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A pulse of the steroid hormone ecdysone at the end of Drosophila larval development triggers coordinate 
changes in both larval and imaginal tissues that result in metamorphosis to the adult fly. In larval salivary 

glands, this pulse activates a genetic regulatory hierarchy manifested by the induction of two kinds of 

transcription puffs in the polytene chromosomes: a small set of "early" puffs representing a primary response to 

the hormone, and a complex set of "late" puffs whose delayed appearance is dependent on proteins synthesized 

during the primary response. We isolated a 50-kb ecdysone-inducible gene, E75, that occupies the early puff 
locus at 75B. E75 contains two overlapping transcription units. The E75 A unit is coextensive with the E75 gene 

and contains six exons: two 5'-proximal exons, A0 and A1, which are specific to this unit, and exons 2-5,  which 

are common to both units. The E75 B unit is 20 kb long and contains five exons, a 5'-terminal exon, BI, located 

within the second intron of E75 A, and the common exons 2-5. Large open reading frames start within the first 

exon of each unit and continue into the last exon and therefore encode two different proteins. Both proteins 
exhibit sequence similarity to the conserved DNA-binding and hormone-binding domains of proteins in the 

steroid receptor supeffamily. The two putative zinc fingers that characterize the DNA-binding domain are 

encoded by exon A1 and exon 2, so that the E75 A protein contains both fingers, whereas the E75 B protein 

contains only the second. Both proteins contain the same putative hormone-binding domain encoded by exon 4. 

[Key Words: Drosophila development; ecdysone; steroid receptor superfamily; alternative promoters; hormonal 
regulation] 
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The steroid hormone 20-OH ecdysone (hereafter referred 
to as ecdysone) activates a genetic regulatory hierarchy 
in the salivary gland of the late third instar Drosophila 
melanogaster larva, manifested by the induction of a 
specific program of polytene chromosome puffing (Ash- 
burner 1972). Within several minutes of ecdysone expo- 
sure, five large "early" ecdysone-inducible puffs appear. 
After several hours, these puffs begin to regress and a 
large, heterogeneous set of late ecdysone-inducible puffs 
begins to appear. Although the induction of the early 
puffs is insensitive to inhibition of protein synthesis, 
both the regression of the early puffs and the induction 
of the late puffs are blocked {Ashbumer 1974). Ash- 
burner et al. (1974) proposed that transcription of the 
early genes (i.e., those responsible for the early puffs) is 
directly induced by an ecdysone-receptor complex and 
that the proteins they encode act to repress early gene 
transcription and to induce late gene transcription. 

Present address: IGene Expression Lab, The Salk Institute, La Jolla, Cali- 
fornia 92037 USA; 2Department of Developmental Biology, Stanford 
University School of Medicine, Stanford, California 94305-5427 USA. 

Interaction of an ecdysone-receptor complex with the 
sites of the early puffs was subsequently indicated by 
immunofluorescent staining of polytene chromosomes 
with anti-ecdysone antibodies (Gronemeyer and Pongs 
1980). This suggestion has been confirmed by the la- 
beling of early puff loci with antibodies against the ec- 
dysone receptor encoded by a recently cloned Droso- 
phila gene, EcR [M. Koelle, W.A. Segraves, W. Talbot, M. 
Bender, and D.S. Hogness (in prep.); EcR is equivalent to 
the DHR23 gene of Segraves (1988)]. Genetic data sug- 
gesting that at least some of the early genes encode pro- 
teins involved in the regulation of ecdysone response 
have also been reported. Thus, mutants within the 2B5 
early puff region have specific effects on the salivary 
gland puff hierarchy (Belyaeva et al. 1981; Belyaeva and 
Zhimulev 1982; Zhimulev et al. 1982), and an analysis 
of puffing in aneuploids has demonstrated a dependence 
of the kinetics of both early puff regression and late puff 
induction on the gene dosage of a region including the 
74EF and 75B early puffs (Walker and Ashburner 1981). 

These studies have provided a foundation for the mo- 
lecular elucidation of the genetic regulatory hierarchy 
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controlling ecdysone response in the late third instar sal- 
ivary gland. By comparison, relatively little is known 
about the nature of the ecdysone response in other target 
tissues of the late third instar or at other stages of devel- 
opment that are similarly characterized by an ecdysone 
pulse (for a review of these stages, see Richards 1981). 
Through the study of several vertebrate steroid receptors 
and some of their target genes, the basic elements of the 
primary steroid response are well understood. In con- 
trast, there has been little progress in the identification 
and characterization of those primary target genes en- 
coding proteins that regulate the activity of secondary 
genes in regulatory hierarchies controlling the different 

tissue responses. 
The cytogenetic criteria noted above strongly suggest 

that the genes responsible for the early puffs belong to 
this class of target genes. The isolation and analysis of 
these early genes therefore provide a likely means for 
addressing the problem of how a given steroid, in this 
case, ecdysone, is able to activate such a variety of devel- 
opmental responses. Indeed, it is possible, and we think 
likely, that regulatory hierarchies in other tissues and at 
other stages of development will employ the same early 
genes, perhaps in different combinations, to activate 

their responses. Two of the early genes have recently 
been isolated and partially characterized: the gene(s) re- 
sponsible for the early puff at 2B in the X chromosome 

(Chao and Guild 1986), and the E74 gene responsible for 
the early puff at 74 EF (Burtis 1985; K.C. Burtis, C.S. 
Thummel, C.W. Jones, F.D. Karim, and D.S. Hogness; 
C.S. Thummel, K.C. Burtis, and D.S. Hogness; both in 

prep.). 
Here, we report on the isolation and characterization 

of a third early gene, E75, that occupies the early puff 
locus at 75B. The E75 gene contains two overlapping 
transcription units that encode two similar, but dif- 
ferent, proteins. Surprisingly, each of these contain se- 
quences homologous to the DNA-binding and hormone- 
binding domains of proteins in the steroid receptor su- 

perfamily. 

Results 

Chromosomal walking yields 350 kb of genomic DNA 

spanning a region that includes the 75B puff 

We have used the method of chromosomal walking 
(Bender et al. 1983) to isolate the genomic DNA encom- 
passing the 75B puff region. The starting point for the 
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Figure 1. Composite restriction map of the 75B chromosomal walk, with genomic clones numbered 3501-3530 above it. All clones, 

except for kbDm3515, yDm3527, and kbDm3530, are kcDm clones isolated from the C s Maniatis library, kbDm3515 and kbDm3530 

are O r clones isolated from the Meyerowitz library, and yDm3527 is a subclone of an O r cosmid clone (see Methods). Coordinate 0 kb 

of the chromosomal walk is defined as the midpoint of the overlap of the kcDm3504 and kcDm3505 clones isolated by homology to 

the starting probe k8253. Restriction sites for EcoRI, SalI, and XhoI are shown. A XhoI site present in kcDm3505, but absent from 

~cDm3506, and an EcoRI site and a SalI site present in kcDm3529, but absent from kbDm3530, are indicated by asterisks. Repetitive 

sequences within ~cDm3514 and kcDm3528 (see text) are indicated as insertions; other regions shown to be repetitive by reverse 

genomic Southern analysis (see Methods) are indicated by stippled boxes. Hatched boxes indicate regions homologous to RNAs 

constitutively expressed in tissues of late third instar larvae. Open boxes indicate regions homologous to ecdysone-induced RNAs. 

The filled box indicates a region that appears to have a weak ecdysone-dependent signal in the cDNA Southern analysis but for which 

Northem blots failed to detect a message. 
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walk was a genomic clone, k8253 (a gift of J. Burke), 

which had been localized by in situ hybridization to the 

proximal end of 75B. Isolated restriction fragments of 

k8253 were used to screen a library of genomic DNA 
from the Canton S (C s) strain of D. melanogaster (Man- 

iatis et al. 1978). Genomic clones kcDm3504 and 

kcDm3505 were isolated by homology to k8253. Figure i 
shows the position of these two cloned DNAs on the 

molecular map, where 0 kb on the map scale is the mid- 

point of the overlap between them and represents the 

start of the walk. The walk was then extended in both 

directions until -100  kb of genomic DNA had been iso- 

lated, when the orientation of the walk was determined 

by in situ hybridization of the terminal segments to po- 

lytene chromosomes. Thereafter, the walk was extended 

in the rightward direction on the molecular map, or dis- 

tally relative to the centromere. The 350 kb of genomic 

DNA encompassed by the walk corresponds to the chro- 

mosomal region between bands 75A6-7 and 75Bl l -13  

(Fig. 2), as determined by in situ hybridization. This re- 

gion includes the 75B puff, which appears to initiate by 

simultaneous decondensation of chromosomal bands 

75B3-5 and then spread to surrounding bands (Semishin 
et al. 1985; W.A. Segraves, unpubl.). Our in situ hybrid- 

ization data indicate that this puff is contained within 

the DNA between + 120 kb and + 280 kb on the molec- 

ular map (Fig. 2). 

