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ABSTRACT

The Drosophila melanogaster E74 gene is induced directly by the steroid hormone ecdysone and is
a member of a small set of “early” genes that appear to trigger the onset of metamorphosis. The gene
consists of three overlapping transcription units encoding two proteins, E74A and E74B, which possess
a common C terminus. According to the Ashburner model for ecdysone’s action, an E74 protein
product potentially functions as a transcriptional activator of “late” genes as well as a repressor of
early genes. We have taken an evolutionary approach to understand the function and regulation of
E74 by isolating the homologous genes from Drosophila pseudoobscura and Drosophila virilis and
comparing them to D. melanogaster E74 sequences. Conserved characteristics of the E74 genes include
ecdysone inducibility, localization to ecdysone-induced polytene chromosome puffs, and gene size.
Amino acid sequence comparisons of the E74A protein reveal a highly conserved C-terminal region
that is rich in basic amino acid residues and which has been proposed to possess sequence-specific
DNA binding activity. The moderately conserved N-terminal region has maintained its overall acidic
character and is a potential transcriptional activator domain. The central region contains conserved
glutamine and alanine homopolymeric repeats of variable lengths. Nucleotide sequence comparisons
of the E74A promoter region fail to reveal ecdysone-response elements but do identify conserved
sequences that may function in E74A regulation.

HE process of cell differentiation and ultimately

of animal development is dependent upon the
coordinated action of a large number of individual
genes. An ideal system for studying such a process is
the regulation of gene expression by the steroid hor-
mone 20-OH ecdysone (hereafter referred to as ec-
dysone) in Drosophila melanogaster. Ecdysone is the
primary steroid hormone utilized by insects and is
responsible for initiating such developmental events
as larval molting and metamorphosis to the adult fly.
Early studies by ASHBURNER and colleagues on the
effects of ecdysone on polytene chromosomes of late
third instar larval salivary glands led to a working
model for ecdysone’s action at the molecular level
(ASHBURNER et al. 1974). It was observed that shortly
after salivary gland exposure to ecdysone, about six
“early” transcriptionally active puffs appear independ-
ently of protein synthesis and regress after a few
hours. The early puffs are followed by the appearance
of over 100 late puffs which are dependent upon prior
protein synthesis and whose protein products are pre-
sumably responsible for the tissue’s morphological
changes observed in vivo. According to the Ashburner
model, ecdysone acts at the cellular level by first
binding to a protein receptor which then assists in
activating a small number of early genes (those genes
at the early puff sites). The early gene products are
then responsible for turning on the larger number of
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late genes and also for turning off the transcription
of their own genes. Recently, an extension to Ashbur-
ner’s model has been proposed by BURTIS et al. (1990),
who suggest that ecdysone’s tissue specificity is the
result of the hormone inducing small overlapping sets
of regulatory genes in all tissues. The products of the
regulatory genes would serve to control the expres-
sion of larger sets of genes which are responsible for
the observed developmental changes in the tissues.

At the top of this genetic regulatory hierarchy in
Drosophila are the early genes. Given their apparent
function, the early genes would be expected to encode
proteins with multiple domains, i.e., DNA binding
domain, transcriptional activator domain, and/or a
region with transcriptional repressor activity. Three
early genes have been isolated and partially character-
ized, those at polytene chromosome position 2B5
(CHAO and GuILD 1976), 74EF (BURTIS et al. 1990),
and 75B (SEGRAVES and HocNEss 1990). All three
genes are large (>60 kb) and complex, with multiple
overlapping transcription units.

The early gene at 74EF, designated E74, contains
three transcription units which share C-terminal exons
but which have unique promoters. The E74A unit is
60 kb, generates a 6.0-kb mRNA, and is ecdysone
inducible in several larval and imaginal tissues. In
addition, it is induced during each of the six Drosoph-
ila developmental stages that are marked by a pulse
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of ecdysone (BURTIS et al. 1990; THUMMEL, BURTIS
and HoGNESs 1990). Within one of the E74A introns
are two E74B promoters which are used to produce
two 4.8- and 5.1-kb mRNAs but a single protein. The
E74B transcripts are expressed according to their own
distinct developmental pattern (BURTIS et al. 1990;
THUMMEL, BURTIS and HOGNESS 1990). Because of
its clear ecdysone inducibility, the E74A transcription
unit has been the focus of attention for understanding
the genetic regulatory mechanisms underscored here.

The E74A protein product of D. melanogaster is 829
amino acids long and may be subdivided into three
regions (domains) according to amino acid sequence
and possible function. The N-terminal domain is rel-
atively rich in acidic amino acids and is a potential
transcriptional activator domain (BURTIS et al. 1990;
PTasHNE 1988). The C-terminal domain, rich in basic
amino acids, is a potential DNA-binding domain with
sequence similarity to the proposed DNA-binding do-
main of the ets proto-oncogene protein product (WAs-
YLYK et al. 1990; KARIM e al. 1990). The central
region of the E74A protein contains multiple homo-
polymeric sequences of specific amino acids, especially
glutamine and alanine. These repeats may be simply
spacer sequences between the two outer domains or
may possess an as yet unidentified function.

