-
responsive element that they had defined in the promoter
of the ecdysone-inducible Drosophila heat shock gene
hsp27. The question as to whether this protein also ex-
hibited ecdysone-specific binding, however, remained
open. This question has recently been answered by the
isolation of a D. melanogaster gene, EcR, that encodes a
member of the steroid receptor superfamily (M. Koelle,
W. A. Segraves, W. Talbot, M. Bender, and D. S. H., unpub-
lished data; see Evans, 1988, for a review of this superfa-
mily). The EcR protein exhibits specific binding with both
ecdysone and the above 23 bp element; furthermore, the
ecdysone activation of promoters carrying this element in
receptor-deficient cultured cells requires the expression
of the EcR gene in a cotransfection assay (M. Koelle,
P. Cherbas, and D. S. H., unpublished data).

Given this evidence for an ecdysone receptor with prop-
erties akin to those postulated in the Ashburner model
(Figure 1), the early regulatory genes constitute a critical
focus for tests of this model and its extension proposed
here. It is that focus which has prompted the experiments
described here and in a subsequent study (Thummel et
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Figure 1. The Ashburner Model for Changes in the Activity of Early
and Late Puffs Triggered by Ecdysone

The Ashburner model is from Ashburner et al. (1974). Ecdysone (ec)
combines with its receptor (R) to form an ecdysone-receptor complex
(ecR) that induces the transcription of all early genes (Gg) and
represses transcription of the late genes (G|). One or more of the pro-
teins (Pg) encoded by the Gg induce transcription of the G, overcom-
ing their initial repression by ec-R. At least one of the Pg also
represses all Gg to overcome their induction by ec-R, causing the
early puffs to regress. The model allows, but does not demand, the ex-
istence of lower ranks in this regulatory hierarchy. In this case, G,
would represent only a subset of the genes responsible for the late
puffs, and one or more of their proteins (P) would induce transcrip-
tion of other late puff genes.

al.,, 1990). Our entrée to the study of these genes is
presently restricted to those defined by the early puffs in
the larval salivary gland polytene chromosomes. The first
part of our experimental plan is therefore to obtain a mo-
lecular definition of these genes that will provide the basis
for testing the models.

In this paper, we provide such a molecular definition of
an ecdysone-inducible gene called E74, which occupies
the locus of a large, well-characterized early puff at 74EF.
This gene consists of three nested transcription units that
have a common polyadenylation site but different 5’ ends:
a 60 kb E74A unit, and two units, E74B71 and E74B2, with
5’ ends located 300 bp apart within the fifth and largest
of the seven E74A introns (Figure 3). As a result, three of
the eight E74A exons are included in the two E74B mRNAs
in-frame with an AUG-initiated open reading frame (ORF)
common to the 5 exons of the E74B mRNAs. Conse-
quently, the E74 gene encodes two proteins with different
N-terminal regions but common C-terminal regions. This
common C-terminal region exhibits homology to the pro-
teins encoded by the ets-1 and ets-2 proto-oncogenes.

Results

A Chromosomal Walk through the

7AEF Puff Region

Cloning of genomic DNA from the 74EF region was made
possible by the isolation of a cDNA clone, adm135A8, that
hybridized in situ to 74E as well as to seven other chro-
mosomal sites (Wolfner, 1980). This clone derives from
the Jonah multigene family, which is expressed in the lar-
val and adult guts (Carison and Hogness, 1985). Because
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Figure 2. In Situ Hybridization of Genomic DNA Probes from the 74EF
Region to Late Third Instar Salivary Gland Chromosomes

(A) Tritium-labeled probes were prepared from restriction fragments lo-
cated at the ends of the 74EF walk, separated by 260 kb in the genome.
These were hybridized to third instar salivary gland polytene chromo-
somes as described (Bonner and Pardue, 1976). The large puffs at
74EF and 75B are labeled.

(B) Biotin-labeled probes prepared from the EcoRl restriction fragment
3362 and phage 3415 DNA (see Figure 3) were hybridized to polytene
chromosomes and detected as described (Langer-Safer et al., 1982).

of sequence variation among the members of this family,
a cDNA clone, pkdm26H2, failed to hybridize to 74E but
did hybridize to the other seven positions detected by
adm135A8. These two probes were therefore used in a
differential screen of a lambda genomic library to isolate
DNA from the 74E region. Two plaques were identified that
hybridized to adm135A8, but not to pkdm26H2. Unique re-
striction fragments from one of these phage, lacking ho-
mology to adm135A8, were used to initiate chromosomal
walks in both directions (Bender et al., 1983). Each walk
was extended until it was possible to determine its direc-
tion within the polytene chromosome by in situ hybridiza-
tion. Only that walk which proceeded from 74E toward 74F
was continued, until genomic DNA spanning the entire
puff region was included. Figure 2A shows an in situ
hybridization using two tritium-labeled probes prepared
from restriction fragments that are 260 kb apart and repre-
sent the ends of this walk.

The search for the gene or genes responsible for forma-
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Figure 3. Structural Map of the £74 Region

A map of 100 kb of genomic DNA is shown, encompassing the E74A and E74B transcription units (bold arrows). The direction of the arrows represents
the orientation of £74 transcription in relation to the centromere and telomere of the left arm of the third chromosome. The locations and names
of genomic phage inserts spanning the region are shown above the EcoRl restriction map, as are the names of EcoR! fragments mentioned in the
text. The boxes below the map show the approximate size and location of £724 exons. Black boxes represent the 5' leader and 3' trailer regions,
and open boxes represent the protein coding regions. The exons are named according to the convention described in the text. The different 5' ends
of the E748 transcripts are not shown. Open arrows at the bottom indicate the location of EcoRI fragments that hybridize to other transcripts in the
region and indicate the polarity of those transcripts. The sizes of the transcripts (in kb) are shown above the arrows. Map coordinates are shown
on the bottom line in kb; the origin is the location of the Jonah gene used to initiate the walk.

tion of the 74EF puff was focused on a 105 kb region. A
map of this portion of the walk is shown in Figure 3. This
region spans the majority of the puff, as demonstrated in
Figure 2B, which shows the in situ hybridization of biotin-
labeled probes prepared from restriction fragment 3362
and the DNA of phage 3415 (see Figure 3 for the positions
of these probes).

The E74A Transcription Unit

Low Resolution Mapping of an

Ecdysone-inducible Transcription Unit

Low resolution mapping of ecdysone-inducible exons
within the 105 kb region was carried out by differential hy-
bridization of 32P-labeled cDNA probes to restriction frag-
ments from phage clones 3408-3415, whose DNAs cover
this region (Figure 3). The cDNA probes were prepared by
randomly primed reverse transcription of poly(A)* RNA
isolated from third instar salivary glands that had been in-
cubated in vitro with or without ecdysone (Experimental
Procedures). Hybridization of these probes to duplicate
Southern blots of EcoR| and Pstl digests of the cloned
phage DNAs revealed three separated genomic regions
that hybridized preferentially to the induced probe (data
not shown)—regions delineated in left-to-right order in
Figure 3 by four EcoRlI fragments: 3319, the adjacent 3301
and 3303 fragments, and 3363.

Evidence that the ecdysone-inducible exons within
these three regions are part of the same ecdysone-
inducible transcription unit derives from Northern blot
analyses of induced and noninduced RNAs hybridized
with single-stranded probes from each of the four EcoRlI

fragments. Figure 4A shows the results of such an analy-
sis in which both poly(A)* and poly(A)- RNAs from in-
duced and noninduced third instar salivary glands were
hybridized with a single-stranded probe from 3301 that de-
tects only rightward transcription (i.e., from left to right in
Figure 3). A single major poly(A)* RNA of 6.0 kb was
observed in induced glands at an abundance at least 100-
fold greater than that in noninduced glands, as deter-
mined by densitometry of the autoradiogram. Single-
stranded probes from the 3319, 3303, and 3363 fragments
similarly detect a 6.0 kb ecdysone-inducible RNA of the
same polarity (data not shown). This provides strong evi-
dence that the ecdysone-inducible exons in the four frag-
ments are present in a single transcription unit that yields
a 6.0 kb mRNA and is 61 + 9 kb long, as judged from the
positions of the 5’ and 3' terminal fragments 3319 and
3363, respectively (Figure 3). We call this presumptive unit
the E74A unit and the 6.0 kb poly(A)* RNA the E74A
mRNA.

Figure 4B shows that ecdysone also induces the E74A
unit in the presence of the protein synthesis inhibitor cy-
cloheximide. it mimics the ecdysone induction of the 74EF
and other early puffs in this respect (Ashburner et al.,
1974), indicating both processes represent primary re-
sponses o this steroid hormone. The correspondence be-
tween these processes has been investigated in more de-
tail as has the mechanism by which ecdysone induces
E74A transcription (Thummel et al., 1990).
Identification and High Resolution Mapping
of the Eight E74A Exons
Figure 3 shows the positions of the eight E74A exons on
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Figure 4. Effects of Ecdysone and Cycloheximide on E74A Tran-
scription

(A) Northern blot analysis of poly(A)~ and poly(A)* RNA isolated from
third instar salivary glands incubated in the absence (-ecd) or pres-
ence (+ecd) of ecdysone.

(B) Northern blot analysis of total RNA isolated from third instar larval
tissues incubated in Robb's saline alone (control) or in the presence
of cycloheximide and/or ecdysone as indicated. In both cases, radioac-
tive single-stranded DNA from EcoRI fragment 3301 was used as a
probe. The high molecular weight band in the second lane of (A) was
not reproducible and may have been DNA contamination.

the molecular map of the 105 kb puff region. The first five
exons are not shared by the E748 transcription units de-
scribed below and are therefore labeled A1-A5, whereas
the last three exons are labeled 6-8 because they are
shared. These exons were identified and molecularly
mapped, and their nucleotide sequences were deter-
mined by a combination of S1 nuclease protection analy-
sis, nucleotide sequence analysis of cloned cDNAs and
genomic DNAs, and primer extension analysis.