Dispersed repetitive DNA sequences within the C s ge- 

nomic clones kcDm3514 and kcDm3528 prevented con- 

tinuation of the walk within this strain. Because such 

sequences frequently derive from transposable elements 

whose genomic locations are strain-specific, Bender et 

al. (1983) found that such a block to walking could 
usually be circumvented by switching to clones from 

another strain. Consistent with these findings, 

kbDm3515, isolated from a library of genomic DNA 
from the Oregon R (O r) strain (Meyerowitz and Hogness 

1982), and yDm3527, a subclone of a cosmid isolated 
from an O r cosmid library (see Methods), did not contain 

repetitive DNA and allowed continuation of the chro- 

mosomal walk beyond these points. 
In addition, when restriction fragment-digested clones 

representing the entire chromosomal walk were probed 
with nick-translated Drosophila genomic DNA, four 

other regions were shown to contain repetitive DNA not 

identified in the process of walking. These fall within 

kcDm3501, kcDm3503, ~cDm3514 (proximal end), and 

kbDm3530 and are indicated in Figure 1. 

Molecular mapping of deletion mutations further 

defines the DNA required for the 75B puff 

Figure 2 shows the positions of three deletions, or defi- 

ciencies, on the molecular map of the walk and on the 

polytene chromosome map. Two of these deficiencies, 
W R4 and W R~°, were isolated as revertants of the Wrin- 

kled mutation, and the third, E75 x4s, is one of several 

lethal mutations isolated on the basis of their ability to 
complement W g4 but not W Rl° (W.A. Segraves and D.S. 

Hogness, in prep.). Because the W R4 deletion extends 

from 75B8-11 to 75C5-7, and W R~° extends from 
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Figure 2. Correlation between molecular and cytogenetic 
maps of the 75B region. The positions on the molecular map of 
the breakpoints for the three deficiencies used for the cytogen- 
etic definition of the 75B puff region are indicated graphically 
and have the following numerical values: (W Ra) + 72 kb; (W R1°) 

+ 270 kb; (E75 x48) + 115 and + 220 kb. Molecular reference 
points on the cytogenetic map were determined by in situ hy- 
bridization of probes near the ends of the molecular map and at 
other reference points, as indicated. The in situ hybridization 
shown was performed using fragment probes derived from 
hcDm3502 and hcDm3529. To maintain fidelity to cytological 
convention, the orientation of the molecular map is opposite 
that in Figs. 1, 3, and 4. 

75A6-7 to 75C1,2, it was expected that E75 xa8 would 
lie between the 75A6-7 and 75B8-11 breakpoints, or 

between approximately +270 kb and + 72 kb, respec- 
tively, where these breakpoints have been located on the 

molecular map. (Note that the orientation of the molec- 

ular map in Fig. 2 is opposite that in Figs. 1, 3, and 4.) 

Molecular mapping of E75 xa8 verified this expectation, 

demonstrating that it carries a deletion of 105 kb of ge- 

nomic DNA between + 115 kb and + 220 kb. 
Cytological examination of polytene chromosomes 

carrying these deletions revealed that the 75B puff was 
absent in E75 xae and W Rl° chromosomes but unaffected 

in W R4. These observations demonstrate that sequences 
to the left (proximal to the centromere) of + 72 kb on the 

molecular map are not required for puffing and suggests 

that those sequences responsible for the 75B puff are 

contained within the 105 kb deleted in E75 ~4s. 

Differential screening of the walk with eDNA probes 

reveals a 50-kb region containing sequences 

homologous to ecdysone-induced transcripts 

Figure 1 (bottom line) summarizes the results obtained 
when restriction fragments of the genomic clones were 

tested for their ability to hybridize with each of two 

eDNA probes: one derived from the RNA in ecdysone- 
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Figure 3. Northern blot analysis of the + 166 to + 226 region of the chromosomal walk. (A) The coordinates on the scale correspond 

to those on the molecular map shown in Fig. 1. A map of the EcoRI (R), SalI (S), and XhoI (X) restriction sites is shown, along with the 

locations of the restriction fragments used to produce probes for the Northern analyses. These fragments were cloned in both orienta- 

tions into the p~bX plasmid vector, and a2P-labeled single-stranded probes were prepared from these clones, as described in Methods. 

The clone for a given fragment, such as 4222, is designated in our stocks as p~bDm4222, followed by a letter (A or B) indicating the 

orientation. The table summarizes the results shown in B for the indicated four size classes of ecdysone-inducible RNAs. (B) Autora- 

diographs of Northern blots hybridized with a subset of probes. Only probes for rightward transcription detect the ecdysone-inducible 

transcripts. The + and - lanes were loaded with 20 ~g of total RNA prepared from late third instar tissues incubated, respectively, 

with ecdysone plus cycloheximide or with cycloheximide alone (see the text and Methods). The rp49 control probe is derived from a 

gene encoding a ribosomal protein (O'Connell and Rosbash 1984) and was labeled by nick translation. The 4225 and 4231 probes 

detect a 4-kb ecdysone-inducible RNA in addition to the four size classes shown in the table in A. This RNA appears to be specific to 

the O r strain of D. melanogaster, to be colinear with the genomic DNA over most, if not all, of its length, to be AT rich, and not to 

contain a large open reading frame (W.A. Segraves, unpubl.). 

induced cells, and the other from the RNA in nonin- 

duced cells. Two such differential screens were carried 

out. In the first, genomic D N A  covering the entire 350- 

kb walk was examined with c D N A  probes synthesized 

with reverse transcriptase from an oligo(dT) primer an- 

nealed to poly(A) + RNA. The poly(A) + RNA was pre- 
pared from total inner tissues that were mass-isolated 

from late third instar larvae and incubated in the pres- 

ence of ecdysone plus cycloheximide,  or cycloheximide 

alone. (See Methods. Cycloheximide was included in the 

expectation that higher levels of ecdysone-induced tran- 

scripts would accumulate in its presence. Fig. 6, below, 
shows the validity of this expectation.) 

Each of the 32p-labeled c D N A  probes made from these 

two poly(A) ÷ RNAs was applied to one of two duplicate 

Southern blots that contained, in addition to the ge- 

nomic  fragments from the walk, a control D N A  con- 
sisting of sequences from the ribosomal protein 49 gene 

(O'Connell and Rosbash 1984), which was used to nor- 
malize the hybridization intensities of the duplicate 

blots. This screen revealed sequences specific to ecdy- 

sone-induced RNAs only within the kcDm3522 ge- 
nomic  clone that is centered at approximately + 220 kb 

on the molecular map. Sequences homologous to consti- 
tutively expressed RNAs are indicated by the hatched 

boxes in Figure 1. 

Because the above probes wil l  preferentially detect se- 
quences near the 3' termini of the RNAs, particularly in 

the case of long transcripts, a second differential screen 
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Figure 4. Molecular map of the Dm4925 and Dm4745 cDNAs 

and of the mRNAs that they represent, indicated by size class 

and the E75 transcription unit (A or B) from which they derive. 

The scale is the same as that in Fig. 3. Each cDNA stops short 

of full length at both the 5' and 3' ends. Exon 5 can be 2.0 or 2.8 

kb long in both units (see text). 
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Figure 5. Mapping of the 5' termini of the E75 transcripts. (A) S1 nuclease protection and primer extension mapping of the 5' end of 
the E75 A transcripts. A 700-bp HindIII-PvuII fragment of 4222 was cloned into M13mp8 for synthesis of uniformly labeled, single- 
stranded probes complementary to the E75 A mRNAs. The thin extension at the 5' end of the probe diagram represents the synthetic 
primer used for probe synthesis. The probe was cleaved beyond the PvuII/M13mp8 junction for S1 probes and at the HinfI site 
for primer extension analysis. (a) S1 nuclease protection with 1 ~g of poly(A) + RNA from mock-induced larval tissue. {b) 

S1 nuclease protection with 1 ~g of poly{A) + RNA from ecdysone-induced larval tissue. (c) Primer extension with no Drosophila RNA. 

(d) Primer extension with 1 ~.g of poly(A) + RNA from ecdysone-induced larval tissue. (e-h) A, C, G, and T tracks of dideoxynucleotide 
chain-termination reactions performed on the same clone used for probe preparation. The difference in lengths of the Sl and primer 
extension products equals the length of the synthetic primer and the intervening M13 sequences present in the primer extension but 

not the S1 product, indicating coincident identification of the 5' terminus, which is shown in Fig. 7A. (B) S1 nuclease protection and 

primer extension mapping of the 5' end of the E75 B transcripts. A 420-bp fragment generated by exonuclease III digestion was cloned 
into pEMBL19 for synthesis of probes (see Methods). Cleavage was at the SalI site for S1 probes and at the EcoRV site for primer 

extension analysis. (a) S1 protection with no Drosophila RNA. {b-h) as above. The difference in lengths of the S1 and primer exten- 
sion products equals (as in A) the length of the synthetic primer and the intervening M13 sequences present in the primer extension 

but not the S 1 product, indicating coincident identification of the 5' terminus, which is shown in Fig. 7B. 

was carried out with eDNA probes primed with random 
hexamers (Methods). This screen, which was restricted 
to the 135 kb of genomic DNA between + 105 kb and 
+240 kb, revealed ecdysone-inducible sequences in 
fragments spread out over an -50-kb region between 
+ 170 kb and + 220 kb, as is indicated in Figure 1 by the 
open boxes. The finding that the additional sequences 
detected with the randomly primed probe are all to the 
left of those also detected by the oligo(dT) probe suggests 
that this region is occupied by an ecdysone-inducible 
unit of rightward transcription. This region is over- 
lapped by the 105 kb of DNA deleted in E75 xa8 and, as 
will become apparent, represents the E75 gene. 