If the early genes of Drosophila represent a small
set of developmentally important regulatory genes
utilized by many tissues, the genes would be expected
to be conserved through insect evolution. By isolating
E74-homologous genes from other Drosophila species
and comparing them to E74 from D. melanogaster, it
should be possible to identify evolutionarily con-
strained sequences important for E74 regulation and
function. This approach has been used successfully to
study other Drosophila genes, e.g., heat shock protein
genes (BLACKMAN and MESELSON 1986) and chorion
genes (MARTINEZ-CRUZADO ¢f al. 1988).

This paper describes the isolation and characteriza-
tion of E74-homologous genes from D. pseudoobscura
and D. wvirilis. D. melanogaster and D. pseudoobscura
belong to the same subgenus (Sophophora) but differ-
ent species groups and their estimated divergence
time is approximately 20-50 million years. D. virilis
belongs to a different subgenus (Drosophila) which
separated from the Sophophora subgenus approxi-
mately 50-80 million years ago (THROCKMORTON
1975; BEVERLEY and WILSON 1984). Here we show
that both D. pseudoobscura and D. virilis E74-homolo-
gous genes are ecdysone inducible and map to ecdy-
sone-inducible puffs on their respective polytene
chromosomes. A comparison of DNA and protein
sequences from these genes identifies presumptive
E74 functional elements that may be important in
defining the gene’s role in regulating Drosophila de-
velopment.

MATERIALS AND METHODS

General methods: Restriction enzyme digests, agarose
and polyacrylamide gel electrophoresis, DNA purification
from gels, nick translation, Southern blot hybridization,
subcloning into plasmids, bacterial transformation, and A
phage library screening were carried out using methods
essentially as described by MaNIATIS, FRISCH and SAMBROOK
(1982). For chromosome walking the procedure of BURTIS
et al. (1990) was followed. Phage purification and growth
were performed according to Davis, BOTSTEIN and ROTH
(1980). The D. virilis and D. pseudoobscura A (EMBL) librar-
ies were kindly provided by R. BLACKMAN (Harvard) and S.
SCHAEFER (Pennsylvania State University), respectively.

Drosophila culture methods: D. pseudoobscura and D.
virilis flies were obtained from stocks maintained at the
Harvard Biological Laboratories and were grown on instant
Drosophila medium (Carolina Biological Supply Co.) at 25°.
For culturing salivary glands in vitro, late third instar larvae
were dissected in Robb’s saline (RoBB 1969) and the glands
placed in Petri dishes containing oxygenated Robb’s saline.
When used, ecdysone (Sigma) was added to a final concen-
tration of 4 X 107°M and cycloheximide (Sigma) was added
to a final concentration of 7 X 107° M. Glands were incu-
bated for about 3 hr before they were harvested for use.

RNA isolation: For RNA isolation from salivary glands,
following their incubation in Robb’s saline the glands were
transferred with medium to 1.5-ml microfuge tubes and
centrifuged briefly. The supernatant was removed and the
glands homogenized in a 1:1 mixture of phenol and extrac-
tion buffer (0.3 M NaCl, 0.1 M Tris base, 20 mm EDTA,
1% Sarkosyl). After centrifugation the aqueous phase was
reextracted with phenol and then ether extracted. The
RNA was precipitated with ethanol, the pellet washed and
resuspended in distilled water.

In situ hybridization to polytene chromosomes: For
polytene chromosome slide preparations salivary glands
were squashed as described by ENGELS et al. (1986). The
DNA probes used for the in situ hybridization experiments
shown in Figure 3 were genomic restriction fragments con-
taining exons 2-5 from pE74A or vE74A. These fragments
were nick translated using biotin-14-ATP and the BRL
Bionick Labeling System (BRL). The in situ hybridization
procedure and subsequent DNA detection were carried out
according to ENGELS et al. (1986) using the streptavidin-
alkaline phosphatase (BRL) staining method.

Northern blot hybridization: RNA suspended in distilled
water was glyoxylated (MCMASTER and CARMICHAEL 1977)
and fractionated on 1.0% agarose gels in 0.G1 M sodium
phosphate (pH 7.2). A total of 10 ug RNA was electropho-
resed per lane. Following electrophoresis the gels were
stained with ethidium bromide to verify equal nucleic acid
quantities per lane. The RNA was blotted to Zeta-Probe
membrane (Bio-Rad) which was then hybridized to primer-
extended single-stranded DNA probes obtained from M13
clones with inserts of exons 3-5 from pE74A or vE74A.