Figure 5A shows the results of one of several S1 protec-
tion experiments that determined the lengths and posi-
tions of the E74A exons in each of the three regions shown
in the preceding section to contain ecdysone-inducible
exons. This experiment provided the lengths of the four
exons in the central region defined by the adjacent EcoRl
fragments 3301 and 3303 (Figure 3). As will become ap-
parent, these exons correspond, respectively, to A2 and
A3-AS5. Lane 1 shows that a single 714 nucleotide frag-
ment (A2) was protected from S1 nuclease digestion after
a uniformly labeled, single-stranded probe from 3301 was
annealed with poly(A)* RNA isolated from second day
pupae. Similarly, lane 3 shows that an equivalent probe
from 3303 yielded protected fragments that exhibit
lengths of 611 (A3), 282 (A4), and 508 (A5) nucleotides. In
addition, the position of A3 in relation to the Xbal site
within 3303 can be deduced from the lengths of the two
protected fragments shown in lane 2. These derive from
the Xbal fragment 3321 shown in the schematic at the bot-
tom of Figure S5A and correspond to the 714 nucleotide A2
exon and a 591 nucleotide Xbal-truncated derivative of the
611 nucleotide A3 exon.

Similar S1 protection analyses, in which end-labeied
single-stranded probes were used (Weaver and Weiss-
man, 1979), yielded the positions of A2, A3, and A4 (Figure
5A) as well as the length and position of A1, the only
ecdysone-inducible exon detected in the upstream region
defined by the EcoRI fragment 3319 (Figure 3). S1 protec-
tion and primer extension analyses provided the evidence
that the 5’ end of exon A1 is the transcriptional initiation
site of the E74A mRNA (Figure 5B). Aithough second day
pupae provided the source of the poly(A)* RNA used in
these experiments, the same result was obtained by
primer extension with RNA templates derived from 18 hr
embryos, ecdysone-induced third instar tissues, and
fourth day pupae, as well as ecdysone-induced K tissue
culture cells (data not shown). These results are consis-
tent with the temporal and tissue distributions of E74A
transcripts (Thummel et al., 1990) and indicate that the
E74A transcription initiation site is invariant during devel-
opment.

S1 protection analysis was also used for the approxi-
mate mapping of exons 6, 7, and 8, which are shared by
the E74A and E748 units and were the only exons detected
by S1 analysis within the 3363 EcoRI fragment that de-
fines the 3’ terminal region of ecdysone-inducible exons
(data not shown). The precise mapping of exons 6 (370
bp), 7 (251 bp), and 8 (2598 bp) was accomplished by
comparison of the nucleotide sequence of a cDNA clone
called ¢17 with the genomic DNA sequence of appropriate
parts of 3363 and its subclones (Figure 6). The ¢17 ¢cDNA
is the longest of five clones isolated from an early pupal
cDNA library that were identified as E74A cDNAs by their
hybridization to probes from both 3363 and 3303. It in-
cludes the 3’ terminal 399 bp of A3 and extends down-
stream to a polyadenylated 3’ end that marks the 3’ ter-
minus of exon 8, and hence that of E74A (Figure 6).
Comparison of the c17 sequence with the complete se-
quence of 3303 therefore provided a map of the 3 termi-
nus of A3 and the boundaries of A4 and A5, which con-
firmed those obtained by S1 mapping.

The only ambiguity observed for S1 mapping was that
for exon 6. Probes containing this exon detected two S1-
protected fragments of 312 and 370 nucleotides (data not
shown). Additional S1 analyses demonstrated that these
two protected fragments shared a common 3’ terminus but
had 5’ termini that were 58 nucleotides apart. Aithough we
cannot eliminate the possibility that these two fragments
result from different E74A mRNAs formed by alternative
splicing, confirmatory evidence from cDNA clones exists
only for the 370 nucleotide exon. All of the five £74A cDNA
clones noted above derive from RNAs employing the up-
stream acceptor site. Furthermore, the sequence of the 5’
boundary of the 312 nucleotide fragment does not exhibit
a good fit to a consensus Drosophila splice acceptor se-
quence, whereas the 5’ boundary of the 370 nucleotide
fragment does. We therefore suppose that the 312 nucleo-
tide fragment is an artifact resulting from an S1-sensitive
site in the 370 nucleotide exon 6.

The sequence of the cDNA clone demonstrated that
exons A3-A8 are linked and therefore derive from a single
transcription unit. The linkage of A2 to A3 was demon-
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Figure 5. S1 Nuclease Protection and Primer Extension Analyses of the E74A and E748 Units

(A) 81 protection of exons A2-A5 of E74A. Uniformly labeled, single-stranded probes were prepared in vitro from plasmids carrying EcoRl fragments
3301 and 3303 or Xbal fragment 3321 as described in Experimental Procedures. These probes were annealed to either poly(A)* RNA isolated from
second day pupae (Dm; lanes 1-3) or yeast RNA (lanes 4-6) and digested with S1 nuclease, and the products were separated by electrophoresis
in urea-acrylamide gels, as described in Experimental Procedures. Size markers (in bp) are shown on the left. The schematic below the autoradio-
gram shows the arrangement of the probes and the exons they detect.

(B) Determination of the 5’ end of the E74A unit. The single-stranded DNA probes used for primer extension and S1 analyses had common 5'-labeled
ends at a Sau3A site within exon A1 (2732, Figure 6) and extend upstream 1o, respectively, a Hhal site within At (+1842) and an Alul site upstream
of A1 (-1313). After annealing to poly(A)* RNA isolated from second day pupae, the S1 probe was digested with S1 nuclease and the PE probe
was used as a template for reverse transcription (Experimental Procedures). The resulting 5-labeled fragments were resolved by electrophoresis
in sequencing gels to yield lanes $1 and PE. The sequence ladders to the right derive from the S1 probe (Maxam and Gilbert, 1977), and part of
the resulting sequence is shown indicating the 5' end of EZA.

(C) Determination of the 5’ ends of the E74B units. An oligonucleotide from 498° to 526° (Figure 6) was annealed to 3369 single-stranded DNA and
extended with radioactive nucleotides to position 449° (Sacll) for a primer extension probe or —243° (Sphl) for an S1 probe. Poly(A)* RNA from
second day pupae (Dm) was used for primer extension or S1 analysis, along with yeast RNA (Y) controls. The same oligonucleotide was used to
prime DNA sequencing (Sanger et al., 1977). The sequences of the 5’ ends are depicted on the right. The set of bands below the full-length £7482
St-protected fragment is an S1 artifact caused by occasional meiting of the run of four AT bp.



A. E74A specific
AAGCTTGCCATTGAATTACGATATTTTCAATTTAAGTAAGT T T TTGAGTATAAAAGTGAGTATAATGTACTGCTTACTTTTTTGAGAAAGCAGAATACTT -3872
GCTGRATGAGTTTCCGCCGCATTGTAATTGAAATGGATT TAGCGT TAATCGAACGCAAAGCAATGT TAATATATTTTTTGGCCTTGAAATTARAATAAGGT ~2872
GTTGTTGGAAATAAAGTACGCAAAAACAARAACTATTTCCCACAATTTCGACGTACAGAGGATGCACTGTAGCTCCCTACTCTCTTIGGCTCTCCCTGCA  ~1872
ATTGCACTTGCATTCCGCTCTCTTAGCCTCGCTTGCGCTCTCTACGCTAACGAGCTT TGAAGTTCAGAGCGTGAACTTGAGCGTTTCTCTGCCGTTGTCG  ~872
TCGCGAGGTGGAGGTGCGC TG IGTGCGTCAGCGCGTCTCAGTGCAGCGCAGTGCCTGTGTGCAAAAATACGCTTGTTCGCCGTTTAGTTGTCTTTTGAC 142
TGCTGTAACGGACAGTCGCAAATTTTGCCCCAACTCTGATTCGAGCGAT TCGAATGCGAAGAGGAAAACCTTCGC TTT TCAAACACACATAACAAAAACC 1142
AAACAACAAAACAARATAGCAGCAACAAAAATCAATTGT TCAAACGTARCTGTAACTGCAGCGT TCGCGCCAACCGACAGAACGCCCGCCCGCCCACTTT 2142
TCCCGCCCACCGTCGTCGTCGCCGCCGTCGCGTCGCTAATTAAACGCT TTGCTACGATCAAAAGGGCAATCCCAAAATATCAAACAAATAARATTGGCGT 3144
TACAPAGAGGTTC TGAAGCAGCARARATC TCCTGCGAAGAARTCTCGCTGTTCAAGTGGCCTTAGCGTGATGATTAAAATGTCAATTAATTAATCCAAAT 4142
ATCTGGTGGCATCTGACAGCCTTTGGTCGGCTTTTCCCGCCCTCCCCTGACCACGCCCCCGCCCCCATAAAGAAAAATGCCTGAAAGTTTATACATATTT 5142
ACACAAGAATTTTAGAAATTAAGTGATAAATCGCAAAGTAACTGATAGAAACT TCGAGGCAATAGGGTATATGATTTTTTTCTGCCGTTGCCGGAACATT 6142
ATGGATATATCGCCAATTGGATTACTTTTGCTTGAGATGAGGCCGCACAGCAAGCCGACATAGGGCGACATTGGCTGATTGACAATTCGGCTGATTGTGC 71428
AATCGGAAATTGGGAGCCATTTCCACGGAATCCTCTTGTCTTCGGGGCACCGCCCACCGACGCCCACCGCCGCCCGCCCCCAAATGCCCCAGCGCACCCT  B142
TCAAACACCATAAATGCGTGCCAAAAGCAGCAAACTGGGAACTAATGCAARTT TGGTCAATGCCATCGATATCGATGCTAATGGCAATAAAACTTTATAC 9142
ATCTATCGCATTCGCTGTAAGATAAAATCGGCCAAGTCGGCARACTGTGAGACTGC TTCCCCGAACTCCATCATTTACCTGTGACAAGTGCGGCGGCCAC 10142
AAAAGACCAAAATAATTAACTAAACTATATAAAATGCGCCCGAGTGCGCGGCCAAGCAAATACAACAACATCGAGTGGCACATCGGTCAATGTGCAACAA 11142
GTGAAGCAACCCAGAAATGCAGAAAAACACTTTTTGATAACT TTACACTGCCTTACGGTTAACATAAATCGT TAATATTAACTTACAAATTACGCGTAGT 12142
TCAARTATACAARCTATACAACAAGCAAAAAACAATCAAAATTTATATATTTACAACARCAACGAAACCTTTTACARATAAGTGAARAACAAGAAARARAR 13142
ACATTCAGCAACGTCGAGGATCGTCAGCGAACAACGACAACAAAAAGCGAAAGACTCCAAAACCAAGCCAAAATAATATTAAAATTAAAAATATATATAC 14142
AAGAGGATTTTAATATCCCTACACTGT TAAGTGCGTCGAAGAACTAACAACTTTTACACATCCACAAGGAACCTAGTATCTTCACTTTTCGTGTGATCAA 15142
AATCCAGGAGGCGCAACAAAACTCTATACAAAT TTTGAAGAACCARACCAAAACCGTCTTAAATAAAGTGCCTAAAACATCTTTTTCGCGCGATTCTAIG 16142
AGAARATTGTAAAGCGAACGGAGATCGAAATTTTATACCAAGT GTGATAGGTATACAAATCGAGGTATTGCAAGTTCGTATCGAGCAGTGTTICCGCAGC 17142
GAAACTAGAAAACTAGTGGACACTAGATACCCTT TCTTGGTTTGAGACGCGAGGAATACC TTGGACTTGGGTGGCATCAAGATTGAGCAGRACTTICGCG 18142
ACTGGCAGGGGTATTCAGGAAACGGCTACACGCTGGCAGT TAACAGTGT TTGCAGTGCAGGCTTTGCCCTATCAGCG 18912