The E75 gene contains two overlapping transcription 

units 

Northern analysis Figure 3 shows the results of 
Northern blot analysis of ecdysone-induced and nonin- 

duced RNAs, prepared as described above and hybridized 
with strand-specific DNA probes derived from cloned re- 
striction fragments in the 60-kb region (+ 166 to +226 
kb) containing the E75 gene. The ecdysone-induced 
RNAs hybridized only with probes detecting rightward 
transcription, confirming the orientation suggested in 
the preceding section. Four ecdysone-inducible RNAs 
(4.9, 5.2, 5.7, and 6.0 kb) were detected with each of the 
probes, 4224, 4225, and 4238, that derive from cloned 
fragments located near the 3' end of the region. These 
four RNAs are divisible into two classes by the results 
obtained with probes located farther upstream. One 
class (the B class) consists of the 5.2- and 6.0-kb RNAs 
that are detected by the 4227 and 4803 probes and not by 
probes located farther upstream. The other, or A class, 
consists of the 4.9- and 5.7-kb RNAs detected by the 
4222 and 4223 probes from the 5' end of the region. 

These results suggest that the A and B classes of ecdy- 
sone-inducible RNAs are initiated by different pro- 
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Figure 6. Time course of E75 induction by ecdysone in salivary glands. Total RNA from 100 salivary glands per lane was used for 
Northern blots, and amounts of RNA loaded per lane were shown to be similar by ethidium bromide staining before transfer. The 
times indicate the period of exposure of the glands to ecdysone or ecdysone plus cycloheximide before preparation of the RNA. (A) 
Expression of the E75 A mRNAs, as detected with the 4222 probe (Fig. 3). Other data show a more continuous decrease in the level of 
E75 A mRNAs from a peak at -2  hr; variability in the rate of disappearance of E75 A mRNAs may reflect heterogeneity in the purity 
or responsiveness of the isolated glands. (B) Expression of the E75 B mRNAs as detected with the 4803 probe (Fig. 3). The apparent 
reinduction of E75 B may reflect delayed induction of these RNAs in a subpopulation of cells in the isolated tissues (see text). 

rooters, located - 3 0  kb apart in the 4222 and 4227 frag- 

ments, respectively, and that the two transcription units 

defined by these promoters overlap in the region down- 

stream from the B promoter. The observation that the 

short 4804 probe at the 3' end of the region detects only 

the longer member of each class further suggests that 

the difference in lengths between the two members of 

each class derives from alternative polyadenylation- 

cleavage sites common to both classes--a suggestion 

consistent with the -0.8-kb length difference for the 

members of each class. 

Cloned cDNA structures The organization of the E75 

gene suggested by the results of the Northern blot anal- 

ysis has been confirmed by analysis of the structure of 

cloned cDNAs. Approximately l06 clones from an early 

pupal cDNA library (Poole et al. 1985) were screened 

with probes 4223, 4227, 4225, and 4224, defined in 

Figure 3. The 116 cDNA clones identified by this screen 

were analyzed by restriction digestion and hybridization 

to a panel of probes derived from the 60-kb (+ 166 to 

+ 226 kb) region shown in Figure 3. One of the clones, 

KDm4925, hybridized to the 4223, 4233, 425 7, 4225, and 

4224 fragments and is therefore a likely derivative of the 

A class of RNAs. A second clone, KDm4745, hybridized 

to 4227, 4257, 4225, and 4224, consistent with its deri- 

vation from the B class of RNAs. 

The genomic regions homologous to these two cDNA 

clones were further localized by Southern blot analysis, 

and the nucleotide sequence of these regions and of both 

cDNA clones was determined. These sequences are 

given in Figure 7 and are examined in detail below. For 

present purposes, they have been used to define the 

exons in the two cDNAs and their position in the ge- 

nomic DNA, with the results shown in Figure 4. The 

two cDNAs share four exons, labeled 2, 3, 4, and 5. The 

KDm4925 cDNA contains two additional exons (A0 and 

A1) from the 5' end of the region, which account for its 

hybridization with probes 4223 and 4233 and indicate 

that it derives from a class A mRNA. Similarly, the 

KDm4745 cDNA contains an additional exon (B1) that 

accounts for its hybridization by the 4227 probe and in- 

dicates that it derives from a class B mRNA. Figure 4 
also shows the structure of each member of class A and 

class B mRNAs, as deduced from the cDNA structures 

and the results of 5'- and 3'-terminal sequence determi- 

nations given in the next section. 

Terminal  sequence analysis The observation that class 

A mRNAs hybridize with the 4222 probe (Fig. 3) but that 

the KDm4925 cDNA does not indicates that this cDNA 

carries a truncated A0 exon and/or that the 4222 frag- 

ment contains additional class A exons upstream of A0. 

S1 nuclease protection experiments with the 4222 and 

4223 probes and a probe spanning the 4222/4223 junc- 

tion demonstrated that this region contains a single 

class A exon (A0) of 1.1 kb, which is truncated in the 

cDNA (data not shown). Fine-structure S1 and primer 

extension analyses were then used to determine the 5'- 

terminal nucleotide of this exon and to test whether it 

coincides with the 5' end of the class A mRNAs. Figure 

5A shows that the two methods identify the same 5'-ter- 

minal  nucleotide, indicating that the 5' end of the A0 

exon and the class A mRNAs are coincident. This nu- 

cleotide is identified as the mRNA start site in Figure 

7A. 

Low-resolution $1 nuclease protection experiments, 

using the 4257 probe (Fig. 3) and probes derived from 

subclones of this fragment, demonstrated that the B1 

exon is 1.5 kb in length and is truncated in the KDm4745 

eDNA (data not shown). Figure 5B shows that high-reso- 

lution S1 and primer extension mapping of the 5' ter- 

minus of the B1 exon and the class B mRNAs, respec- 

tively, identify the same nucleotide, which is indicated 

in Figure 7B. 

The 3' ends of the class A and B transcripts cannot be 

determined from their respective cloned cDNAs, 

KDm4925 and KDm4745, because their sequences reveal 
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A 
ACTTACTAGTGAAAAACATGATAATAAACAACTTGCCAAAAAAAATCCAATGAAATTGACACTTATGTTAAAAAAATAGGTGAGATTGTAACCGTTGATGTACACTTACGAAGTACGTAA 

-72  
CAAGTTCATGAACTGATTTCGT~AGCACC~TCTCTCCATAATCGCCGTATCTGTGGGATCGCGCGCTCCTGCTCGCACTCGCTGGGTGG~TGGCAGCAC~T~TTCG~GTGCGAGA~AG~ 

49 
CAAAC•CGGAGAGCGCCGACGTC•ACGCCGAAAAAACTCAACAAGATCCGCCGCGAAT•TTGATTTTCCTTTC•TTGACTAACTGCCACTCGC••CGCC•CAGATCGTCGGCTCCGCTTGTT 

I 
~- mRNA start site 

169 
CCCTTCCGTTCGTTTCGTTTCGTTTCGTTCGATCTACTTCGAGTCGCGAGTTTTAAGCAGTGTAGTGAGTGCCCCGTGAAAAGGATAACCCAAAAAGTGATTTCTACTATTTTCCAATAG 

289 
TT TTTAT C AGTG TGAAGAAAAC~T~TAAAC TTGGCTCAAAAAGC43CTTTAAAAGATACAAAGCTTCA~Tj~C GAAGGATAAAATAATATCGCAC CAGT GCTTC AAAAACCAAAACTATG CC 

409 
TAAGGCTGGAAATTTAAATTAAAATTTTTTTAATAAATATTCCAAAAATATTGCCCCTGAAAAGTGTTGATAAACCCCCAACCGAGCAAAATGTTAATGTCCGCGGACAGTTCAGATAGC 

METLeu~TSe rAlaAsDSe rSerAspSe r 

529 
GCCAAGACTTCTGTGATCTGCAGcACGGTGAGTGCCAGCATGCTAGCACCACCAGCTCCAGAACAGCCCAGCACCACAGCACCACCCATTTTGGGGGTAACAGGTCGATCTCACCTGGAA 

i aLysThrSerValIleCysSerThrValSerAlaser~TLeuAlaP roProAlaP roCluGlnP roSerThrThrAlaProP r oI l eLeuGlyValThrGIyArgSerHisLeuGlu 

649 
AATGCCCTGAAACTACCGCCAAACAcAAGTGTTTCGGCTTACTACCAGCACAACAGCAAGCTGGGCATGGGCCAGAATTACAATCCGGAATTCAGGAGCCTGGTAGCAcCT~CA~GAT 
i nAla LeuLys LeuP r oP roAsnTh r Se r Va 1 S e rAl a TyrT y rG I nH i s AsnSe r Lys LeuG i yMETG i yG i nAsnTy rAsnP tog l uPheArg S e rLeuVa IAIaP rove 1 T h rAsp 

769 
CTGGATACTGTGCCACCCACAGGTGTGACCATGC~GAGTTCTTCGAATTCTCCCAAcTCCTCCGTCAAGCTGCCCCACAGCGGCGTGATCTTTGTCAGCAAATCGAGTGCCGTCAGCACC 

9~uAspThrVa~r~pr~ThrG~yVa~ThrMETA~a~er~erSerAsn~erpr~Asn~erSerVa~LysLeu~r~isSerG~yVa~I~epheVa~SerLysSer~erA~aVa~SerThr 