DNA sequencing: DNA sequencing of end-labeled re-
striction fragments from pE74A and vE74A was carried out
using the method of Maxam and GiLBerT (1977). Addi-
tional sequencing utilized the Sanger method (SANGER,
NickLEN and CouLsoN 1977). Here DNA fragments to be
sequenced were inserted into the M13 vectors, M13mpl8
and M13mpl9 (YANISCH-PERRON, VIERA and MESSING
1985), which were then transformed into Escherichia coli
strain JM101. Single-stranded template DNA was prepared
as described by MESSING (1983) and the inserts sequenced
using Sequenase (modified T7 DNA polymerase, U.S. Bio-
chemical).
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FIGURE 1.—Structural maps of E74. Maps of the approximately

60-kb E74 genes from (A) D. melanogaster (from BURTIS et al. 1990),
(B) D. pseudoobscura, and (C) D. virilis are shown. The locations and
names of the genomic clones that span the D. pseudoobscura and D.
virilis genes are indicated by the horizontal lines above the maps.
The short vertical lines along each map represent EcoRI sites. The
eight exons of the E74A transcription units are numbered, with
those exons or portions of exons that have been sequenced shown
in solid black and those that have not been sequenced shown in
stipple. The positions for the 3’ ends of exons 1 and 8 in D.
pseudoobscura and D. virilis are indicated with the assumption that
both exons are approximately the same size as those of D. melano-
gaster. The positions of exon 2 in D. pseudoobscura and D. virilis
were determined by hybridization to exon 2 from D. melanogaster.

RESULTS

Isolation and initial characterization of E74-ho-
mologous genes from D. pseudoobscura and D. vi-
rilis: The D. melanogaster E74 gene is approximately
60 kb and its E74A transcription unit (also 60 kb) has
eight exons (BURTIS et al. 1990). Genomic A\ phage
libraries from D. pseudoobscura and D. wvirilis were
screened with exon-containing fragments from D. mel-
anogaster E74 (designated mE74). Once the corre-
sponding exon-containing genomic segments were iso-
lated from the two species, the remainder of each
gene was obtained by chromosome walking. Sufficient
clones were analyzed by restriction enzyme mapping
to conclude that the entire E74-homologous gene had
been isolated and that the gene was unique in these
species. The E74-homologous genes were designated
pE74 (from D. pseudoobscura) and vE74 (from D. vi-
rilis). The precise positioning of the E74A-homolo-
gous exons was determined by Southern analysis, re-
striction enzyme mapping, and for most exons, by
DNA sequencing. Figure 1 compares the organization
of the three E74 genes. Only the E74A transcription
unit exons are indicated. The E74 gene length and
the E74A transcription unit length of approximately
60 kb is conserved among the species despite over
85% of the gene length consisting of introns.

Expression and chromosome location of pE74 and
vE74: The mE74 gene has been shown to be induced
directly by ecdysone. This was demonstrated by in-
cubating tissues in the presence of both ecdysone and
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FIGURE 2.—Effect of ecdysone on E74A expression. Northern
blot analyses of total RNA isolated from cycloheximide-treated
third instar larval salivary glands incubated in the absence (— ecd)
or presence (+ ecd) of ecdysone are shown. Radioactive single-
stranded DNA from exons 3-5 of E74A from the respective species
were used as probes. (A) D. pseudoobscura and (B) D. virilis.

the protein synthesis inhibitor cycloheximide and then
analyzing the transcribed RNA (BURTIS et al. 1990).
Similar experiments were carried out using tissues
from D. pseudoobscura and D. wvirilis. Third instar
larval salivary glands from each of the two species
were incubated in the presence or absence of ecdy-
sone. To test for primary gene induction cyclohexi-
mide was also added. Figure 2 shows the results of
Northern analyses using the RNA isolated from these
glands and species-specific E74A exon-containing
probes. An approximately 6-kb mRNA, equivalent in
size to that produced in D. melanogaster, is generated
by each species upon ecdysone induction (BURTIS et
al. 1990).

The chromosome location of pE74 and vE74 was
determined by in situ hybridization of biotin-labeled
E74A DNA fragments to polytene chromosome prep-
arations from the respective species. Figure 3 shows
the results when using chromosomes from ecdysone-
induced salivary glands. Both pE74 and vE74 genes
are associated with ecdysone-inducible chromosome
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FIGURE 3.—In situ hybridization of E74 genomic fragments to
ecdysone-induced polytene chromosomes from (A) D. pseudoobscura
and (B) D. wvirilis. Third instar larval salivary glands from D. pseu-
doobscura and D. virilis were incubated with ecdysone, squashed,
and their polytene chromosomes hybridized to biotin-labeled E74A
genomic fragments containing exons 2-5 from the respective spe-
cies. Chromosome positions for the E74 genes, indicated by the
arrows, were determined by comparisons with the polytene chro-
mosome maps of SOrsa (1988).

puffsites, although D. pseudoobscura consistently gave
a smaller puff than D. virilis. pE74A maps to site 21
on D. pseudoobscura chromosome XR, the homolog to
chromosome arm 3L (location of mE74) of D. mela-
nogaster (SORSA 1988). This D. pseudoobscura chro-
mosome site had been shown previously to rapidly
puff in response to ecdysone (STOCKER and KASTRIT-
s1s 1973). Position 33A of D. virilis chromosome 3,
also homologous to chromosome arm 3L of D. mela-
nogaster, is the site of vE74 (SOrsA 1988) and has been
shown by others to produce an ecdysone-inducible
puff (GUBENKO and EVGEN'EV 1984). Thus, it can be
concluded that E74 has remained ecdysone inducible
and associated with the same chromosome arm and
puff site for 50-80 million years.