ATGCCCTTTATCGACGATGCACTGC TCTGGTGTCCAGATAACGATGGTCGTCT TGTTGGAGGTCTAGACTTGGGAACATGCATAGCCGATGATTCTACG 19902
METProPhelleAspAspAlaleuleuTrpCysProAspAsnAspGlyArgleuValGlyGlyLeuAspleuGlyThrCysIleAlaAspAspSerThr 332

GCTAACGGAACGGAAAAC TTGAARCCCCTCGATCCAATCAGC TGGCAATCCGAACAACCCGCAGCAGAGCGTCGGTGGCGAGATCCTGGGATCCGTGGAG 20892
AlaAsnGlyThrGluAsnLeuAsnProSerIleGlnSerAlaGlyAsnProAsnAsnProGlnGlnServalGlyGlyGlulleLeuGlySerValGlu 663

TCCGCCGGCAACGAACTGAATGGAGCGGCGGCCCGCAACGTGARCGTGGTGGTGGAACCGCTCTGCGGCGGCGACTCCTCCGACGAGCTGTTCCGCAGL 21882
SerAlaGlyAsnGlulLeuAsnGlyAlaAlaAlaArgAsnValAsnValValValGluProLeuCysGlyGlyAspSerSerAspGluleuPheArgSer 992

TTCTCCGAGAGCAACTTCGAGATCGAGAGCCTGCTGTCCGATTTGGCCACCGTCGAGGTGAAAGTCGAAAATGAGGAGAACAACAACAATGTCATCACC 22872
PheSerGluSerAsnPheGlulleGluSerleuleuSerAspleuAlaThrvalGluVallysValGluAsnGluGluAsnAsnAsnAsnValIleThr 1322

GATGATGACTTCGCCAGCGTCGC TGCCGCCGTGGTGGCCAACGATGAT CTGC TAGCCAAAGAGAATGCCCAGC TGAGTGCCCAGGGTCTGGTCGATTCG 23862
AspAspAspPheAlaSerValAlaAlaAlaValValAlaAsnAspAspleuleuAlalysGluAsnAlaGlnLeuSerAlaGlnGlyleuValAspSer 1652

GTGGCCGCCAGTCTGGCCGATTCCGGCGATGCCGGTGGTCAGCAGGCGCTCT TGGCCTTCGGCTCTTCCAGCTCGGCAGCCTCGGCGAT TGCAGCAGCA 24852
ValAlaRlaSerLeuAlaAspSerGlyAspAlaGlyGlyGlnGlnAlaleuleuAlaPheGlySerSerSerSerAlaAlaSerAlalleAlaAladla 1982

GCTGCCGCCCTCTGTGGCGATTTGATCAACAACAACAACAACAACAGCAACAGCAACAACAACAGCAATGGCAATGGCAATCACGGCGGCGGGGGAGGA 25842
AlaAlaAlaleuCysGlyAspLeulleAsnAsnAsnAsnAsnAsnSerAsnSerAsnAsnAsnSerAsnGlyAsnGlyAsnHisGlyGlyGlyGlyGly — 2312

GGAGCTAGTTCCGGCGGCGGAGTAGCCGGCGACTGTGCCACCAAGCTGGAGTACGCCCTCATGGGCGGACAGCCGCTGGCGGAGGAGCCGCGCTTCGTG 26832
GlyAlaSerSerGlyGlyGlyvalAlaGlyAspCysAlaThrlysleuGluTyrAlaleuMETGlyGlyGlnProleuAlaGluGluProArgPheval — 2642

ACCAGCGCCGCCGCCAATCCCCT TCTCGTCGAGAAGCTAATGTCCAAGTGCC TGAACATTGAGAAGCGAATGGACAAGCTCAGCG 27682
ThrSerAlaAlahlaAsnProleuleuValGluLysLeuMETSerLysCysLeuAsnIleGluLysArgMETAspLysleuSerAsp 2932

B. E74B specific
CTCGAGAATTGCATGCAAATGCGCATGTGGCACACAAATCCCCCARACATGCACACACACACACACACATACCGGTGCAACAACGAAGTGGTGGGGGTGA ~159P
AGAGGAAGACGCAGCAGAGAGAGCTCCAAACATTCGCGTGCTC TCTCGCTCTCCCCCTGTCTTTGCCCCGCGATTACGTTTGTTTGCCATTTTTGCGCTC 590
TCTCGCAACGTTTTTCGCAACACCAGCGGCAGCGGCAGCAACGTCGTGCCGTCGATTCAGTCGT TCAGTCGGCGTAAGCGAGTCGAGCGAGCGAGCCCCA 420
TTCAGTCCGGCGATTTGGCTCTTTTGCACCTGTGCAAGTGTGTGT TTCTCCCGCGGTGCGTGCGTCCGTGTAAGTGTGTGCTCCCTCAGCGGTGGAACTGG 142b
TGCACTGGTATTGGGGCATCGGTGAGTGEGEECGCGCGCGCTTTTCCAGCCGCAGCATCGCAGTCGCCGTCTCTGCTGGCGCTGACGTCGRAGCCGACGTT  242P
TGTTGTTCGGTGTTTGCGCGTAACAAACACTCGCAGCGGTTTT TGTGCTGACTT TAGATTT TAGTTTTGCTGATACCGTAAGAGATAAATGACGTGCCGC 342b
GGCGAGCGACGAATTAGCGGCCCAARACAGAGAAAAACTCAACAGCCAAAACACACACAGAATACCAGAGARACAGAAGCAAGCAACAAGCAMATGTTTG  442P
ACCCGCGGGAAAACAAAATGTAATAGCTAATGTAGCAAAATGTGT TTAAGTTTAAGCCAGAAAGTTAGCATATAAAACGTCCACAATTAGTGCAAAAAAG 5420
TTCAAAACCTGATCAATTTTCGAAATCAAACAAAT ACCTCAAGCGTAAAGAAGTAACAATAARCCAACAAGCAARCAAACAAACAAGCARCGAACCGAGT 6420
GCAAAAACTTAGTGCAATTTC TTTAATAAGAAAATTTGAAGCCCCCAAAAAAACAGACATAATAATCATGTCTAGTGTGTAGAACGTTGCGTATACGCAR 7420
TATTGCCAAACCCATTAACGCAGACATCACGCATACGCCGCGTCGTGCAAA 7930

ATGATTATGGTGCAACATTTGGTGGCCGCCTCGGCGCACAACT TCGCCAGCCAGGCGGCGGCATCGCTTGTCAATGTGTCCAGCTCCAGCTCTAGTTCC 8920
METIleMETValGlnHisLeuValAlaAlaSerAlaHisAsnPheAlaSerGlnAlaAlaAlaSerleuValAsnValSerSerSerSerSerSerSer 33p

AGTTCGAGTTCCTCGTCCTCGCTGTCGCTGTCTTCATCCTCATCCAGC TCCTCGCTGTCCTCGGCCACGCCCACGCCGGTGGCCTCGCCCGTGACGCCC 991b
SerSerSerSerSerSerSerleuSerLeuSerSerSerSerSerSerSerSerLeuSerSerAlaThrProThrProvalAlaSerProValThrPro 66>

ACATCTCCACCGCCGGCAGCCGCCGCACCCGCAGAAGCC TCGCCGCCAGCAGGAGC TGAGTTGCAGGAGGATGGGCAGCAGGC TAAGACTCAGGAGGAT 1090°
ThrSerProProProAlaAlaAlaAlaProAlaGluAlaSerProProAlaGlyAlaGluleuGlnGluAspGlyGlnGlnAlaLysThrGinGluAsp 990

CCTACTATGAAGGACCAAGACATGC TGGAAAAGACGAGGCAAGAGGTGAAGGATCCAGT TAATGTGGAGGARCCAGGTGCCATAGTTGATACCGAGTCA 11892
ProThrMETLysAspGlnAspMETLeuGlulysThrArgGlnGluvalLysAspProValAsnValGluGluProGlyAlaIleValAspThrGluSer 132b

GTGATGGCGCGGCAAAGTCCAAGTCCAGTTGCGTCCACCAAAGTCCCCGAGTCACTAGAAGAGATT TCCAACAAATCGCCGCCCGTTCAAGAGGATGAA 1288b
ValMETAlaArgGlnSerProSerProValAlaSerThrLysValProGluSerIeuGluGluIleSerAsnLysSerProProValGlnGluAspGlu 165P

GAGGAGTCTGAATCCGTAGCCTCCGACTGTCGCGAGT TCAAAGTGCTCTATAATCACCTAAGGCAGCAGCAACACCACCACTCTCCCTCCTCGCCAGAC 1387b
GluGluSerGluSerValAlaSerAspCysArgGluPhelLysValleuTyrAsnHisLeuArqGlnGlnGlnHisHi sHisSerProSerSerProAsp 1980

Figure 6. Nucleotide Sequences of the E74A and E748 cDNAs and 5'-Flanking Genomic DNA, and Predicted Amino Acid Sequences of the E7Z4A
and E74B Proteins

As no complete cDNAs were obtained for either the E74A or E74B mRNAs, the sequence information presented is a composite of genomic and cDNA
sequence. Nucleotides ~4862-15792 were derived from genomic sequence, and nucleotides 15802-60172 were derived from the E74A cDNA c17
(this cDNA also included the 490 bp intron between exons 6 and 7, which is not included in the figure). The E74B-specific DNA sequence was deter-
mined from genomic DNA. The predicted transcription start sites at positions 12, 12, 9°, and 305P are indicated in boldface. Underlined sequences
include potential translation initiation codons located in the 5 leader sequences of E74A and £74B; the al, all, Bl, and Bl sequence homologies
(Figure 9); the TATA box sequences upstream of the E74A and E74B2 transcription start sites; the nucleotides (654°, 13682, 19792, 22612, 27692,
31382, and 33932 immediately following each intron-exon boundary; and the putative polyadenylation signal. Nucleotides and amino acids are