889 
ACCGATGGTCCCACTGCAGTGTTGCAACAGCAGCAGCCGCAGCAGcAAATC4~CCCAGCACTTCGAGTCCCTGCCCCACCACCAcCcCCAGCAGGAACACCAGCCACAGcAGCAGCAGC~ 
ThrAspGlyP roThrAlaValLeuGlnGlnGlnGlnProGlnGlnGlnMETP roG lnHisPheGluSerLeuP roH isHisHlsP roGlnGlnGluHisGlnProGlnGlnGlnGlnGln 
131 

1009 
CAACATCACCTTCAGcACCACCCACATCCACATGTGATGTATCCGCACGGATATCAGCAGGCCAATCTGCACCACTCGCGTGGTATTGCTGTGGTTCCGGCGGATTCGCGTCcCCAGACT 

G lnHisHisLeuGlnHisHisP roHisProHlsVa iA~TTyrProHisGlyTyrGlnGlnAlaAsnLetlHisHisSerGlyGlyIleAlaVa i Va i ProAlaAsDSerArgProGlnThr 
171 

1099 
CCCGAGTACATCAAGTCCTACCCAGTTATGGATACAACTGTGGCTAGTTCGGTAAAGGGGGAACCAGAACTCAACATAGgt gait t gt q. int ton 1. t tct t t gcagAATTCGATGGC 

Pr~G~uT~rI~eLysSerTyrpr~Va]~.TAspThrThrVa~A~aSerSerVa~L~sG~Y~upr~G~uL~uAsnI~eG it~heAsDGly 
211 

1189 
ACCACAGTGCTGTGCCGCGTTTGCGGGGATAAGGCCTCCGGTTTCCATTACGGCGTGCATTCCTGCGAGGGTTGCAAGgtaagttcgt.intr~n 2. at cqt t t cagGGATTCTTCCGC 

4~hrValLeuCysArgValCysGlyAspLysAlaSerGlyPheHisTyrGIyValHisSerCysGluGlyCysLys GlyPhePheArq 

1309 
CGCTCCATCCAGCAAAAGATCCAGTATCGCCCGTGCACCAAGAATCAGCAGTGCAGCATTCTGCGCATCAATCGCAATCGTTGTCAATATTGCCGCCTGAAAAAGTGCATTGCCGTGGGC 

ArqSerI leGlnGlnLysI leGlnTyrArqP r oCysThr LysAsnG InGlnCysSerIleLeuArqI leAsnArqAsnArqCysGlnTyrCysArqLeuLysLysCysI leA laVa I GIF 
271 

1399 
ATGAGTCGCGATGgt ga gt a oct. int r on 3. cca at t qcaqCTGTGCGTTTTGGACGCGTGCCGAAGCGCGAAAAGGCGCGTATCCTGGCGGCCATGCAACAGAGCACCCAGAATCGC 

~TSerArqAspA laValArgPheGlyArgValProLysArgGluLysAlaArgIleLeuAlaAlaMETGlnGlnSerThrGlnAsnArg 
311 

1519 
GGCCAGCAGCGAGCcCTCGCCACCGAGCTGGATGACCAGCCAcGcCTCCTCGCCGCCGTGCTGCGCGCcCAccTCGAGACCTGTGAGTTCACCAAGGAGAAGGTCTCGGCGATGCGGCAG 

G I yG i nG i nArqAla LeuAl a Th r G I u LeuAspAspG i nP roA r q Leu LeuA I a A1 aVe 1 LeuA r q~ i a H i s LeuG l uTh rC y sG i uP he Th r Ly s G l uLy eva 1 Se r AIaMETArqG in 
341 

1609 
OGGGCGCGGGATTGCCCCTCCTACTCCATGCCCACACTTCTGgt a a gt ct ca. int r on 4. a t t t ct t cagGCCTGTCCGCTGAACCCCGCCCCTGAACTGCAATCGGAGCAGGAGTTC 

ArqAleArqAspCysP rose rTy rSe rM~TP roTh r Leuieu AlaCysP roLeuAsnP roAlaP tog luLeuGlnSe rG luGlnGluPhe 
381 

1729 
TCGCAGCGTTTCGCCCACGTAATTCGCGGCGTGATCGACTTTGCCGGCATGATTCCCGGCTTCCAGCTGCTCACCCAGGACGATAAGTTCACGcTCCTGAAGGCGGGACTCTTcGAC~C 

SerGlnAr~PheAlaHisVal I l eArqGlyVa 11 l eAspPheAlaG l~TIleP roGlyPheGlnLeuLeuThrGlnAspAspLysPheThrLeuLeuLysAlaGiyLeuPheAspAla 
411 

1849 
CTGTTTGTGCGCCTGATCTGCATGTTTGACTCGTCGATAAACTCAATCATCTGTCTAAATGGCCAGGTGATGCGACGGGATGCGATCCAGAACGGAGCCAATGCC~TTCCT~T~AC 

LeuPheVa I Arq Leu I I eCys~TPheAspSe r S e r I l eAsnSe r I l e I I eCy s LeuAsnG 1 yG i n Va I~TA r gA rgAspA 1 a I leg i nAs nG i yA I a AsnA i a A r qPhe LeuVa 1 Asp 
451 

1969 
TCCACCTTCAATTTCGCGGAGCGCATGAACTCGATGAACCTGACAGATGCCGAGATAGGCCTGTTCTGCGCCATCGTTCTGATTACGCCGGATCGCCCCGGTTTGCGCAACCT~AG~G 

9~hrPheAsnPheAleGluAr~TAsnSe r~TAsnLeuTh rAspAl aG l u I l eGl y LeuPheCysAl a I I eVa I Leu I l eThrP roAspArqP roG i y LeuArgAsnLeuG l uLeu 

2089 
ATCGAGAAGATGTACTCGCGAcTcAAGGGCTGCcTGCAGTACATTGTCGCCCAGAAT•GGCCCGATCAGCCCGAGTTCCTGGCCAAGTTGCTGGAGACGATGCCCGATCTGCGCACCCTG 

I I eGluLy~TTy r Se rArqLeuLysGl yCysLeuGl nTFr I leVa IAIaG I nAsnArqP roAspG I nP roG l uPheLeuAlaLysLeuLeuGluTh t ' ~ T P  roAspLeuArqTh rLeu 
531 

2209 
AGCAC~CTGCACACCGAGAAACTGGTAGTTTTCCGCACCGAGCA~AAGGAGCTGCTGCGCCAGCAGATGTGGT~CATGGAGGACGGCAACAACAGCGATGGCCA~AG~GTC~CC 

$e rThr LauHisTh rGluLysLeuVa iVa IPheArgTh rGluHls LysG luLeuLeuArqC inGin~TTrpSe rMETGIuAspGI yAsnAsnSe rAspGiyG leG l~snLys Se rp re 
571 

2329 
TCGGGCAGCTGGGCGGATGCCATGGACGTGGAGGCGGCCAAGAGTCCGCTTGGCTCGGTATCGAGCACTGAGTCCGCCGACCTGGACTACGGCAGTCCGAGCAGTTCGCAGCCACAGGGC 

Se rG 1 y Se rT rpAl a As pAl aI~TAspVa 1G 1 ~A 1 a Al a Lye S e r9 ro LeuG 1 y Se r Va 1 S e r 5e rTh rG l u S e r Al a A spLeuAspTy rG 1 y S e rP ro S e r S e r S e rG I nP r oG i n G i y 
611 

2449 
~rGTCTCTGCCCTC~CGCC~CAGC~CAc~CCTCcj2-~TCTC-GcCAc~TCC~CTCCT£~GCTG~C-GCCACCCTCTCCC~AGGATGTCCCCTGC~.CCGGC~C~TTCCGGCTCCAGC 
Va 1 S e r LeuP ro S e rP roP tog I nG I n G i nP rose rA i a LeuAl a S e r Se r A i a P roLeu Le uA i a A I a Th r Leu S~ rG I yG 1 yCy s Pro LeuA r qAs n A rgA I a As n S e r G I y S e r S e r 
651 

2569 
GGTGACTCCGGAGCAGCTGAGATGGATATCGTTGGCTCGCACGCACATCTCACCCAGAAcGGGCTGACAATCACGCCGATTGTGCGACACCAGCAGCAGCAACAACACCAGCAGCAGATC 

G1 yAspSe rG i yAl a AlaGluM~TAspI l eVa I G I Fee rHisAlaHisLeuTh rG I nAsnG I y LeuTh r I l eTh rP r o I l eVa i ArqH IsG I nG I nG I nG I nG I nG I n G i n Gl n G i n I l e 
691 

5. t t t c t t acagGAATACTCAA T AATGCGCATTCCCGCAACTTGAA TGGGGGACACGCGATGTGCCAC~CAACAGCAGCAGCACCCACRACT~ACCACCAC GGgtgaqt aatc. Int ton 2659 

731 ~I~eLe~A~DAs~A~aHis~erArqAenLet~]%snG~yG~yHisA~aMETCysG~nG~nG~nG~nG~s~r~G~nLeuJ4i~HisH~ 

G (De4925) 2779 
TT~ACAGCCGGAGCTGCCCGCTACAGAAAGCTAGATTCGCCCACGGATT~GGGCATTGAGTCGGGCAACGAGAAGAACGAGTC4~AAGGCGGTGAGTTC~TTC~CGTG~CC 