E74A protein sequence comparison: The mE74A
protein consists of 829 amino acid residues. BURTIS et
al. (1990) have divided the protein structure into two

outer domains and a central region, each with its own
presumed function (see Introduction). The coding
portions of the pE74A and vE74A transcription units
were sequenced and the assigned amino acid se-
quences are displayed in Figure 4. The sequences are
aligned with the mE74A protein sequence to show
maximum homology. The pE74A and vE74A proteins
are 20 amino acid residues less than and 44 residues
greater than the mE74A protein, respectively.
Stretches of amino acids greater than five residues
and identical among all three species have been boxed.
The most striking homology is found in the C-terminal
region (residues 688-829 of mE74A protein) where
there is 96% sequence identity. Table 1 confirms that
the basic amino acid content in this region is signifi-
cantly greater than the remainder of the protein for
all three species.

The presumptive N-terminal domain (residues 1-
190 of mE74A protein) has two long (greater than 20
residues) sequences of identity along with four shorter
conserved sequences. The overall percent identity for
this domain among the three species is approximately
60%. The importance of these conserved sequences
for E74A protein function is unknown. However,
while the conserved sequences represent only 36-41%
(depending on the species) of the entire domain, from
56-62% of the domain’s acidic amino acids are located
there (Table 1 and Figure 4). All three proteins are
relatively abundant in acidic residues at this end of
the protein (from 13.5% to 16.8%; Table 1).

The central regions of all three proteins contain
variable lengths of homopolymeric sequences, espe-
cially glutamine (Q) and alanine (A) (Figure 4). Inter-
spersed with the homopolymeric sequences are several
conserved sequences, most notably those between res-
idues 390-451 (62 residues) and 476-517 (42 resi-
dues) from the mE74A protein. The importance of
these conserved regions to E74A protein function is
not known.

E74A promoter sequence comparison: The pro-
moter regions of the pE74A and vE74A transcription
units were sequenced to identify conserved DNA ele-
ments that might play a role in the regulation of E74
gene expression. The positions for the startpoint of
each transcription unit were determined by compar-
ing the sequences to the D. melanogaster gene (BURTIS
et al. 1990). While nearly 600 nucleotides upstream
from the E74A transcription startpoint were deter-
mined for each species, significant homology was ob-
vious only within 250 nucleotides of the startpoint.
Figure 5 shows the aligned promoter sequences. DNA
sequences identical among the three species and at
least five nucleotides long (with one exception) are
boxed. Four of the conserved sequences (dashed
boxes) contain elements identified by THUMMEL
(1989) that bind the Drosophila transcription factor
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20 * 40 60
mel MPFIDDALLWCPDNDGRLVGGLDLJGTCIADDSTANGTENLNPSIQSAGNPNNPRQSVGESEIL-—--~-~-~~~-mmmmm e 62
pseudo |MPFIDDALLWCPDNDGRLVGGLDLATCIADDSGVNGTEGINPTIQSAGNPNNQQQQGVGIGGIGESTNI-~---=~~~~~ 69
vir MPFIDDALLWCPDNDGRLVGGLDUYATCITDDSTVDA-ENINPTIGANSSTLCQQQQLOCCOLOCCCLQCQQQQLOQLCCH 79
80 100 120 *
mel -~ -GSVESAGNELNGAAARNVNVVVEPLCGGPDSSDELFRSFSESNFEIRSLLODLAIVEVRVEN
pseudo - - -GVSCGVGGELNGSAARSVNVVVATVCGSDSSDELFRSFSESDFEIESLLSDLATVEVKVE
vir 00Q0Q0QQQSADLCGSAARNYVNVVVEPLCGSDSSDELFRITLSESNPEIESLLSDLATVEVKVENEENNNNNNSNVIS--D
140 160 180 200
mel DDFASVAAAVVAMDDLLAKENAQLSARGLVDSVIAASLADSGDAGGQJOACCAF GISSSAASATAAAAAA- —— -~~~ -~ ——
pseudo DDFASLAAAVVAGDDLLAKENARLSAOGLYVDSVIAASLGDGGDANGO {OALLAFGS|SNSAAAAAVAAAAAVSA-
vir NDFAASQAAVVAGDDLLAKDNVOLSVIQGLYVDSVIGARSADSGSGNGHEQALLAFGYATATATAASSEMVSFVTCRTTESMQ 237
220 240 260
mel — -—-—--------- LCGDLINNNNNNSNSNNNSNGNGNHGGGGGGASSGGGVAGDCAT EYALMCGQP LAE VT--SA 267
pseudo - -----——--—-———-—-- DLINNNSN--=wmwom——mm— == GGGGGAV-GG5-~~DCSTKLEYALMGGOPHAE VI--SA 26
vir REVIVTSA 289
280 * 360 320
mel AARNPLLVEKLMSKHCLNIEKRMDKL JSTSPAPQQQLQQCHHELOQ00QQQPHNGS —— == mmmm e e 329
pseudo AGNPLLVEKLMSKKLNIEXRLDKMEPTEIPIVKLTTSPAPQQQQQQQQKQQ0QILCRQCHEQQ0 -~ ~~~~~~~~w==~ 5N 327
vir SANPLLVEKLMSKCLNIDKRLDKLDDTEIPIVKOSTSPSPHQOQQOCHOHKQQCLOOCOLQHLOCTO000000000000000 363
340 360 380
mel --TFAGATALTHIKTEQONTLLTPLOLCRQQOQORQ}---------==------~ PCQOPTATDR 389
pseudo GTAFPGGGTTILLHIKTEQNPLLTPLOQQRQQQQOQRQHSLHGGA pooopLAIRlH 457
vir QQVFGSATTILLHIKTEQNALLTPLQQSRQQQQQQRQ000Q RCCQPLAIRMH 432
400 * 420 449