AAGACGCGCAGCACCCTGGACGATGTGTCCAAGATCCTC TGGGAGCGAAAGCAGCAGCTGCAGCGCAGC TCAGTGAT TACCGCAGCACCCACTCTGCAG
LysThrArgSerThrlLeuAspAspValSerLysIleLeuTrpGluArgLysGlnGlnLleuGlnArgSerSerVallleThrAlaAlaProThrLeuGln

CCGCAGCAGCACCAGCAGCCCATGAGCGACATCGAGGACGAGGAGACGCTGGAGGATGTCGATGACGCGGATGCGGACGTGGAGGCAGACGCCGAGGAC
ProGlnGlnHisGlnGlnProMETSerAspIleGluAspGluGluThrleuGluAspValAspAspAlaAspAlaAspValGluAlaAspAlaGluAsp

GAGGAGCTACTGGAGCAGTACCAAAACGGCTACGACTCGCCACTGGATCTGTCCCTGGGTGGAGCCACCAGTGCAGCCGCATCAGCTGCCGCTGCCGCC
GluGluLeuLeuGluGlnTyrGlnAsnGlyTyrAspSerProLeuAspleuSerLeuGlyGlyAlaThrSerAlaAlaAlaSerAlaAlaAlaAlaAla

TCGGCGGTCAGTCGCCGACGGGGACGCACCTACTCCGGCACGGAATCCGACGACTCCGCGCAGTGCGAACGGGCGAGGATGCGACTCAAGCCGGAACGC
SerAlaValSerArgArgArgGlyArgThrTyrSerGlyThrGluSerAspAspSerAlaGinCysGluArgAlaArgMETArgLeulysProGlulArg

AAGGCGGAGAGATCGGCGGCCTACAAGAAGAGCTTGATGAAGCGATATT
LysAlaGluArgSerAlaAlaTyrLysLysSer LeuMETLysArgTyrTyr

C. Common
ACACCGAAATTCCTATTGTCAAGCARATCGACAAGTCCGGCACCGCAGCAGCAACTGCAGCAGCAGCACCACCTGCAACAGCAGCARCAGCAGCAGCCG
ThrGlulleProIlleVallysGlnSerThrSerProAlaProGlnGlnGlnleuGlnGlnGlnHisHisLeuGinGlnGIlnGlnGlnG1lnGlnPro

CACAACGGCTCCACCTTCGCCGGCGCCACCGCTCTGCTCCACATAAAGACGGAGCARAATACGC TGCTCACTCCGCTCCAGCTGCAGCAGCAGCAACAA
HisAsnGlySerThrPheAlaGlyAlaThrAlaleuleuHisIleLysThrGluGlnAsnThrLeuleuThrProLeuGlnLeuGlnGlnGlnGlnGln

CAGCAGCAGGGTCTACACGGTGCGGCAGGCAACGGAGGCAGCAGCARCGGCAACAATGCCCACCAGCAGCARCAACCGCTGGCCATCCCACAACGCCCG
GlnGlnGlnGlyleuHisGlyAlaAlaGlyAsnGlyGlySerSerAsnGlyAsnAsnAlalRisG1nGlnGlnGlnProleuAlalleProGlnArgPro

CTGCTCCACAATCTGCTTAGCGGCGGTGCCATCCACAATCCGCACCACAGAAACTACACGACGGCCACAACAGGTTCATTTCCGCCCAGTCCCGCGGAC
LeuleuHisAsnleuleuSerGlyGlyAlalleHisAsnProHisHisArgAsnTyrThrThrAlaThr ThrGlySerPheProProSerProAlaAsp

AGCGGCGTCTCCGACGTGGACAGCTCCAGTTCCGGCGGCCAGCCCTGCGCCGACGAGC TGARGGCGCGGC TCGGGATGCCACCAGCCACCTCGGCGICG
SerGlyValSerAspValAspSerSerSerSerGlyGlyGlnProCysAlaAspGluLeulysAlaArgleuGlyMETProProAlaThrSerAlaSer

GCAGCGGCCGCGGCAGCAGCGGCGGCGGCGGCAGCGGCACACCTGCACACGGGCACCTTTCTGCATCCGAATTTATACCAGAACAATGCGGCAAATTCG
AlaAlaAlaAlaAlaAlaAlaAlaAlaAlaAlarlaAlaHisLleuHisThrGlyThrPheleuHisProAsnLeuTyrGlnAsnAsnAlaAlaAsnSer

CTGCGGAACATATGGAATCGCAGTGTTGGGGIGCCCGACAAC TACT ACGGAAGCAGTGGCGCCGGCAGTGGGGGCACCCAGCCAGGTGGTCCGGGAAAC
LeuArgAsnIleTrpAsnArgSerValGlyValProAspAsnTyrTyrGlySerSerGlyAlaGlySerGlyGlyThrGlnProGlyGlyProGlyAsn

CCCCAAACGCCTGGCTACCTGACARCGTCCTACTTCAACGCACCGACAGCGGCAACGGCAGCGGCGTCCCAGCGAGGAACCACAATCAATGGCTATCAT
ProGinThrProGlyTyrLeuThrThrSerTyrPheAsnAlaProThrAlaAlaThrAlaAlaAlaSerGlnArgGlyThrThrIleAsnGlyTyrHis

TCCCTGCACCAGCAGCAGCAGCAGCAACAGCAGTCGCAGCAATCGCAGCAGCAACAGCAACTGGCCCACCAGCAACTGTCGCACCAGCAGCAGCAGGCG
SerLeuHisGIlnGlnGlnGlnGlnGlnGlnGlnSerGlnGlnSerGlnGlnGinGinGlnleuAlalisGlnGlnleuSerHisG1lnGlnGinGlnAla

TTGCATCAGCAACTGTCGCACCAACAGCAGCAGCAGCAACAGCAACAGCAGCAACACCCGCACTCCCAACTGAACGGTCCGCATCCGCACTCACATCCG
LeuHisGlnGlnLeuSerHisGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnGlnHisProHisSerGlnLeuAsnGlyProHisProHisSerHisPro

CACTCTCATCCGCATTCGCATCCGCACGCGGGCCAGCACACGCATTCCACAATCGC TGCAGCGGCGGCAGCGGCAGCAGCATCTGTCGTCAGCAGCAGC
HisSerHisProHisSerHisProHisAlaGlyGlnHisThrHisSerThrIleAlaAlaAlaAlaAlaAlaAlaAlaAlaServValvValSerSerSer

AGCAGCGCCGTTGCAGCGGCAGCCATGC TGAGCGCCAGTGCAGCGGCAGCAGCAACGGCGGCAGCTGCGGCGGGCGGATCCCAGAGTIGT TATCCAACCG
SerSerAlaValAlaAlaAlaAlaMETLeuSerAlaSerAlaAlaAlaAlahlaThrAlaAlaAlaAlaAlaGlyGlySerGlnSerVallleGlnPro

GCGACGTCCAGCGTCAGCTACGATCTCTCCTACATGCTGGAGC TGGGCGGAT TCCAGCAGCGGAAGGCGAAGAAGCCGCGCARACCGAAGCTGGAGATG
AlaThrSerSerValSerTyrAspleuSerTyrMETLeuGluLeuGlyGlyPheGlnGlnArgLysAlaLysLysProArgLysProLysLeuGluMET

GGCGTAAAGCGGCGCAGCCGGGAGGGATCCACCACCTATCTGTGGGAGTTCCTCCTCAAACTGC TCCAGGATCGCGAATACTGTCCGCGTTTCATCAAG
GlyValLysArqgArgSerArgGluGlySerThrThrTyrLeuTrpGluPheleuleulysLeuLeuGlnAspArgGluTyrCysProArgPhellelys

TGGACGAACCGGGAGAAGGGCGTCTTCAAGCTGGTCGAC TCGAAGGCTGTGTCCCGCCTGTGGGGCATGCACAAGAACAAGCCGGACATGAACTACGAG
TrpThrAsnArgGlulysGlyValPheLysLeuValAspSerLysAlaValSerArgleuTrpGlyMETHisLysAsnLysProAspMETAsSnTyrGlu

ACGATGGGCAGGGCGCTGAGGTACTAC TACCAGCGCGGCATACTGGCCAAGGTGGATGGCCAGCGGCTGGTCTACCAGTTCGTGGATGTGCCCAAGGAC
ThrMETGlyArgAlaleuArgTyrTyrTyrGlnArgGlyIleleuAlaLysValAspGlyGlnArgLleuValTyrGlnPheValAspValProLysAsp

ATCATCGAGATTGACTGCAACGGTGTGTGA
IleIleGlulleAspCysAsnGlyVal

AGTGATGAGGACGAGGAGGACGACGAGGCCTGTAAATATAGTTCGATCCCAGATCGCAGACGGATCGAGCTGGAATGGCAATAGGTTTTGGGTGGGGTAT
AARTCAACCGGCTAGCGGCAATAGTGGCTGAAGGCCACGCGAGATAGGGATTTCTT TGTACATGCGTTGAGTTTCTTGGTTAGCCAGCGATAAGCGTAGG
TTACACACATAGCTGATAGTCCCAATACGCGTACATATACTTATATATATATATACATATATATATAAATATATATTCACACCCTGTGTCCTGTACCCTA
TACATACACCCAGCTAAATCGACGGTAAATAATGATCTATTCATGGGCGT TAGTGT TGTACTTGTAACTGTAGATTTAACTGTAAACTGTAACTGTAATG
AATATTGTTATTATTGGTTATTATTATTATTATTATTACTATTACTATTATTAATATTATAATTATTAT TGCTACTGCTATGGCGGAAGGAAGAGGACGA
AGGACGACCGAATTGATTCATAT TGATATTCGATAGATGTGTGTAATATGTARATGAAGTACGAACCCCTATAGCTGCAAGAATTTCTCTATCTCTATTG
ATCTAATGCTAAATCTAAATGTATATGAGTATGTATATGCCTAGCCTAATGACCTTTCAACTGTCCCCTAGCCCAACCCGCTGCCCGAGGACAAGCTCAG
TGCAGATGCAGATATGGGTCTATGTATGAACATATGTATACGGAGATC TGAACGATCTGCACGGGTGTCTGTGCTTGGGCTAATTGTTTTTGTTGCTTAT
TTTATAAACGAAGAGAGATGGAAATTTATTATTTCATAGT TTTAGCTATTTGTACGACTACGTTTAGGATATT TATTTAAGTGT T TCTCCAGCTAATCCC
CCGAAACTTTCCCCAAAACAACAAAAACACACACATCCTAACTGGAGC TAAGAACCCAGCAAACTGGTGGTCTAAACTTTCTTGTAATTATTAT TTGATA
AGTTTTGTATATTTACAACATCAACAGCAGAAAAGCTCACAGGATAARACCCGAAGAAGGCACTTCTTGAGCCCTCGT TTAAGCAGTCTTAGAACACCAARA
CCAAACTCAAGTCTCTCGATCTGAAGT TTATTTATAAAGCATAAAGT TAAACTACCGTATTCTTGTTAACGICACACTGCCACAAATCGAAACAAGCCTT
ACATAATGGAACAGATCTGGACATTTAATCGAACCAAACCGAGATACTGACCCATAGTTTCAACAATACTGCCAACCGCAATCCTCAATGCAATATACCG
ACAACTTCTACAACAATTTCCAARACACTGCCCAAAACGTGCAATCTCTTGAAAGGATACCTTGAATAGGARAGAGAATAAARCCAACTCCTAGTTCTTTA
ATCTAATTCTTTAATAGT TGCGTTCTCTAAGTACCTITATCTATTATTATTATTATTATGTGTACGTGAAGATGAAATCTACAATATATCATTTGTTTAT
GATGATTGGTGATTGATGATGCAAARTAAACAAAGTGAGTCT TGAGTTCAACTCTGTTCATTGTAAACATTTTTTATGATTATTTTTTGTTTTTTAAATAR
AATTATTATTTCAAAARAAAAAAAAAAAAAAAAAAA