LeuTh rAlaG 1 y AlaAl aArgTy rArqLys LeuAspSe r P roThrAspSe rG i y I l eGluSe rGIyAsnG luLysAsnG l uCysLysAlaVa 1 S e r S e rG lyGIySerSe r Se rCysSe r 
761 Arq 

2899 
~ TCC ~ G TTC CAGT G T~ATGATC4~:~CT~ACT GCAGC GAT GCCC-C CC-CC.~T CAC~.TCAGGT~ TC42:AC.CATCCC~A~I, GAGTGT~ TGTCCGTGTCACCAGTTC~TC~CCCAG 
Se rP roArgSe r Se rVa IAspAspAl a LeuAspCys 5e rAspAlaAlaAlaAsnHI sAsnGlnVa IVa IG i nHl sP roG lnLeuSe rVa IVa I SerVa i Se rP roVe IArqSerP roG ln 
801 

3019 
CCCTCCACCAGCAGCCATCTGAAGCGACAGATTGTGGAGGATATGCCCGTGCTGAAGCGCGTGCTGCAGGCTCCCCCTCTGTACGATAcCAACTCGCTGATGGACGAGGCCTACAAGCCG 

Pro S e rTh r Se r S e r H I s Leu LFsArqG in I i eva 1 G i uAs~METP rove 1 LeuLy s ArqVa 1 LeuG i nA iaP top r o LeuTy rAspTh rAsn Se r LeuF~TAspG l uAla T F r L ysP ro 
841 

3139 
CACAAGAAATTCCGGGCCCTGCGGCATCGCGAGTTCGAGACCGCCGAGGCGGATGCCAGCAGTTCCACTTCCGGCTCGAACAGCCTGAGTGCCGGCAGTCCGCGGCAGAGCCCAGTCCCG 

H isLFsLysPheArqA•aLeuArqHisArqG•uPheG•uThrA•aG•uA•aAspAl•SerSerSerThrSerG•YserAsnSerLeuSerA•aG•FSerP roArgGlnSerProValP ro 
881 

3259 
.~C~TGTC`C~CACGCCCCCGCCATC~``~C~CCAGCGCCGCCGCAGGTi~TCCCc~CCAGAC~CAGCTC4~ACATGCAC~y~`C~CCCGC/~CA~CCC~CGAT~CA~TC~AC 
2~SerValAlaThrProProProSerAlaAlaSerAlaAlaAlaGiFAsnP r oAlaGlnSerGlnLeuHisETHlsLeuThrArqSerSerProLFsAlaSerF~TAlaSerSerHis 

3379 
TC GGTGCTGGCCAAGTC TCT CATGGCCGAGCC GCGCATGAC GCCCG AGCAGATGAAGCGCAC4ZGATATTATCC AAAACTACTTGAAGCGCGAGAACAGCACAGCAGCC~ AC~CC 

61Va iLeuA1 a L ys S e r Leu~TAla GluP r oAr~TTh rP r o GluG inM~TLysArgSe r AapI le 1 leg I nAsnTF r LeuL FsArqG luAsnSe r Th r A laAla S e r Se r ThrTh r 

3499 
~ATGGCGTGGGCAACCGCAGTCCCAGCAGCAGCTCCACACCGCCGCCGTCGGCGGTCCAGAATCAGCAGCGTTGGGGCAGCAGCTCGGTGATCACCACCACCT~CA~C~ 

As nG 1 F Va IG lyAsnArqSerP r o Ser S e r Se r S erTh r P roP top rose r Al ave I G inAsnG i nG i nAr~T rDG iFSe r Se r S e rVa 11 l eThrThrTh rCyeG inG i nArqGlnG In 
1001 

3619 
TCCGTGTCGCCGCACAGCAACGGTTCCAGCTcCAGTTCGAGCTcTAGCTCCAGCTCCAGTTCGTCATCCTCCTCCACATCCTCCAACTC4~A~C~C~A~TAT 

SerValSerP r•His•erAsnG••EerS•rSerSer•e•SerSerSerSer•erserSer•erSerSerSerSerTh•SerSerAsnC•sSe•SerserSerA•aSerS 9rCysGlnTyr 
1041 

Figure 7A.  (Seep. 212 for legend.) 
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E75 ecdysone-inducible gene of Drosophila 

A (continued) 
3739 

TTCCAGTCGCCGCACTCCACCAGCAACGGCACCAGTGCACCGGCGAGCTCCAGTTCGGGATCGAACAGCGCCACGCCCC~CTGCAGGTGGACATTGCT~C~A~CT 

P heG in Se rP r oHisSe r Th r S e r AsnGlyTh r S e r AlaP r oAf a Se r Se r Se r SerGl y Ser A snSe r AlaThrP roLeuLeuG luLeuGlnVa i AspIleAlaAspSe rAlaG InP ro 

1081 
3859 

CTCAATTTGTCCAAGAAATCGCCCACGCCGCCGCCCAGCAAGCTGCACGCTCTGGTGGCCGCCGCCAATGCCGTTCAAAGGTATC~ACA~~G~AC~T~TCC 

LeuAsnLeu Se r L y s L ys S e r P r oTh r ProP top rose r L ysLeu/4isAla LeuVa IAlaAlaAlaAsnAI aVa IG i nArgTyrP roThrLeuSe r AlaAspVa 1ThrVa i Th rAla S e r 

1121 
3979 

AATGGCGGGTCCTCCGTCGGCGGCGGCGAGTCCGGCCGCCAGCAGCAGTCCGCCGGCGAGTGTGGGCTCcCCCAATCCGGGCCTGAGCGCCGCCGTGCACAAGGT~T~T~GTA 

As nG i yG i y Se r S e rVa 1 G I yG i yGlyG fuse rG i yAEQG i nG inG i n Se rAl a Gl yG l uCysG i y LeuP roGlnSerGl yP roGluArgArqArqAlaG inG l yAsnAlaG I MG i yVa I 

1161 
4099 

AGAGC GGGAGGAGGTAGGTGGTTTTACGC GGAGAAGTGGGAGAGACAGAGACTGGGAGTGGCAGTT CAGCGAAGCAGGAAGCAGGATCACTTGGAGCGGCGGG~JG~TTATT 

ArqAlaGlyGlyGlyAr(jTrpPheTyrAlaGluLysTr]3GluArqG lnArqLeuG lyVa 1AlaVa 1GlnArqSerArqLysGlnAspHlsLeuGluArgArqGluLeuAsn • 

1201 
4219 

Tr AC CATTTAATT GAGACGT GTACAAAGTTT GAAAGCAAAACCAACAT GCATGCAATTTAAAACTAAT A T T T A a u ~ ; C A A C ~ ~ C T ~ A ~ T ~ ~  

4339 

ACAAACAAACAAACAACAAAAAACCCAAGCT TGAATGGTATT ACAAAAGAAAAAGAAAAACAGAAAAAATATAAATATATTTTAGCAGTT~T T~CGTA~G~CC~C~C 

4459 

CC~AC~C~' I~TGATI '~CC~:ATT~T' i~TC' IT  C ~ ' ~ I ' G C ~ A ~ C ~ C  ~CAC~CCCCCC C A C C C ~ C ~ T ~ C ~  C A ~ C ~  C ~ G ~ C C C T G  A T ~  

4579 

TATAAGTTTTAAGCT•TTGTTGTACATATTAATTA•GTTTATTGGTAACTATGTTTAGCGCTTTAGTTGTAGTTGGAGCAAAACTACTTTGCTTTTTTGGATGTTTTTTGAAAAAACTGC 

4699 

AAATTATTAT TAT TAAATTTTT AAATACCTAAAAAC AAAACAATGTGTGTGAAATTT TTTATTGTGCGATCTC CAAGCAGAATGAAGTGCAGTTTGCAACAAATTTT~C TACGAT T~G 

I ~ polyA site cdm4927 and cDm4928 
4819 

~f GATAACGATTCATTTTTTATGAATTTAA•TAATTTTATGAATTTGTTATAGTTTTCCAcCCTTCTATAGATCTTTCTATCTGATCATCTAGCTACCCGTATT•CTGATTTCTCCTTTG 

4939 

~AC .~u~GC TCT T CTC TAT GCT ~ G ~ T  C~GTGG~.T~TATTGTTT TCT ~ T T T T  ~ C T A C  CAC~/~T~GATT~ ' /~TATIN:  A C G ~  T ~ ' I ~  ~I~%AT C ~ C  ~ T  ~ 

5059 

TTAAAGTTTTAGCAGCAAGCAGTAAAA•GACGATGAAGAAGAGAAACC•AACGTTAAATATATCTGTTGTGTACATAGTTAAATGTTAAATTAAA•ACAAAAACATATTTAAAGTACATA 

5179 

T~I~TACACAT~TTATTIN%T Ca~G~CCTATGCTT ~ G A T ' I R : ~ . T  b -~I'T TGATT~CAT C TTAG]~0%CC'~'GCG~VuI~TACIV~I~u~T C ~ ' C ~ I ~ C ~ A T G A T  ATAT 