mel RPLLANLLSGGALHNPHHRNYTTATTGSFPPSPADSGVODVDSSSSGCQPCALL LKARLGM PR -PATSAS---~----~-~ 437
pseudo JRPLLYNLLSGGATIHNPHHRNYTTATTGSFPPSPADSGVSDVDSSSSGGQPCADELXKARLGMPF -AATSAS -~ ~~~=~-~~ 478
vir RPLLHNLLSGGAIHNPHHRNYTTATTGSFPPSPADSGVSDVDSSSSGGQPCADELKARLGMPITAATSASAAAAAARATH 512

460 480 500 % Y3
mel -AAAAAAAARAAAAHLHTGTIF LHPNLYGNNAANSLRNIWNRSVSVPONYYGISSGAGSGGTQPRG
pseudo - ---AAAQRIAAAAAHLHTGTF LHPNLYQONNAANSLRNIWNRSVGVEONYYGSSGEGSGACVGN
vir SAAAAAAANAAAAAHLHTGTFLHPNLYONNAANSLRNIWNRSVGVPDNYYGNSGSSSGGGGGE

540 560 580
mel SYFNAFTAATAAASQRGTTINGYHSLHQQQQQQOQSQOSOQQOQLAHQCLSHOQQQAI -HO0L
pseudo SYFNAP[T--~~- QQQORRSAYNGYHSLHQQQQQQT - === -------=m-cceemmm oo m—— QOH
vir SYFNAPJA-~-AASSQRSAAANGFGTHQHHSLOHQQQQQOSYAPQQQQQLSHHQQQLCQCQLYH
620 640 660
mel QLNGPHPHSHPHSHPHSHPHAGQHTHS T AARAAAAAA----[FVVSSSSJSAVAAAAVNLSASAAAAATAAAAAGGSQSV I 687
pseudo QHPHSQLAPPSHPHPHPHQTQQQHITHSTIAAAAAAAAA----BVVSSSSSAVAAAAMLSASAAARAA-----—- CQSVIQ &
vir LAAAQLASTHPHQLHSTPHD----[THSTIANAAAAAAMNAAAAIVYSSSSIGRSGAISV -—-neomom oo - AGSQSVIQ "t
700 720 748

mel -FATSSVFDLEYMLELGGFQOQRKAKKPRKPKLEMGVKH]

pseudo -[PATSSV[SNDLSYMLELGGFQQRKAKKPRKPKLEMGVKR

REKGVFKLV 7¢¢
€

vir PATSS YOLSYMLELGGFQQREKAKKPRKPKLEMGVKR] KWTNREKGVEKLV
780 800

mel T v RGILA

pseudo DSKAVSRLWGMHKNKPDMNYETMGRALRYYYQRGILAKVDGQRLVYQFVD

vir

DSKAVSRLWGMHKNKPDMNYETMGRALRYYYQRGILAKVDGQRLVYQFVIVPK

(v3

FIGURE 4.—Amino acid sequence comparisons of E74A-homologous proteins. Genomic fragments from D. pseudoobscura and D. virilis
containing E74A protein-coding information were sequenced. Using the one-letter amino acid code, the E74A protein sequences from D.
melanogaster (mel; from BURTIS et al. 1990), D. pseudoobscura (pseudo), and D. virilis (vir) are compared here. The sequences are aligned to
demonstrate maximum homology. Dashes indicate gaps inserted to facilitate alignment. Amino acid sequences greater than five residues that
are identical among the three species are boxed. Asterisks designate the first amino acids encoded following an intron-exon boundary. In the
right margin are amino acid numbers for all three species while the D. melanogaster sequence has more detailed numbering above it for

reference.
TABLE 1
Percent acidic and basic amino acid residues for E74A protein subregions
N-terminal domain Central region C-Terminal domain
Percent Percent Percent

Asp Percent Asp Percent Asp Percent

Residue and Arg Residue and Arg Residue and Arg
Species Nos. Glu and Lys Nos. Glu and Lys Nos. Glu and Lys

D. melanogaster 1-190 16.8 2.6 191-687 3.4 3.2 688-829 11.3 19.7

D. pseudoobscura 1-202 15.8 2.9 203-667 3.4 4.3 668-809 11.3 19.0

D. virilis 1-215 13.5 2.8 216-731 3.5 3.5 732-873 11.3 18.3

Data are obtained from Figure 4. Sequence analysis of D. melanogaster E74A established three protein subregions (BURTIS et al. 1990). By
aligning homologous protein sequences, the corresponding subregions were defined for D. pseudoobscura and D. virilis proteins and the
percent acidic (aspartic acid and glutamic acid) and basic (arginine and lysine) amino acid residues for each subregion was calculated.