1486°
231p

1585
264b

1684°
2970

17830
3300

1832b
3470

28662,1930°
3252,379P

29652,20292
3582,412b

30642,2128b
3912, 445b

31632,2227
4243,478P

32623,2326P
4572,511p

33613, 2425b
4908,544>

34602, 2524P
5232,5770

35592, 2623b
5562, 610P

36582,2722°
5893, 643b

37572,2821b
6223, 676b

38562, 2920P
6552, 7090

39552, 3019P
6882, 7420

40542, 3118b
7218,778b

4153a,32170
7542, 808P

42522, 33160
7872,841b

43512, 3415b
8202, 874b

43812, 34450
8292,883P

44813, 35450
45813, 3645b
46812,3745P
47812, 3845P
48812, 3945P
49812, 40450
50812, 4145P
518123, 42450
52813, 4345P
53812, 4445b
54813, 45450
558123, 4645P
56812, 4745
57812, 4845P
58812, 4945°
59812, 5045
60172, 50810

numbered in the right margin, with coordinates for the £74A and E74B products indicated by superscripts. The intron donor and acceptor sequences
located at the 5§’ and 3’ ends of each intron are as follows (intron names refer to the 5’ flanking exon, intron size in bp is indicated between the donor
and acceptor sequences): A1, GTAAGTGA-15000T TCTACTTGCAG; A2, GTGAGAAT-3208TTCTTTTTTCAG; A3, GTAAGTAC-357TTTTCTTCAAAG;
A4, GTACATCC-214-ACTGT TTCCTAG; A5, GTAAGTCG-32300-CCTTCATTTCAG; B, GTAAGTGG-9000-CCTTCAT TTCAG; 6, GTGAT TAT-490-TCCCGT-
TCGCAG:; 7, GTGAGTAT-1900-T TGT TCTTGCAG. The sizes of introns A2, A3, A4, and 6 were determined by DNA sequencing; the others were deter-

mined by restriction mapping.
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strated by comparing the electrophoretic mobilities ob-
served for the S1 nuclease—protected fragments of the
3321 probe (which overlaps both exons, Figure 5A) in de-
naturing and nondenaturing gels (Berk and Sharp, 1978).
In nondenaturing gels, the DNA fragments representing
the A2 exon (714 nucleotides) and the Xbal-truncated A3
exon (591 nucleotides), which we suppose are adjacent in
the RNA, should be held together by that RNA in the form
of an RNA-DNA duplex with a break in the DNA strand,
and should migrate equivalently to a DNA duplex of 1.305
kb. We observed that a duplex of 1.3 kb was indeed formed
under nondenaturing conditions (data not shown), where-
as under the denaturing conditions used in Figure 5A, the
separate A2 and truncated A3 fragments were observed
(lane 2).

Linkage of A1 and A2 was established by the use of an
extended primer. A single-stranded DNA fragment de-
rived from the 5’ proximal sequences of A2 was annealed
to poly(A)* RNA isolated from ecdysone-induced third in-
star tissues and used as a primer for reverse transcription
of the RNA template in the presence of 32P-labeled de-
oxynucleotide triphosphates. This labeled cDNA was then
used to probe a Southern blot of genomic Hindlll restric-
tion fragments from a 50 kb region upstream of the primer.
The only fragment to hybridize was a 1.5 kb Hindlll frag-
ment (3302), whose central portion is occupied by the
0.653 kb A1 exon. The sum of the mapping data therefore
demonstrates that the E74A transcription unit contains
the indicated eight exons that are spliced to yield the
ecdysone-inducible 6.0 kb E74A mRNA. This conclusion
is supported by the subsequent isolation of a cloned
cDNA consisting of all but the 23 5’ proximal nucleotides
of exon A1, all of exons A2-A4, and part of exon A5. The
structure of this cDNA, as determined by extensive restric-
tion enzyme analysis, is entirely consistent with that of the
deduced E74A mRNA. The sum of the lengths of the seven
E74A introns is 535 kb (see legend to Figure 6) which,
when added to the combined lengths of its eight exons,
yields a total length for the E74A unit of 59.5 kb.

The E74A DNA Sequence

Figures 6A and 6C show the nucleotide sequence for a
complete cDNA of the E7Z4A mRNA and for the 486 bp im-
mediately upstream of its transcription initiation site. The
exon boundaries are indicated in the figure, and the se-
quences flanking these splice sites are presented in the
figure legend. All of these splice donor and acceptor se-
quences are consistent with a consensus sequence de-
rived from the sequences flanking more than 200 Dro-
sophila introns (K. B., unpublished data).

A single long AUG-initiated ORF starts in A3 at +18922,
includes 829 codons that have been translated in Figure
6, and is terminated by a UGA stop codon at +43792 in
exon 8, which also contains the 1615 nucleotide 3' untrans-
lated region. We call this long ORF the E74A coding region
and reserve consideration of the amino acid sequence it
encodes to the Discussion, where it is compared with that
encoded by the E74B coding region. Similarly, we reserve
to the Discussion a consideration and comparison of the
5’ flanking sequences for the E74A and E74B transcription
units. We consider here only the exceptionally long (1891

nucleotides) 5' leader sequence of the E74A mRNA and
the sequences surrounding the E74A and E748 transcrip-
tion initiation sites.

The most striking feature of the EZ4A 5' leader se-
quence, apart from its length, is the presence of 17 AUG-
initiated ORFs, each of which is closed within this leader
sequence. The locations of the AUG triplets initiating
these ORFs are indicated in Figure 6A by underlining. All
of the ORFs are short, the iongest containing 56 poten-
tial codons. These characteristics raise the question of
whether any of the 17 ORFs are translated or, more gener-
ally, whether the 5’ leader sequences play specific roles
in the regulation of E74A translation, as is the case for the
GCN4 gene in yeast (Mueller and Hinnebusch, 1986).

While these questions have yet to be answered by direct
experimentation, the sequence data do not encourage a
positive answer. For example, certain of the 17 ORFs,
which are not included within other members of this set,
are extremely short; thus, the first, second, fourth, eighth,
and seventeenth consist of 12, 7, 12, 9, and 4 codons,
respectively. Similarly, the codon usage frequencies in the
17 ORFs, with the possible exception of the ninth, do not
exhibit the bias of a typical D. melanogaster gene. In con-
trast, the E47A coding region does exhibit such a bias.
(The Framescan program of Staden and McLachlan,
1982, and a standard set of Drosophila codon usages
compiled by K. C. B. were used for these computations.)

We also compared the sequences immediately up-
stream of the AUG codons for the first eighteen ORFs
with an optimal consensus sequence for eukaryotes:
CCACC-AUG. This consensus, originally derived from
sequences flanking AUG initiation codons in a very large
number of genes from a variety of eukaryotes (Kozak,
1984), is consistent with results of extensive experiments
in vertebrate systems designed to define the importance
of particular flanking nucleotides (Kozak, 1986, 1987). The
result of this comparison is that the flanking sequence up-
stream of the AUG initiation codon beginning the E74A
coding region exhibits a better fit, with three matching po-
sitions out of five, than do any of the other seventeen.
Cavener (1987) obtained a somewhat different consensus
sequence (SAA2-AUG) from a much smaller number of
genes, all from Drosophila. This consensus overlaps that
of Kozak at all positions other than -2 (relative to the
AUG) and lacks nucleotide specificity at —5. It is not clear
whether these differences indicate a functional difference
between Drosophila and other eukaryotes, because no
experiments testing the functional importance of particu-
lar flanking nucleotides have been carried out in Drosoph-
ila systems, as they have in vertebrates (Kozak, 1986). It
is also curious that the flanking sequence for the E74A ini-
tiation codon gives a poor fit to the Cavener sequence,
with only one match, while all but one of the flanking se-
quences for the 17 leader sequence AUGs exhibit an
equal or better fit.

Table 1 shows that the sequence surrounding the E74A
transcription initiation site is quite similar to those for the
three E74B transcription initiation sites determined in the
next section. Furthermore, each of these £74 start sites is
in reasonable agreement with consensus sequences de-
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Table 1. DNA Sequences Surrounding the E74 Transcription
Start Sites

E74A TTTAGTTGT
E74B1a ATTAGTCGT
E74B1b TTCAGTCGG
E74B2 TTTAGTTTT
Consensus 1 ATCASTS

Consensus 2 AGTENS

The A nucleotide at position + 4 is the start site for each £74 transcript.
Consensus 1 is from Hultmark et al. (1986); Consensus 2 is from Pir-
rotta et al. (1987).

rived from other Drosophila genes (Hultmark et al., 1986;
Pirrotta et al., 1987).