5299 

TATTTAAAAGTAAAGTATACATTTACATTACAGAAAAACAAAAGAGAAAACTTG•GGTAGCAACAAAACTATTATATTAATTACATTTTAATTATGCTGTACTATTATGATTATTAATTA 

5419 

TTATGATTAATTAATTACGATTTTTATGCTTAGACAAACCAACAAAAAA~AAATATGCAAAAACC~TTAAAAAAAAAAA~AAAAAACAAGCAAAAAATTA~ACTGGCGCAGAAATTTGTA 

I putative polyA signal for long nlRNAs 
5539 

~GTC~.ATC~GAl~'TGTTT~%J~%TTTC~G~C~TCTT~GTTTT~CATTTC~T'~CTTTTCAGTTG~ACTTTTT~TT~TGTTCAGTTTTACCGTTACTT 
5659 

TG C T T T G GAG T GG T AAG AT T T T G G G T T T C ACT T G A T T TC AT T T T C G T T T T G A C T A T C G T CC T G T AAAAAT AT T T A C T AAAT TATAT C G AAAG T AT T T AT AT C AT AAT T AAA T AAAC AAG A 

B 
CGAC GCG TTT GG AGT GAACGTC CTCAGTTGGCA~A~AAAAACAAAAACACAAAACGACAC4~AA~AACATCGGTGGGCK7C~JGTA~GGGATGGGGGT~AC~ ~ A ~  

-9 

GGAGGC CG AC, AG ACCGACAG ACCC AC CCGAAGCAACACAAC ACCAACACGAC~CCC AAAAAGACACTTCGGCT GGGTTCAGCTCGTGTTGCTCTGGGTC ~ T A ~ ~ C G  

112 

CT GCT TTCATT C GCAAATTGCTC GTC GTTGGCAGCGGTTGTGCAGAGCAAGAAAAGCGCGC GAAAAACCAAGCAAAAAATTAATACAC43TGGATCAAGCGAAAGAGATAGAGAGCAGAGT 

I ~ n~NA start site 
- 232 

C AACAGCAACAA~7.~TTCAATAGC AA~ZGATATCGCATATTT TTGTT GGTGC CAGTGAAGTGAGATCAAAGT GAAGT G T ~ T T C  C T T A T T A G C ~ T ~ T ~ ~ T C  

352 
GAGAGTTC AAGTGTCATTTCGAAGC C AAAAAGCAAAATCT C T AATTCAAAT AT G GTT TGTGC AATGCAAGAGGTTGCT GCTGTGCAGCATCAC~AGCAGCAACAGC~CC~C C 

~TVa ICysAlal~TGlnGluVa IAIaAIaVa IGlnHisGlnGlnGlnGlnGlnGlnLeuGlnLeuP re 

472 

CAGCAGCAACAGCAGCAGC AGCAG AC AAC AC AGC AGCAACATGCAACAAC GATAGTGCTGCT GACGGGC AATGGCGGCGGTAATCTGCACATTGTCGC CACACCGCA~AGCATCAGCC G 

G~nG~nG~nG~nG~nG~nG~nG~nThrThrG~nG~nG~nHisA~aThrThrI~eVa~LeuLeuThrG~yAsnG~yG~yG~yAsnLeuMisI~eVa~Thr~r~G~nG~n~isG~nPr~ 

24 
592 

ATGCATCAGCTC CACCATCAGCATCAGCATCAGCATCAGCACC AGCAGCAGGCCAAGAGCC AACAGCTGAAGCAACAACACTCGGCGCTGGTCAAGTT GCTGGAGTCC4GCGCCCATCAAG 

~THisG~nLeuHisHisG~nH~sG~nHisG~nHisG~nHisG~nG~nG~nA~aLysSe~G~nG~nLeuLysG~nG~nHis~erA~aLeuV~LysLeuLeuG~uSerA~aPr~I~eLys 

64 
712 

CAGCAACAGCAGACGCCCAAGCAAATTGTTTACCTGCAGCAGCAGCAGCAGCAACCGCAACGCAAAAGACTGAAAAACGAAGCAGCAATCGTACAACAGCAACAAC~CT~A 

G InG inGlnG InTh r P r oLysG in I leVa iTy r LeuG inG InG I n G inG inG InP r oGlnAr gLysArqLeuLysAsnG luAlaAla I leVa I GInG i nGlnG i nG inTh rP roAlaThr 

104 
932 

CTAGTAAAGACAACAACCACCAGCAACAGCAACAGCAACAACACCCAGACAACAAATAGTATTAGTCAGCAGCAACAGCAGCATCAGATTGTGTTGCAGCACC~A~C~ 

LeuVa~LysThrThrThrThr~erAsnSerAsn~erAsnAsnThrG~nThrThrAsnSerI~e~erG~nG~nG~nG~nG~r~isG~nI~eVa~LeuG~t~4isG~nG~r~r~A~A~aA~a 

144 
952 

GCAACACCAAAGCCATGTGCCGATCTGAGCGCCAAAAATGACAGCGAGTCGGGCATCGACGAGGACTGCCCCAACACCGATGAGGATTGCCCCAATGCCAACCCGGCGGGCACATCGCTC 

A1 aTh r P r oLy s P r oCysAl aAspieuSe r Al a L ysAsnAspSe r G i u Se rG i y I leAspG luAspCysP r o AsnSe r AspGluAspCysP r oAsnAlaAsnP r oAlaGlyThrSerLeu 

184 
1072 

GAGGACAGCAGCTACGAGCAGTATCAGTGCCCCTGGAAGAAGATACGCTATGCGCGTGAGCTCCTCAAGCAGCGCGAGTTGGAGCAGCAGCAGACCACCGGAGGCAGCAACGCGCAGCAG 

G•uAspSerSerTyrGluG•nTyrG•nCysProTrpLysLysI•eAr•TyrA•aArgG•uLeuLeuLysG•nArqG•uLeuG•uG•nG•nG•nThrThrG••G•ySerAsnA•aG•nGIn 

224 
1192 

CAAGTCGAGGCGAAGCCAGCTGCAATACCCACCAGCAACATCAAGCAGCTGCACTGTGATAGTCCCTTTTCGGCGCAGACCCACAAGGAAATCGCCAATCTCCTGCGCCAACAGTCCCAG 

GlnValGluAlaLysProAlaAla I•ePr•Thr•erAsnI•eLysGInLeuHisCysAs•Ser•r••heSerA•aG•nThrHisLysG•uI•eA•aAsnLeuLeuArgG•nGInSe•GIn 

264 
1312 

CAACAACAGGT TGT GGCCACGCAGCAGCAGCAGC AACAC-CAGCAGC AGCAC CAGCACCAGC AACAACGAAGGGAT AGCTCCGACAGCAACTGCTCGCTGAT~ ~ C C  

GInG InGlnVa 1 Va IAI a ThrG inG inGlnG i nG inG inG InG I nG inH i sGlnHisG I nG in G inArqArqAspSe rSe r AspSe rAsnCys S e r Leu~TSe rAsnSe r S e rAsnSe r 

304 
1432 

AGTGCGGGCAATTGTTGCACCTGCAACGCTGGCGACGACCAGCAGCTGGAGGAGATGGACGAGGCCCACGATTCGGGCTGCGACGATGAACTTTGCGAGCAC~ATCAC~AGCGACTGGAC 

SerA~aG1yAsnCysCysThrCysAsnA~aG~yAsDAsDG~nG~nLeuG~uG1uMETAsDG1uA~aHisAspSerG~yCysAspAsDG~uLeuCysG1uG1n~isH~sG1nArqLe~p 
344 

1552 

TCCTCCCAACTGAATTACCTGTGCCAGAAGTTCGATGAGAAACTGGACACGGcGCTGAGCAACAGCAGCGCCAACACGGGGAGGAACACGCCAGCTGTAACA~T~C~T~CGAT 

SerSerG•nLeuAsnTyrLeuCysG•nLysPheAsDG•uLysLeuAspThrA•aLeuSerAsnSerSerA••AsnTh•G•yAr•AsnTh•Pr•A•aVa•Th•A•aAsnG•t1AspA•aAsp 

384 

Figure 7. {See following page for legend.) 
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Segraves and Hogness 

ne i the r  poly(A) tails  nor  consensus  p o l y a d e n y l a t i o n -  

cleavage signals. Low-resolut ion  S1 nuclease  pro tec t ion  

exper iments ,  us ing  the  4224 and 4238 probes (Fig. 3), de- 

tected the  1-kb exon 4 found in bo th  cDNAs and puta- 

t ive a l te rna t ive  3 ' - t e rmina l  exons of 2.0 or 2.8 kb (data 

no t  shown), e i ther  of wh ich  m a y  be represented in trun- 

cated form by the  exon 5 of the  cDNAs. The  sequence o f  

two short  c D N A  clones, kDm4927  and kDm4928,  iso- 

la ted f rom an ecdysone- induced sal ivary gland cDNA li- 

brary (C.W. Jones and D.S. Hogness, unpubl.),  shows 

tha t  bo th  of these  clones are po lyadenyla ted  at a site lo- 

cated 2045 bp f rom the  acceptor splice site for exon 5 

(+ 4616 in Fig. 7A). These  data demons t ra te  tha t  the al- 

te rnate  consensus  po lyadeny la t i on -c l eavage  signal AT- 

TAAA, located 19 bp ups t ream from this  site, is act ive 

and conf i rm the  proposed s t ruc ture  of the 2.0-kb exon. 