GAGA in vitro. Another conserved element, from —30
to —17, contains a presumptive TATA box but has
been shown to be a potential repressor binding site
instead (THUMMEL 1989). In vitro transcription exper-
iments with mE74A suggest that the minimal se-

quences required for efficient transcription are from
+3 to +43. Within this stretch of nucleotides is a
conserved TATA sequence and a conserved 12-nu-
cleotide sequence of unknown function. From —135
to —117 of D. melanogaster and —140 to —122 of D.
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-240

-220 -200

mel TTCCCACAATTTCGACGTACAGAGGATGCACTGTAGCTCCCTARTCTCTTIT 200
pseudo  TGTGTGCTTTTGCACTGCAGTCAGATTGCAACTGCAGTCAGTAKCTCTCTTI- 250
vir AGTGCAAAAGCAAAAGTTAATCGTGCGGCTGACGCATTGTCGCLTCTCTTIr 257
-180 -160
mel GGCTCTCCCTGCAATTGCACTTGCATTCCGCTCTCTTAGC —— - ===~ - - — -160
pseudo  AACCTCACTCTCC---------—-~ CACACACACACTCCCGCCTTTCAGCC =21t
vir CPTCTCGCTCTCT-—-—-- CTTGCACACATACGCGAGCAGACTGTCTGCGA 212
-140
mel ---CTCG------ CTTGCGCECTCTCMACGC-mmmmmmmmmmmm—m = -140
pseudo.  TCGCTCACACACAGATGCGCGCTCTC~-----=~===---—==---~———~ 187
vir GGGCTCG--—---- CTTGCGCGCTGTGQICACACACACACACACACATACGCA  -167
-120
1 TAACGAGCTTTGAAGTTCAGAGCGTG-AA  -112
pseudo - ---GCTGGTCTCTGTGTCTGCATGAGCATGAACGAACCTGCTCATGAACT  -140
vir GCACAGCGACGTGCATGAAGGTAACTGAGCTTITGAAGTTCAGAGCATGTAA  -116
-100 -80
mel CTTGAGCGTT~-------~-- FCTCTGCCGTGTCGTICGCGAGGTGGAGGTG 71
pseudo TGAGCAAACGCGCGCGTGTTITCTCTGCCGICCGCTGTCCGAGTGT - -~ - - — 96
vir CTTGGGCGGCCGCGCGCGTGCTICTGCCGICTGTIGAATGCTTGCCTGT-GTG 66
-60
mel CGCTG[GTGTG|CGTG~ =~ -~ === == === == == = — — — — AGCGGGTCTCAGTE 43
pseudo - - - - - GTGTHCGTGTGCGCGCGCYGTCTCCGTCTCTGTCTGAUGTCTCAGTG  -50
vir TGTATKETGTGTGTGTG -~ -~ — - - oo oo oo TGTIGTCTCAGTG 38
-40 +1
mel. CAlGCGC~-AGTGCC[TGTGTGCAAARARATAICGCTI[GTTCGC]- -~ - - - CGTTTA  +1
pseudo  CAHGTCCCTCGGTGTITGTGTGCAAAAATAAAGCcTTCGdGTTCGccGTrTa 4
vir CAlCTGC~-=-=--~- TGTGTGCABRAAATAACGCGTTCGE-TT---6CGlTTa 41
+20 +40
mel GI|TGTCTTTTGAC---T-[GCTGTAACGGACIAGTCGCARATIITTGCCCCAAC  +48
pseudo  GI|TGTCTTTTGACGGCTGIGCTGTAACGGA]----Gcc-faaTTrTccccerca  +47
vir GTJCCTCATCTGAC---T-[GCTGTAACGGAC-GGCGCcaAlpaTTIccGaaCcGaAAC 447

FIGURE 5.—Nucleotide sequence comparison of the E74A promoter region. The promoter regions of E74A from D. pseudoobscura
(pseudo) and D. virilis (vir) were determined by nucleic acid hybridization and DN A sequence comparison to the same region in D. melanogaster
(mel) (THUMMEL 1990; BURTIS e al. 1990). The three sequences are aligned here to maximize homology. The startpoint of transcription is
indicated by +1. Sequences greater than five nucleotides that are identical among the three species are boxed. The one exception to this
convention is the last box which has been proposed to contribute to the gene’s TATA box (see text). Identical sequences that have been
shown to bind the GAGA transcription factor (THUMMEL 1990) are enclosed by dashed boxes. Sequences with extensive dyad symmetry are
underlined. The right margin indicates the nucleotide numbers for the three species while the more detailed numbering above the sequences

is provided for D. melanogaster as a reference.

virilis is an identical 19-nucleotide sequence within
which are 17 nucleotides with dyad symmetry (under-
lined in Figure 5). While this sequence is absent in D.
pseudoobscura, a different sequence with dyad sym-
metry is located between —170 and —145. The two
halves of the dyad are more widely separated in D.
pseudoobscura than in the other two species (Figure 5).
Whether these sequences with dyad symmetry play a
role in E74A regulation is not known. Finally, careful
examination of the promoter regions from the three
species failed to identify any sequences similar to the
ecdysone-response element defined by RIDDIHOUGH
and PELHAM (1987).