The E74B Transcription Units

The E748 mRNAs were first observed as a single 4.9 kb
band on Northern blots of total RNA from ecdysone-
induced late third instar tissues. This RNA was detected
with labeled probes from the 3369 and 3363 EcoRl frag-
ments but not with probes from any of the other EcoRI
fragments spanning the region from 3319 to 3361 (Figure
3). The direction of transcription of the 4.9 kb RNA (i.e., the
E74B unit[s]), as determined with single-stranded probes,
is the same as that for E74A. These observations suggest
that the 5’ exon(s) of E74B is within the 3369 fragment and
thus within the long A5 intron of E74A, while the 3'-proxi-
mal exons of E748B are in the 3363 fragment and could be
shared with E74A (i.e., exons 6-8, Figure 3). The following
analyses confirm this suggested organization for E74B
and define the respective exons at the nucleotide level.

A cDNA library prepared from late third instar RNA was
screened with a 3369 probe to yield two cDNA clones (C-1
and E-1), both of which also hybridize with a 3363 probe.
Sequences within these clones specific to 3369 hybrid-
ized uniquely with the 4.9 kb RNA, while those specific to
3363 hybridized with both the 4.9 kb RNA and the 6.0 kb
E74A mRNA. Determination of the 3’ terminal sequence of
E-1 showed that it contained a poly(A) tail at the same ad-
dition site as that defining the 3' terminus of exon 8. Com-
parison of a detailed restriction map for the 3.3 kb of E-1
cDNA lying upstream of this polyadenylation site with that
deduced from the sequence for the linked exons 6-8
found in the E74A cDNA demonstrated that the 3'-terminal
region of E-1 shares these three exons with E74A. Similar
analyses showed that the C-1 clone has its 3’ terminus in
the middle of exon 7.

Determination of the sequence immediately upstream
of the 5’ end of exon 6 in these cDNAs showed that both
cDNAs contain the same 5 exon and span the same
splice junction. Sequence analyses of the appropriate
genomic DNA in 3369 showed that this exon (exon B in
Figure 3) lies within the 3369 fragment and is located 9.0
kb upstream of exon 6, as this intervening DNA comprises
intron B. Further sequence analysis indicated that the 5
ends of C-1 and E-1 are located at +701° and +1362° in
the exon B sequence given in Figure 6B.

Primer extension and S1 protection analyses (Figure
5C) identified three transcription initiation sites for the

E74B units, located at +1° (B1a), +9° (B1b), and +305P
(B2) in the sequence shown in Figure 6B. The fact that the
B1a and B1b sites are only 8 bp apart and are at the same
position in a tandem repeat of the sequence TTCAGTCG
makes it unlikely that they are differently controlled. We
therefore consider them as alternative initiation sites for
the same transcription unit, E7481. Because the B2 initia-
tion site is 300 bp downstream of the B1 sites, we assume
that it could be differentially controlled and therefore pre-
sume that it defines a separate transcription unit, E74B2.
Although second day pupae provided the source of the
poly(A)* RNA used in these S1 and primer extension ex-
periments, the same result was obtained by S1 analysis
using RNA templates derived from late embryos, late third
instar larvae, fourth day pupae, as well as ecdysone-
induced K, tissue culture cells (data not shown). These
results indicate that, like E74A, the E74B transcription initi-
ation sites are invariant during development. As noted
above, the sequences surrounding all three E74B sites fit
the consensus sequence for such sites in Drosophila
genes (Table 1). The E74B1a, E74B1b, and E74B2 mRNAs
are predicted to contain 5051, 5059, and 4755 transcribed
nucleotides, respectively, plus a poly(A) tail. We should
therefore expect the 4.9 kb RNA band to consist of two size
classes of mMRNAs with approximate lengths of 5.1 kb and
4.8 kb, respectively. Consistent with this expectation, the
4.9 kb band has recently been resolved into two bands of
the expected mobilities (F. D. K. and C. S. T., unpublished
data).

Each of the £74B mRNAs contains the same 883 codon
ORF initiated by the ATG at +794° (Figure 6B) and con-
tinues in-frame to include the same 536 codons from
exons 6-8 that comprise the 3’ portion of the E74A coding
region. The E74 gene therefore encodes two related pro-
teins, as discussed in more detail in the Discussion. The
5’ leader upstream of this 883 codon E748 coding region
contains six short ATG-initiated ORFs (ATGs are under-
lined in Figure 6B), which we think are unlikely candidates
for translation for the same reasons given above for the
17 ORFs that precede the E74A coding region.

Transcripts Adjacent to the E74 Gene

Figure 3 shows the orientation and approximate position
of DNA sequences corresponding to four transcripts that
lie outside of the E74A transcription unit. These transcripts
were detected by Northern blot analyses of total RNA from
ecdysone-induced and noninduced third instar tissues
using appropriate probes derived from the 3319, 3362,
and 3361 EcoRil restriction fragments. A pair of oppositely
oriented transcripts of 1.2 kb and 39 kb derive from
genomic sequences upstream of the 5’ end of E74A, with
the 1.2 kb transcript mapping within 1 kb of E74A and tran-
scribed in the same direction as E£74. Neither of these
RNAs increases in abundance in the presence of ecdy-
sone, despite their proximity to the ecdysone-inducible
E74A promoter.

A transcript with the same orientation as the 6.0 kb E74A
mRNA, and virtually the same length, was detected by the
3362 probe downstream of the 3’ end of EZA (Figure 3).
This RNA is distinguished from the EZ4A mRNA not only
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by its insensitivity to ecdysone in third instar tissues, but
also by the constancy of its abundance in whole animals
throughout development. In Northern analyses, it is also
generally accompanied by a minor 5.3 kb RNA band of the
same orientation (Burtis, 1985). Neither of these RNAs
have been further investigated. The 0.9 kb RNA detected
by the 3361 probe derives from the Jonah gene referred
to earlier in the Results (Carlson and Hogness, 1985).

Mbritz et al. (1984) have reported the isolation of
genomic DNA from the 74EF region by microdissection
and identified two EcoRl restriction fragments as having
homology to a 2.7 kb ecdysone-inducible RNA from sali-
vary glands. Comparison of their restriction map with ours
indicated that these two fragments corresponded to 3333
and the small adjacent 3335 fragment. When, however,
we used 3333 as a probe for Northern analyses of total
RNA isolated from whole animals at all stages of develop-
ment, we observed a 2.4 kb RNA that was present at all
developmental stages and showed no correlation with ec-
dysone pulses, unlike the transcriptional response of the
E74A mRNA (Thummel et al., 1990). We did not, therefore,
further define this transcription unit.

Discussion

The ecdysone-inducible early genes of D. melanogaster
were initially defined as those responsible for the early
puffs induced by ecdysone in the polytene chromosomes
of late third instar salivary glands (Ashburner et al., 1974).
We isolated and determined the structure of a gene that
satisfies this definition. This E74 gene occupies the locus
of the 74EF early puff (Figure 2) and exhibits a complex
structure consisting of a 60 kb E74A transcription unit in-
side of which are nested two smaller units, E74B71 and
E74B2, that employ the same polyadenylation site as E74A
but are initiated at different sites, 300 bp apart, within the
fifth of the seven E74A introns (Figures 3 and 6). The eight
E74A exons comprise a 6.0 kb mRNA induced directly by
ecdysone in late third instar salivary glands (Figure 4), the
kinetics of this primary response mimicking that of the

74EF early puff (Thummel et al., 1990). Both EZ4B mRNAs
(4.8 and 5.1 kb) consist of four exons, of which the 3’ prox-
imal three are the same as those in the £74A mRNA
(Figures 3 and 6). The question of the ecdysone inducibil-
ity of the E748 mRNAs is addressed in the accompanying
paper (Thummel et al., 1990).

As a consequence of the nested organization of these
transcription units, the E74 gene encodes two related pro-
teins (E74A and E74B) that contain the same carboxy-
terminal region but differ in their amino-terminal regions
(Figures 6 and 7). A similar organization has been ob-
served for another ecdysone-inducible early gene, £75,
which occupies 50 kb of genomic DNA at the locus of the
758 early puff shown in Figure 2 adjacent to the 74EF puff
(Segraves, 1988; Segraves and Hogness, 1990). The two
related proteins encoded by E75 exhibit sequence similar-
ities with the DNA binding and hormone binding domains
of the steroid receptor superfamily and therefore appear
to satisfy the prediction of the Ashburner model that early
genes encode nuclear regulatory proteins (Figure 1). This
may also be the case for the proteins encoded by ecdy-
sone-responsive transcripts that derive from the locus of
the 2B5 early puff (Chao and Guild, 1986; G. Guild, per-
sonal communication). In the following section, we ana-
lyze the deduced amino acid sequences of the E74A and
E74B proteins for evidence that they may also satisfy this
prediction of the Ashburner model.

Are the E74 Proteins Nuclear Regulatory Proteins?
The deduced amino acid sequences for the E7Z4A and
E74B proteins consist of 829 (87.1 kd) and 883 (94.7 kd)
amino acids, respectively (Figure 6). The carboxy-terminal
536 amino acids in each protein are encoded by the com-
mon exons 6, 7, and 8, whereas their amino-terminal se-
quences are encoded, respectively, by exons A3, A4, and
A5 (293 amino acids) and by exons B1 or B2 (347 amino
acids).

Figure 7 shows that the common region, which oc-
cupies almost two-thirds of each protein, is divisible into
two parts according to the distribution of homopolymeric
sequences and charged amino acids. The preponderance

0 | Figure 7. Distribution of Charged and Repeat-
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tides

The distribution of basic (Lys and Arg), acidic
(Glu and Asp), and repeated amino acids (de-
fined as a single amino acid reiterated five or
repeats more times) is displayed graphically. The or-
dinates above and below the horizontal axes
represent the number of occurrences of basic
or acidic residues, respectively, in sequential
windows of ten amino acids, with values calcu-
lated around each successive amino acid resi-
due in the polypeptides. The values in the ex-
treme amino-terminal portion of the common
region reflect the sequence of the E74A-spe-

lys+arg

glu+asp

cific polypeptide. Each division in the scale at

the right side of the common region represents one residue out of a window of ten. The locations of repeated residues are indicated by the filled
boxes located between the horizontal lines, with the length of each block corresponding approximately to the length of the repeats. The stippled
box shows the location of the Ser-His-Pro-His repeats discussed in the text. The lengths of the E74A-specific, E74B-specific, and common regions
are 293, 347, and 536 residues, respectively, and are drawn to the same scale. Amino acid coordinates for both the £74A and E74B polypeptides
are indicated on the horizontal scales at the top and bottom of the figure (E74A coordinates at top, E74B coordinates at bottom).
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Figure 8. The E74 Proteins Are Similar to
Members of the ets Proto-Oncogene Super-
family

The 97 amino acids at the carboxyl terminus of
the E74 proteins are depicted on the top line.
Below this are sequences from the Drosophila
D-ets-2 (Pribyl et al., 1988), human c-efs-2
(Watson et al., 1985), human c-ets-1 (Reddy
and Rao, 1988), erg 1 (Reddy et al., 1987), and
elk-1 (Rao et al., 1989) proteins arranged for
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of basic (Lys and Arg) over acidic (Glu and Asp) amino
acids among the 121 carboxy-terminal residues defines a
basic domain with a computed pl of 10.6. In contrast, the
remaining 415 amino acids of the common region exhibit
a low density of charged amino acids without significant
acidic or basic bias and are marked by a high frequency
of homopolymeric sequences that consist of one Ser and
several Glu repeats encoded by opa sequences (Wharton
et al., 1985) and a few Ala repeats. In addition, this homo-
polymeric region contains a PRD repeat motif (Frigerio et
al., 1986) consisting of His residues that alternate with ei-
ther Pro or Ser residues (6152-6302 in Figure 6C).