Figure 7A also shows an A T T A A A  sequence located 774 

bp downs t r eam (at + 5365 in Fig. 7A) from the above po- 

lyadeny la t ion  signal at the pos i t ion  expected if the  2.8 

kb exon is also a 3 ' - t e rmina l  exon represent ing a s imple  

ex tens ion  of the  2.0-kb exon. Clearly,  the model  for the 

3 ' - t e rmina l  exons of class A and B m R N A s  shown  in 

Figure 4 is the  s imples t  tha t  wil l  account  for the above 

data, for the cons i s ten t  - 0 . 8 - k b  difference be tween  the 

lengths  of these two exons and those of the members  of 

each m R N A  class, and for the observat ion tha t  only  the 

longer member s  of each class hybridize to the 4804 

probe (Fig. 3), w h i c h  is specific to sequences in the in- 

terval  be tween  the  above A T T A A A  sequences.  

We call the  two t ranscr ip t ion  uni t s  producing the 

class A and B m R N A s  the E75 A and E75 B units ,  respec- 

t ively,  and hencefor th  refer to their  m R N A s  and the pro- 

teins they  encode as the  E75 A and E75 B m R N A s  and 

proteins.  

Ecdysone-induced expression of E75 mRNAs  in the 

presence and absence of cycloheximide correlates with 

the behavior of the 75B puff 

Ashburner  et al. (1974) have carefully characterized the 

appearance of the 75B and other  early ecdysone-induc- 

ible puffs in the  sal ivary gland. The  75B puff is rapidly 

induced by ecdysone and begins to regress w i th in  a few 

hours.  Its i nduc t ion  is insens i t ive  to cycloheximide,  but  

its regression is blocked.  We have observed the expres- 

sion of E75 A and B m R N A s  under  s imi lar  exper imental  

condi t ions ,  using probes specific for each. Figure 6 dem- 

onstra tes  that  t ranscr ipts  of both  classes are induced by 

the addi t ion  of ecdysone to the sal ivary gland, peak 

w i t h i n  a few hours,  and subsequent ly  disappear. In 

contras t  to the E75 A mRNAs,  the E75 B mRNAs  appear 

to be re induced upon  extended culture.  An al ternat ive 

in te rpre ta t ion  of this  unexpected  resul t  is suggested by 

p re l iminary  exper iments  indica t ing  tha t  expression of 

E75 B m R N A s  may  be delayed in some tissues (W.A. Se- 

graves, unpubl.).  The  apparent  re induc t ion  of these tran- 

scripts in isolated sal ivary glands may  thus  reflect a de- 

layed induc t ion  in con t amina t i ng  t issues or in a subpo- 

pu la t ion  of sal ivary gland cells super imposed on the 

earlier pat tern  of i nduc t ion  and regression. 

In the  presence of cycloheximide,  the in i t ia l  induct ion  

of the  E75 A and B m R N A s  is s imilar  to that  in the ab- 

Figure 7. Sequences of the E75 exons and flanking DNA. The sequence is that of the C s genomic DNA, which was identical to  the 
Dm4925 and Dm4745 cDNAs, except for the T--*G change in Dm4925 indicated at position +2691. This change would convert a 
leucine to an arginine in the protein sequences (for a description of sequencing strategy, see Methods). The Dm4925 cDNA extends 
from just 5' of the EcoRV site at + 939 to + 4267 in A. The Dm4745 cDNA extends from + 804 in B to a point near the HindIII site at 

+ 4246 in A. (A) The E75 A exons and flanking DNA. The sequences of the A0, A1, and common exons 2-5  (Fig. 4J are interrupted by 
intron sequences {lowercasel, which are limited to those near the splice sites and are in agreement with consensus sequences for donor 
(5') and acceptor (3') splice sites (Mount 1982). Numbers at the right end of each line refer to the number of base pairs upstream of the 
E75 A initiation site if negative; positive numbers refer to positions in the E75 A mRNAs, continuing into the 3' flanking DNA. 
Numbers at the left end of each line refer to amino acid residues in the E75 A protein. The underlined 14 bp sequence at - 159 to 
- 172 exhibits a 13/14 bp match to a sequence (CGTAGCGGGTCTC) found 47 bp upstream of the ecdysone-inducible E74 A tran- 
scription unit responsible for the early puff at 74EF {K.C. Burtis, C.S. Thummel, C.W. Jones, F.D. Karim, and D.S. Hogness, in prep.). 
This sequence represents the proximal part of a 19-bp sequence in the E74 A promoter that binds the protein encoded by the D. 
melanogaster zeste gene {Thummel 1989). Another underlined sequence in the E75 A promoter at - 74 to - 82 is also found in the 
E75 B promoter, where it is part of a tandemly repeated octanucleotide (GAGAGAGC) located at - 106 to - 121 in B. This repeat 
matches the consensus sequence for the binding sites of the GAGA transcription factor (Biggin and Tjian 1988), which also binds to 
the E74 A promoter (Thummel 1989). Other underlined sequences represent, at - 27  to -33,  the best match to the TATA box 
consensus at an appropriate position (Goldberg 1979; Breathnach and Chambon 1981), three AUG codons that are closely followed by 
in-frame stop codons in the 5'-leader sequence of the E75 mRNAs, and alternative polyadenylation-cleavage signals at 4591 and 5365 
that are used by both E75 A and E75 B mRNAs. Homopolymeric repeats of glutamine, most of which are related to the opa nucleotide 
repeat (Wharton et al. 1985), are found at amino acid residues 139-146 and 164-171 in the E75 A-specific region and at 721-729 and 
749-753 in the common region. Closer to the carboxyl terminus at residues 1049-1065, a homopolymeric repeat of 17 serine residues 
is seen, primarily encoded by a repeating hexanucleotide with a TCCAGC consensus. (B) The B1 exon and its 5'-flanking DNA. The 
numbering at the right and left ends of the lines follows the same convention as in A. Exons 2 -5  shown in A are also used in E75 B, 
but the amino acid residues and base pair numbers shown in A must be increased by 157 and 375, respectively, to apply to the E75 B 
protein and mRNA. The first 10 nucleotides of the 136-nucleotide E75 B-specific intron linking the B1 exon to exon 2 are gtaggttag, 
whereas the last 10 are shown upstream of nucleotide 1178 in A. The underlined sequences represent, in order, the region of homology 
to a sequence upstream of E75 A, noted above, the best match to the TATA box consensus at -21  to -27,  and three AUG codons 
followed by in-frame stop codons in the 5' leader of the E75 B mRNA. Homopolymeric repeats of at least five glutamine residues are 
seen at 14-19, 24-31, 116-121, 135-139, 166-170, and 311-325 which, in combination with a histidine/glutamine repeat at 69-78, 
contribute to 23% overall glutamine content of the E75 B-specific region. 
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sence of cycloheximide. However, both classes continue 
to accumulate for several hours after ecdysone addition, 
as if repression of their synthesis is blocked. 

These results demonstrate a strong correlation be- 
tween the expression of the E75 mRNAs and puffing at 
the 75B locus. This correlation, the position of the E75 

gene relative to that of the bands that initially decon- 
dense during formation of the 75B puff and to the DNA 
required for that formation (Fig. 2), and the observation 
that E75 probes exhibit in situ hybridization to RNA 
within this puff (Segraves 1988) strongly imply that E75 

transcription is responsible for the 75B puff. 

E75 transcripts encode two proteins with specific and 

common domains 

Figure 7 presents a composite of the genomic and cDNA 
sequence data for E75, showing the coding and non- 
coding sequences of the E75 A and B mRNAs, their 
splice junctions, and the 5'- and 3'-flanking sequences. 
Certain sequences of potential interest within the 5'- 
flanking DNA and in the 5'-leader mRNA sequences are 
indicated in the legend to Figure 7. Here, we focus on the 
large open reading frames of the E75 A and B mRNAs 
that begin at 380 and 284 bp downstream from their re- 
spective mRNA start sites, each continuing into the 
common final exon (exon 5; Fig. 4). The termination 
codon in exon 5 lies upstream of both alternative polya- 
denylation sites; thus, the sequence of the encoded pro- 
tein is not affected by which site is selected. Because the 
open reading frames in the E75 A and B mRNAs begin in 
the A0 and B 1 exons and merge at the beginning of exon 
2, the proteins encoded by the two transcription units 
differ in the amino-terminal region and are the same in 
the carboxy-terminal region. The specific amino-ter- 
minal regions contain 266 and 423 amino acid residues 
in the E75 A and B proteins, respectively, whereas their 
common carboxy-terminal region consists of 971 res- 
idues. The predicted molecular weights of the A and B 
proteins are thus 132,000 and 151,000. The open reading 
frames display characteristic Drosophila melanogaster 

codon usage (O'Connell and Rosbash 19841, and their 
extents have been confirmed by in vitro translation of 
mRNAs transcribed in vitro from cDNA constructs and 
by expression of fusion proteins in Escherichia coli (Se- 
graves 1988). The predicted protein sequence for each 
protein is punctuated by homopolymeric tracts of amino 
acids, which are noted in Figure 7 and its legend. 

The most interesting and significant result of this 

amino acid sequence analysis is the finding that the E75 
proteins exhibit striking homology with the hormone 
receptors that belong to the steroid receptor superfamily 
(for review, see Evans 1988). Comparison of E75 protein 
sequences to the existing data bases and to individual 
members of this family reveals that similarities are es- 

sentially restricted to two regions, labeled C and E, ac- 
cording to the convention of Krust et al. (1986), and cor- 
respond, respectively, to the DNA-binding and hor- 
mone-binding domains of these receptors. Figure 8A 
shows the positions of these two regions in the E75 A 

E75 ecdysone-inducible gene of Drosophila 

protein and the percent identity that each exhibits to the 
corresponding regions in members of the steroid re- 
ceptor superfamily. We relate a detailed structural com- 
parison of these regions and a consideration of their pos- 
sible functions in the E75 proteins in the Discussion. 