DISCUSSION

We have compared the structure and regulation of
E74 genes isolated from D. pseudoobscura and D. virilis
to the previously characterized E74 gene of D. mela-
nogaster (BURTIS et al. 1990; THUMMEL, BURTIS and
HoGNEss 1990). Despite up to 50-80 million years
separating the three species, several important general
E74 characteristics have been conserved, including
the fundamental feature of ecdysone inducibility in
the presence of protein synthesis inhibitors (Figure 2).
We have also found that the E74 genes are located at
homologous polytene chromosome sites which puff in
response to ecdysone (Figure 3), supporting the as-

sumption that E74 transcription and chromosome
puffing are coupled events.

An additional conserved E74 characteristic is gene
length (approximately 60 kb; Figure 1). This may be
surprising because nearly 90% of the E74A transcrip-
tion unit consists of intron sequences (introns 1 and 5
alone constitute up to 75% of the unit), which as a
rule diverge in both sequence and length at a much
faster rate than protein-coding sequences (BLACKMAN
and MESELSON 1986; KassIs et al. 1986; C. W. JONESs,
unpublished results). Differences in length of greater
than 35% have been observed when comparing ho-
mologous introns of genes between species (see, for
example, KASSIS et al. 1986; this is also true for some
of the smaller introns of E74A, C. W. JONES, unpub-
lished results). One explanation for E74 gene length
conservation is that the large introns possess sequences
required for gene regulation and function. Indeed,
the E74A intron 5 contains the 5’ exons of the E74B
transcription units (BURTIS et al. 1990). Ecdysone-
response elements and additional as yet unidentified
regulatory sequences may also be associated with the
E74A introns. However, it is unlikely that these nec-
essary components would account for a majority of
the E74A intron lengths. An alternative explanation
is derived from experiments by THUMMEL, BURTIS
and HOGNESs (1990) who showed that approximately
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one hour is required to transcribe the 60-kb E74A
transcription unit in vivo. Because other early ecdy-
sone-inducible genes will vary in length and therefore
time required for transcription, it was proposed that
gene length may be important to regulate when and
for how long each of the gene products is available to
the cell. Simply stated, in the absence of other regu-
latory mechanisms, a short gene protein product will
be synthesized sooner than the product of a long gene.
KORNFELD e? al. (1989) have offered the same expla-
nation for the regulation of timing of homeotic gene
products during Drosophila early development. Our
results suggest that length can be an important general
characteristic of genes, especially those large genes
that may be part of a regulatory hierarchy.

According to the Ashburner model (see Introduc-
tion), early gene products collectively activate late
gene transcription and repress early gene transcrip-
tion. However, the function of individual early gene
products remains to be determined. Recently, URNESS
and THUMMEL (1990) have demonstrated that the
E74A protein binds both to specific sites in the E74
gene and to other early and late ecdysone-inducible
puffs. Thus, E74A protein could have a dual role in
both transcription activation and repression. Such bi-
functional proteins have been observed in Drosophila,
for example, the Ultrabithorax (Ubx) protein, which
binds to its own gene to stimulate transcription as well
as to the Antennapedia gene to repress transcription
(BEACHY et al. 1988).

By comparing E74A protein sequences from three
Drosophila species we have been able to identify those
features of the protein that are likely to be important
for its function. The most highly conserved part of
the protein is the basic C-terminal domain with over
95% identity among the three species. Others have
shown that it is the DN A-binding domain of transcrip-
tion factors that is the most conserved part of the
protein (HAN, LEVINE and MANLEY 1989; ScoTT and
WEINER 1984). The E74A protein C-terminal domain
does not resemble other proposed DNA-binding do-
mains, e.g., the homeodomain and the zinc finger
motif (for review, see MITCHELL and Tjian 1989).
Recently KARIM et al. (1990) have proposed that the
Drosophila E74A protein belongs to a larger class of
sequence-specific DNA-binding proteins with a similar
DNA-binding motif, referred to as the ETS domain
(named for the ets proto-oncogene protein, another
member of this class). In D. melanogaster E74A protein
this domain is 86 amino acid residues long (residues
730-815), all of which are identical in the D. pseu-
doobscura and D. virilis protein sequences (Figure 4).

The high acidic amino acid content of the E74A N-
terminal region makes it a logical choice to function
as a transcriptional activator domain (PTASHNE 1988).
Despite the relatively lower sequence conservation in

this region, all three species have maintained its over-
all acidic character (Table 1). This observation is
consistent with other experiments that have demon-
strated that acidic transcriptional activator domains
often lack amino acid specificity but instead rely on
their general acidic nature to function (PTASHNE
1988).