Figure 7 also shows that the E74A- and E74B-specific
regions are each marked by acidic domains near the
amino termini of the respective proteins (residues 12-
1862 in E74A, pl = 3.1; residues 55P-280° in E74B, pl =
3.9). In E74B, this acidic domain is bounded at its amino
terminus by a homopolymeric Ser repeat and at its car-
boxyl terminus by an Ala repeat, which separates the
acidic domain from a short region with a basic amino acid
bias (residues 302°-347°, pl = 11.0). The E74A acidic do-
main is similarly bordered at its carboxyl terminus by
homopolymeric sequences that consist of single repeats
of Ala, Asn (opa encoded), and Gly (encoded by the pen
sequence; Haynes et al., 1987) followed by a short region
of charged amino acids that exhibits no significant bias.

Thus, in a first approximation, each E74 protein is
characterized by an amino-terminal acidic domain and a
carboxy-terminal basic domain separated by a long homo-
polymeric region. The basic domain is of particular in-
terest because it contains an 84 amino acid sequence that
is 50% identical with an 82 residue sequence located near
the carboxyl terminus of the protein encoded by the hu-
man c-ets-2 proto-oncogene (Watson et al., 1985). This re-
gion is also highly conserved in the c-ets-1 proto-onco-
gene-encoded protein (Reddy and Rao, 1988). Figure 8
shows these sequence similarities, as well as those be-
tween the E74 sequence and the Drosophila homolog of
c-ets-2 (D-ets-2, 50% identical) and two human homologs
(erg-1, 44% identical; elk-1, 54% identical).

The c-ets-2 gene forms part of the transforming gene of
the E26 avian erythroblastosis virus (Watson et al., 1985).
This gene is conserved in vertebrates (Watson et al., 1986)
as well as Drosophila, the c-ets-2 and D-ets-2 proteins ex-
hibiting a 94% identity over a 94 amino acid region near
their carboxy termini (Figure 8; Pribyl et al., 1988).

DI VE
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FTP
vTP
GPH
STE maximum alignment with the £74 sequence.
The closed boxes represent amino acid identi-
ties with £74 and the dashes indicate gaps to
facilitate alignment.

Although the function of the c-ets-2 protein has not been
precisely defined, it exhibits certain similarities to nuclear
proto-oncogene proteins such as the myc and fos proteins.
Thus, it is localized in the nucleus (Fujiwara et al., 1988a),
is phosphorylated and protein kinase C responsive, and
exhibits a short half-life (Fujiwara et al., 1988b). Further-
more, the murine homolog of the c-ets-2 gene, like myc
and fos, is expressed primarily in proliferating tissue, and
the kinetics of that expression indicates that it may play
a role in the GO to G1 transition of the cell cycle (Papas
et al., 1987).

These properties of c-ets-2 and its murine homolog, in
conjunction with the sequence similarity between the
c-ets-2 and E74 proteins, suggest that the £74 proteins are
nuclear regulatory proteins, as predicted by the Ashburner
model. This suggestion is supported by the nuclear local-
ization of the E74A protein observed by in situ labeling with
E74A-specific antibodies (L. Boyd and C. S. T., unpub-
lished data). Nuclear localization of proteins labeled by
antibodies to epitopes common to both E74 proteins has
also been observed (W. Talbot and D. S. H., unpublished
data). In addition, recent experiments have demonstrated
that the E74A protein exhibits sequence-specific DNA
binding activity (L. Urness and C. S. T., unpublished data).

The carboxy-terminal basic domain that includes the ets
sequence homology is a reasonable candidate for the £74
DNA binding domain. This domain also contains a se-
quence (Lys-Lys-Pro-Arg-Lys-Pro-Lys-Leu; residues 7123-
7192 in Figure 6C) that is a candidate for a nuclear local-
ization signal on two counts: it contains the consensus
four amino acid sequence (Lys-Arg/Lys-X-Arg/Lys) found
in nuclear localization signais (Chelsky et al., 1989) and
it bears some resemblance to the sequence (Pro-Lys-Lys-
Lys-Arg-Lys-Val) required for nuclear localization of the
SV40 T antigen (Kalderon et al., 1984).

At a similar level of speculation, studies of transcription-
al activator proteins in yeast have indicated that acidic re-
gions function as activation domains (reviewed by Ptashne,
1988), suggesting the possibility that the £74 amino-ter-
minal acidic domains might function in a similar manner.
The E74B acidic domain is further distinguished by ex-
hibiting a high frequency of proline residues, particularly
at its amino terminus, where 10 out of 29 residues (34%)
are prolines; in this respect it resembles the transcrip-
tional activation domain of CTF/NF-1 (Mermod et al., 1989).

The homopolymeric repeats clustered in the region
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separating the terminal acidic and basic domains are fre-
quently, aithough by no means uniquely, found in nuclear
regulatory proteins involved in the determination of de-
velopmental pathways in Drosophila (Burtis, 1985; Scott
and Carroll, 1987). In spite of this correlation, the func-
tional significance of these repeats has not yet been de-
fined. Indeed, they may not have specific functions.
Rather, the proteins in which they appear may be unusual
in that they contain combinations of discrete functional do-
mains linked by “spacers” that have little other than joining
functions, which allow the functional domains to act upon
their substrates in a coordinated manner. The insertion of
repeats—continuously generated by mechanisms such
as slippage during DNA replication (Tautz et al., 1986)—
outside of the functional domains might then have little ef-
fect, allowing their preferential accumulation in such
spacers.

According to this view, the central region connecting the
acidic and basic domains might, to first approximation,
function as such a spacer. If this is the case, one would
expect the central region, and particularly its homopoly-
meric repeats, to exhibit a considerably lower level of
evolutionary conservation than the terminal acidic and ba-
sic domains. Sequence analyses of the E74 genes in
different Drosophila species are consistent with this ex-
pectation (C. W. J., unpublished data).

It should be emphasized that this view does not exclude
the possibility that certain repeated amino acid sequences,
such as the PRD repeat, have specific functions. This re-
peat appears to be highly correlated with Drosophila nu-
clear regulatory proteins. Originally defined by Frigerio et
al. (1986) as a sequence of alternating His and Pro resi-
dues in the paired gene, they also found it in bicoid, one
of 11 additional “PRD genes” that they isolated by low
stringency screening. Indeed, the clone they identified as
PRD gene 8 is probably from E74 according to its location
in polytene chromosomes, its EcoRl restriction map, and
the presence of an opa repeat in the same EcoRlI fragment
containing the PRD repeat. In this E74 repeat, the His
residues alternate with either a Pro or Ser residue, which
occur with equal frequency (Figures 6 and 7). We exam-
ined a Drosophila data base for amino acid sequences
similar to the £74 PRD motif and identified three additional
genes with similar motifs: Deformed, which contains the
sequences HSHSHSHTHS and HPHSHPHAHPH (Regul-
ski et al., 1987), fushi tarazu, with sequences SHSHSH
and HPHS (Laughon and Scott, 1984), and doublesex,
with SHPHSH (Burtis and Baker, 1989). This motif does
not occur commonly in known protein sequences; a search
of the Protein Identification Resource data bank for the se-
quence His-X-His-X-His, where X could be either serine or
proline, found only four non-Drosophila examples. As with
the homopolymeric sequences, it remains, however, an
open question whether the PRD repeats exhibit specific
functions.

The E74 Promoter Sequences and
Ecdysone-Responsive Elements

A computer search of genomic DNA sequences encom-
passing the E74A A1 exon (extending to —~486, Figure 6A),

as well as genomic sequences containing exons A2-A5
and associated introns (i.e., the EcoRl fragments 3301
and 3303, Figure 3), failed to reveal significant sequence
similarities with that of the 23 bp ecdysone-responsive
element defined by Riddihough and Pelham (1987) and re-
ferred to in the Introduction. This result is consistent with
the absence of a functional ecdysone-responsive element
near the E74A initiation site, as determined by P element
germline transformations; indeed, no responsive ele-
ments were detected by this test within 7.3 kb of 5’ flanking
DNA and genomic DNA encompassing exons A1-A3, ex-
cluding most of the 15 kb At intron (C. S. T, unpublished
data). Nor could a potential ecdysone-responsive se-
quence be found within the B exons and the flanking 5’ se-
quences (Figure 6B) by the computer search noted above.
Functional tests for such an element in the vicinity of the
E74B transcription initiation sites have not yet been car-
ried out. However, sites that bind the ecdysone receptor
encoded by the Drosophila EcR gene (see Introduction)
have recently been detected in a region 7.7-13.8 kb down-
stream of the E74A initiation site (W. Talbot and D. S. H.,
unpublished data). The sum of the existing data therefore
suggests that the ecdysone-responsive element(s) for the
E74A promoter lies downstream of the start site, within the
long A1 intron.

The E74A and E74B promoter sequences shown in
Figures 6A and 6B are not, however, without interest, even
with respect to the TATA boxes. A sequence similar to the
canonical TATA box (TATAA%; Goldberg, 1981; Breath-
nach and Chambon, 1981) is located between —172 and
—242 in the E74A promoter. Unexpectedly, an examina-
tion of the sequences in the E74A promoter required for in
vitro transcription indicated that this TATA box-like se-
quence did not exhibit the normal TATA box functions —
with respect either to the accuracy of transcription initia-
tion or to transcriptional activity. Rather, a TATA box-like
sequence located downstream of the transcription initia-
tion site at +342 to +402 may be required for such func-
tions (Thummel, 1989). No TATA box-like sequence was
observed within 100 bp of the £E74B7 transcription initia-
tion site, although such a sequence was found at an ap-
propriate position (36 bp) upstream of the E74B2 initiation
site (+263° to +269°, Figure 6B).