The long central region of the E74A protein (resi-
dues 191-687 in D. melanogaster) contains a compar-
atively low number of basic and acidic amino acids
(Table 1). While there are several long stretches of
amino acid sequence identity among the three species,
perhaps the most striking features of this part of the
protein are the glutamine-rich and alanine-rich seg-
ments, which often contain homopolymeric repeats of
the respective amino acid. These simple repeating
sequences belong to the opa family of structural ele-
ments that have been found in other nuclear regula-
tory proteins such as Antennapedia and Ultrabithorax
(WHARTON et al. 1985; ScorT and CARROLL 1987).
Homopolymeric repeats of the opa type may be gen-
erated as a result of slippage during DNA replication
(TauTz, TRICK and DOVER 1986) and may be toler-
ated as long as they are located within a part of the
protein of nonessential function, such as a hinge re-
gion joining two protein domains. Within the central
region there are three significant (greater than nine
residues in all three species) conserved glutamine-rich
sequences located at residues 308-324, 352-361, and
560-607 of D. melanogaster E74A protein. While no
function can be assigned to them at present, gluta-
mine-rich sequences have been suggested to play a
role in transcriptional activation (COUREY and TJIAN
1988). The E74A protein may require multiple tran-
scriptional activator regions to successfully stimulate
the transcription of a variety of late genes, each with
its own molecular environment. At residues 456-480
and 641-649 of D. melanogaster E74A protein are the
two conserved alanine-rich regions. The latter region
consists of a homopolymeric repeat of at least nine
consecutive alanine residues in all three species. Re-
cently, LICHT et al. (1990) reported that an alanine-
rich region of the Drosophila Kruppel gene has tran-
scriptional repressor activity associated with it. Other
Drosophila proteins with proposed transcriptional re-
pressor activity, including engrailed, even-skipped, and
Ultrabithorax also possess alanine-rich regions (LICHT
et al. 1990; KORNFELD et al. 1989). If E74A protein
does have repressor activity, as its binding to E74A
and other early genes suggests, these alanine-rich re-
gions should be considered when attempting to deter-
mine which part of the protein is responsible for this
function. If the E74A protein performs both in tran-
scriptional activation and repression, the in vive nu-
clear environment where the protein binds presum-
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ably would determine which of the two functions is
employed.

A central question regarding the E74 gene is how
is it activated by ecdysone? Steroid hormone-inducible
genes may have binding sites for hormone receptor
complexes (i.e., hormone responsive elements) located
both upstream and downstream from the gene’s tran-
scription startpoint (see, for example, PAYVAR et al.
1983; HaM et al. 1988). RIDDIHOUGH and PELHAM
(1987) have identified a 23-bp ecdysone-responsive
element, a homolog of which we have been unable to
find in the E74A promoter regions presented here.
This negative result is consistent with P element trans-
formation experiments utilizing D. melanogaster DNA
from this region (BURTIS et al. 1990). Indeed, in vitro
DNA binding experiments with ecdysone receptor
protein and the E74 gene have identified potential
hormone responsive elements within intron 1 of the
E74A transcription unit (BURTIS et al. 1990).

In addition to the hormone receptor, activation of
genes by steroid hormones may require additional
transcription factors that interact synergistically with
the receptor (SCHULE et al. 1988). Footprinting analy-
sis by THUMMEL (1989) showed that within the E74A
promoter region of D. melanogaster are six binding
sites for GAGA and two for zeste transcription factors.
Both of these factors will activate the Drosophila Ubx
promoter in vitro (BIGGIN et al. 1988). We have found
that four of the GAGA binding sites are conserved in
the other Drosophila species examined here (Figure
5). The zeste binding sites do not appear to be as well
conserved among the three species, although there
are sequences that share significant homology with
the zeste consensus sequence (C/T G A GC/T G;
BENSON and PIROTTA 1989) within the promoter seg-
ment with extensive dyad symmetry (Figure 5). Thus,
we would expect that these or similar transcription
factors are required for E74 gene regulation. Other
conserved sequences in the E74A promoter region
suggest that additional transcription factors may also
be used. These could include a repressor that acts at
the traditional location for the gene’s TATA box.
THUMMEL (1989) has suggested that the functional
E74A TATA box may instead lie downstream from
the transcription startpoint. Downstream cis-acting
positive elements have also been shown to regulate
the Drosophila Antennapedia and engrailed genes (PER-
KINS, DAILEY and TJiaN 1988; SOELLER, POOLE and
KORNBERG 1988). While the proposed downstream
TATA box is not part of a sequence with extensive
identity among the three species, the homology is
significant to warrant further examination of the role
of this element in E74A regulation.

The identification of evolutionarily conserved pro-
tein sequences and cis-regulatory DNA sequences is a
powerful tool for understanding the function and

regulation of a gene. Of course, this analysis allows us
only to infer function from sequence. However, we
now are in a position to focus on specific components
of the E74 gene which we believe are functionally
important. This will lead to experimental attempts to
support our hypotheses regarding the variety of roles
E74 may play during Drosophila development.
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