Four additional 5’ flanking sequences, two upstream of
E74A (al, all) and two upstream of E74B2 (i, Bll), are also
of interest because of their sequence similarity to one an-
other and to a sequence located 159 bp upstream of an-
other ecdysone-inducible transcription unit, E75A, that is
responsible for the 75B early puff (Segraves, 1988; Se-
graves and Hogness, 1990). These sequences are aligned
in Figure 9 to show their regions of identity, and the loca-
tions of the E74 sequences are indicated by underlining
in Figure 6.

Although our attention was first attracted to these se-
quences by the 13/14 identity between the 3'-proximal
regions of all and the E75A sequence (Burtis, 1985), sub-
sequent DNAase | protection studies showed that the al
and all sequences bind a purified protein encoded by the
Drosophila zeste gene (Thummel, 1989). These se-
quences, as well as the Bll sequence, which exhibits a
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Figure 8. Sequence Similarities within the 5 Flanking Regions of
E74A, E74B, and E75A

Five 5' flanking sequences are aligned to show their regions of identity:
one from 159 bp upstream of the £75A start site (Segraves, 1988; Se-
graves and Hogness, 1990); two upstream of E74A, ol (-982to —116%)
and all (-472 to -65%; and two upstream of E74B2, Bl (+10° to +
26P), and Bil (+120° to +133%). These sequences are also underlined
in Figure 6. The boxes mark nucleotides that do not match the other
aligned sequences. The consensus zeste binding sequences (Benson
and Pirrotta, 1988) are underlined.

striking 14/14 identity with the 5-proximal portion of all,
contain a hexanucleotide (TGAGCG) that conforms to a
consensus binding sequence for the zeste protein
deduced by Benson and Pirrotta (1988). Whether the
zeste protein is relevant to the regulation of E74A in vivo,
however, is not known.

Experimental Procedures

General Methods
Standard recombinant DNA procedures (i.e., plasmid preparation,
bacterial transformation, restriction enzyme digestions, nick transla-
tion, agarose gel electrophoresis, blot hybridization, etc.) were done
essentially as described by Maniatis et al. (1982). Lambda growth,
purification, and DNA extraction were performed according to Davis et
al. (1980) and Huynh et al. (1985). Two lambda libraries of Drosophila
genomic DNA were used: a library of Oregon R DNA (Meyerowitz,
Kemp, and D. S. H., unpublished data) in lambda Sep6 (Davis et al.,
1980) and a library of Canton S DNA in Charon 4 (Maniatis et al., 1978).
Several cDNA libraries were screened, including an early pupal cONA
library in Agt10 (Poole et al., 1985; from which five 3’ proximal £74
clones were isolated, including c17), a ¢cDNA library in Agt10 con-
structed using RNA isolated from larval organs treated with ecdysone
and cycloheximide (C. S. T., unpublished data; Huynh et al., 1985; from
which the EZ4A cDNA clone carrying exons A1-A5 was isolated), and
a late larval cDNA library in lambda ZAP (Stratagene; C. S. T., unpub-
lished data; yielding the two E74B cDNAs, C-1 and E-1).

Drosophila growth and staging, larval organ culture, extraction of
ANA, and Northern blotting were performed as described (Thummel
ot al., 1980).

Differential Hybridization with Labeled cDNA

Lambda DNA from the £74 walk was digested with restriction enzymes,
fractionated by agarose gel electrophoresis, and transferred onto
nitrocellulose membranes by the bidirectional blotting method of Smith
and Summers (1980). The genomic DNA was hybridized with cDNA
probes prepared using 2 ug of poly(A)* RNA isolated from either unin-
duced or ecdysone-induced cultured larval organs. The RNA was
added to a reaction mix containing 100 uCi of [a-32P]dCTP (800
Ci/mmol; Amersham), 0.5 mM each dGTP, dATP, and dT TP, 80 mM Tris-
HCI (pH 83 at 42°C), 10 mM MgCl,, 70 mM KCI, 0.1 mM DTT, 1 pg/ul
hexameric oligodeoxynucleotides (Pharmacia), and 10 U of reverse
transcriptase (Seikagaku America). The reaction was allowed to pro-
ceed for 30 min at 42°C, heated to 60°C for 10 min in 20 mM EDTA,
0.1 N NaOH, and chromatographed on P60 (Biorad) to remove unincor-
porated deoxynucleotides.

Synthesis of Single-Stranded DNA Probes
Because of the low abundance of the E74 transcripts, labeled single-

stranded DNA probes were used for Northern blotting, S1 analysis,
and primer extension. Originally, genomic DNA fragments were sub-
cloned into a pBR322-based vector containing the ¢x174 RF to SS ori-
gin of replication (R. Mulligan, unpublished data). By using enzymes
provided by the laboratory of A. Kornberg, it was possible to use the
¢x174 RF to SS replication reaction in vitro in the presence of [a-
32PJdCTP, cold dATP, dTTP, and dGTP, and the proteins SSB, gene A,
rep, and holoenzyme Il to create muitiple 32P-labeled single-stranded
circles (Arai et al., 1980). These were used directly for Northern blot
hybridization or, following gel purification, for S1 protection experi-
ments such as those shown in Figure 5A.

More recently, probes were prepared in vitro from DNA subcioned
in M13 vectors. DNA fragments were inserted into M13mp18 or
M13mp19 vectors (Yanisch-Perron et al., 1985) and transformed into
JM101, and single-stranded DNA was purified as described (Messing,
1983). These DNAs were used as templates for synthesizing radioac-
tive complementary DNA. Single-stranded template (1-2 ug) was an-
nealed to 15 ng of an oligonucleotide primer in 0.t M NaCl, 5 mM
MgCl,, 50 mM Tris (pH 8.0), and 1 mM DTT for 1 hr at 37°C. The reac-
tion was then supplemented with 50 uCi of [a-*2P}dCTP (Amersham),
cold dATP, dTTP, and dGTP (final concentration, 150 uM each), and
dCTP (final total concentration, 2 uM). After the addition of 5 U of
Kienow DNA polymerase (BRL), the reaction was incubated for 10 min
at 37°C. Cold dCTP was then added to 100 uM as a chase, and the
reaction was continued for 5 min. The polymerase was inactivated by
heating at 65°C for 5 min, the reaction was chilled, and the labeled
DNA was digested with a restriction enzyme that would cut at an appro-
priate location downstream of the primer. The labeled DNA was etha-
nol precipitated, resuspended, denatured, and run on either a prepara-
tive urea-acrylamide gel or a low melting point agarose gel. The
single-stranded labeled fragment (extending from the primer to the
downstream restriction site) was located by autoradiography and ex-
cised from the gel, isolated by electroelution (or melting), and used as
a probe.

End-labeled single-stranded DNA probes were used for some S1
and primer extension analyses (e.g., Figure 5B) as described (Weaver
and Weissman, 1979). For 5’ end-labeling, DNA fragments were de-
phosphorylated with caif intestinal phosphatase (Boehringer Mann-
heim) and labeled with [y-32P]ATP as described (Maniatis et al., 1982).
To label the 3’ end, the DNA was digested under controlled conditions
with exonuclease 1l (Wu et al., 1976), and the recessed ends were filled
in with 32P-labeled nucleotides and Kienow DNA polymerase. The ia-
beled DNA strands were then separated by denaturing with DMSO and
running on a 5% acrylamide (50:1) ge! (Maniatis et al., 1982). The
bands were visualized by autoradiography and excised, DNA was ex-
tracted by electroelution, and the correct strand was identified by its
ability to hybridize to an appropriate M13 clone. The single-stranded
end-labeled probe was then used for either S1 or primer extension
analyses.

S1 Analysis

Single-stranded DNA probes (50,000-500,000 cpm, prepared as de-
scribed above) and 1-2 ug of poly(A)* RNA were ethanol precipitated
together, resuspended in 2-5 nl of aqueous hybridization buffer (5x
SSC, 50 mM PIPES [pH 6.4], 1 mM EDTA), and heated under mineral
oil at 85°C for 5 min. They were then incubated at 50°C-60°C for 3-6
hr (the temperature was determined empirically as giving an opti-
mum signal-to-noise ratio). S1 nuclease (1000-3000 U, Boehringer-
Mannheim; 18-28 U, U. S. Biochemical) was added with 50 ul of S1
buffer (30 mM sodium acetate [pH 4.5], 0.25 M NaCl, 1 mM ZnSO,,
5% glycerol), and the reaction was incubated at 15°C for 1 hr. $1 diges-
tion was terminated by the addition of EDTA to 10 mM, and the products
were ethanol precipitated with 5 ng of carrier tRNA. The precipitate
was resuspended in formamide Ioadirig buffer, denatured at 90°C for
2 min, and run on a urea-acrylamide sequencing gel as described
(Maniatis et al., 1982).

Primer Extension Analysis

Two different single-stranded DNA probes were used for primer exten-
sion. Either 5’ end-labeled DNA (Figure 58) or uniformly labeled short
(<100 bp) single-stranded DNA (Figure 5C) was prepared as described
above. The DNA probe (10,000-100,000 cpm) was mixed with 1-2 pg
of poly(A)* RNA, ethanol precipitated, resuspended in 2-5 ul of aque-
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ous hybridization buffer (see St protocol above), covered with mineral
oil, heated to 90°C for 2 min, and allowed to anneal from 5 hr to over-
night at 50°C. The nucleic acids were then diluted into a primer exten-
sion mix (see differential hybridization protocol above) and reverse
transcription was allowed to proceed at 42°C for 30 min. The cDNA
was ethanol precipitated with 5 ng of carrier tRNA, resuspended in for-
mamide loading buffer, denatured at 90°C for 2 min, and resolved on
a urea-acrylamide sequencing gel as described (Maniatis et al., 1982).

In Situ Hybridization to Polytene Chromosomes

Tritium in situ hybridizations were done by the method of Bonner and
Pardue (1976). Biotin in situ hybridizations were done by the method
of Langer-Safer et al. (1982).

DNA Sequencing

DNA sequencing of E74A was performed by the methods of Maxam
and Gilbert (1977) and Sanger et al. (1977), as modified by Biggin et
al. (1983). Sequencing of £748 was performed using Sequenase (T7
DNA polymerase, U.S. Biochemical) and double-stranded miniprep
DNA templates.
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