D i s c u s s i o n  

We have identified and characterized the E75 ecdysone- 
inducible gene that occupies the early puff locus at 75B. 
E75 contains two overlapping transcription units, E75 A 
and B, that produce mRNAs exhibiting different 5'-ter- 
minal exons and common 3'-terminal exons. Transla- 
tion of these mRNAs results in the production of pro- 
teins having different amino-terminal, but common car- 

boxy-terminal, regions. 
Analysis of the sequences of the E75 proteins and 

comparison to the sequences of known proteins have re- 
vealed similarity between the E75 proteins and members 
of the steroid receptor superfamily (Evans 1988). Figure 
8A shows a schematic alignment of the E75 A protein 
with the glucocorticoid, estrogen, thyroid hormone, vi- 
tamin D, and retinoic acid receptors, along with the 

Drosophila knirps (Nauger et al. 1988) and human ear-1 
(Miyajima et al. 1989) proteins. We have used the no- 
menclature of Krust et al. (1986) in dividing the proteins 
into six regions, lettered A-F,  in the amino- to carboxy- 
terminal direction. 

Similarity between E75 A and these proteins is 
strongest in the C region, a cysteine-lysine-arginine-rich 

region that is necessary and sufficient for the binding of 
these receptors to DNA (for review, see Evans 1988; 
Green and Chambon 1988). The C region consists of 
66-68 amino acids, of which 20 residues are invariant 
within this family. Among these are nine invariant cys- 
teine residues, eight of which are believed to coordinate 
zinc in the formation of two zinc finger-like structures 
(Miller et al. 1985; Freedman et al. 1988; Severne et al. 
1988). Within the C region, E75 A contains all of the 
highly conserved residues and is approximately as 
closely related to other members of the steroid receptor 
superfamily as they are to one another. Interestingly, 
E75 A is no more closely related to the knirps (Nauber 
et. al. 1988) and knirps-related proteins (Oro et al. 1988) 
than to most of the known vertebrate receptors. Indeed, 
the closest relative of E75 appears to be the human ear-1 

gene, which has nearly 80% amino acid identity to E75 
A in the DNA-binding domain. 

The other region conserved among members of the 
steroid receptor superfamily is the E region, which is re- 
quired for steroid binding and for the linkage of steroid- 
binding and trans-activation functions (for review, see 
Evans 1988; Green and Chambon 1988). Although 
overall E region similarity (Fig. 8A) is clearly significant 
for the comparison of E75 A to the thyroid hormone, vi- 
tamin D, and retinoic acid receptors, and ear-l, simi- 
larity to the glucocorticoid and estrogen receptors is con- 
siderably lower. However, the plots of local similarities 
given in Figure 8B show a clear similarity to each of 

these proteins within three subregions of the E region, 
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Figure 8. Similarity between the E75 A protein and members 
of the steroid receptor supeffamily. The FASTP (Lipman and 
Pearson 1985) protein sequence comparison program was used 
to align E75 A with proteins of the steroid receptor superfamily. 
(hGR) Human glucocorticoid receptor (Hollenberg et al. 1985); 
{hER) human estrogen receptor (Green et al. 1986; Greene et al. 
1986); (cERBA) chicken c-erbA thyroid hormone receptor (Sap 
et al. 1986); {rVDR) rat vitamin D receptor (Burmester et al. 
1988); (hRAR) human retinoic acid receptor (Giguere et al. 
1987); (hEAR1) human erbA-related gene product {Miyajima et 
al. 1989); (knirps) Drosophila knirps protein (Nauber et al. 

0 ~  . . . . . . . . .  1988). (A} The location of conserved regions within the pro- 

t o t a l  :~°~ * ~ ° 0 ~ k  teins. A, B, C, D, E, and F domains of Krust et al. (1986)are 
:~° indicated, as are the E75 A exons (Fig. 4) encoding them. The 

numbers within the C and E domains are the percent identity 
. . . . . . . . . .  between E75 A and the indicated protein within those regions. 

amino acifls Similarity between E75 A and human ear-1 is also seen in the D 

region (19 of the first 23 residues). E75 A is not aligned (n.a.) with knirps within the E region. (B) The alignment of E7S A with each 
indicated receptor was used to generate a plot of the number of identities per 10 amino acids at 1-amino-acid intervals. The abscissa is 
defined as the first E75 A amino acid of the 10-amino-acid window, starting with residue 241, 4 amino acids from the beginning of the 
C region. The values for the four comparisons shown have been summed to give a total similarity index for the E75 A comparison. 
Conserved regions C 1, C2, E 1, E2, and E3 are indicated. (C) Amino acid sequence of the five regions of greatest similarity between the 
E75 A protein and members of the steroid receptor superfamily. The position of the first amino acid of each of the regions of similarity 
is given for each of the protein sequences, and conserved residues have been boxed. The following amino acid substitutions have been 
allowed: L-I, L-M, I-V, D-E, K-R, R-H, and F-Y-W {for discussion of criteria, see Schulz and Schirmer 1979). The estrogen receptor was 
not aligned with E75 in the right-hand portion of region E2 by the FASTP program. 

which we call El, E2, and E3. The E1 subregion is the 

most  highly conserved and corresponds to a region 

shown by in vitro mutagenesis  to be essential for steroid 

binding and steroid-dependent trans-activation (Giguere 

et al. 1986; Danielson et al. 1987}. Region E2 is less 

highly conserved in pr imary amino acid sequence but 

can, in part, be seen as a conserved hydrophobic region 

in the hydropathy plots of several of these proteins (data 

not  shownl. A deletion of 14 amino acids wi th in  this 

region abolished steroid binding (Rusconi and Yama- 

moto  1987}. E3 falls close to the end of the region that  is 

absolutely required for steroid binding (Rusconi and Ya- 

mamoto  19871. 

The sequences of the C regions and of each of the 

highly conserved E subregions are shown in Figure 8C, 

where conserved residues have been boxed to indicate 

similarity. Based on these results, we believe that  it is 

likely that E75 A (and probably E75 B; see below} is a 

bona fide member  of the steroid receptor superfamily 

and contains DNA-binding and hormone-binding do- 

mains  functionally related to those of the other re- 

ceptors. The finding of both characteristics in a Droso- 
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phila protein clearly establishes the evolutionary age of 
the conserved structural unit encompassing the DNA- 
and hormone-binding domains of these receptors. In- 
deed, at least two other Drosophila genes that encode 
proteins with both characteristics have recently been 

cloned and characterized (Segraves 1988; M. Koelle, 
W.A. Segraves, W. Talbot, M. Bender, and D.S. Hogness, 
in prep.). In contrast to E75 and the other receptor-like 
proteins, the Drosophila knirps and knirps-related pro- 
teins contain only the conserved DNA-binding domain. 
Structural divergence of the carboxyl termini of these 

molecules from the other receptors and from one an- 
other suggests that they may, in fact, be non-ligand-reg- 
ulated transcription factors. 

Although the characteristic structural features of the 
steroid receptor superfamily are well conserved in E75, 
two novel variations are seen. The first of these concerns 
the structure of E75 B protein, which contains a major 
alteration within its putative DNA-binding domain. The 
steroid receptor superfamily DNA-binding domain ap- 
pears to consist of two DNA-binding zinc fingers, C1 
and C2, separated by a less conserved linker region (Fig. 
8B, G). In E75, as in nearly all other genes of this family, 
an intron is found between the two fingers. This intron 
occurs either one codon after the final cysteine residue 
of the first f inger-- in E75 A, the chicken c-erbA thyroid 
hormone receptor gene {Zahraoui and Cuny 1987), the 
human retinoic acid receptor [3-gene (Dejean et al. 1986; 
de The et al. 1987), knirps (Nauber et al. 1988) and 
knirps-related (Oro et al. 1988) genes--or  within the 
tenth codon after this cysteine residue, in the proges- 

terone (Jeltch et al. 1986; Huckaby et al. 1987), minerali- 
corticoid (Arriza et al. 1987), and estrogen receptors 
(Ponglikitmongkol et al. 1988). 

In E75, this splice marks the beginning of the region 
held in common between the E75 A and B proteins. This 
region causes the E75 A protein to have two fingers, 
whereas the E75 B protein has unrelated B-specific se- 
quences in place of the first finger. Mutagenesis of the 
estrogen, glucocorticoid, and thyroid hormone receptors 
has shown that the first finger includes residues required 
for the recognition of specific response elements by 
these receptors (Danielson et al. 1989; Mader et al. 1989; 
Umesono and Evans 1989). Thus, a seemingly critical 
part of the E75 B DNA-binding domain has been re- 

moved. It is possible that other sequences within the B- 
specific amino terminus provide this recognition func- 
tion, although we detect no significant similarity be- 
tween the predicted E75 B-specific sequences and any 
reported protein sequence. (There are a number of cys- 
teine and histidine residues in the last 100 amino acids 
of the B region, but this region is more acidic than most 
finger-like structures.) Alternatively, the B protein may 
bind DNA with only one finger, as GAL4 appears to do 

(Laughon and Gesteland 1984; Keegan et al. 1986; John- 
ston and Dover 1987). Although the possibility that the 
E75 B protein does not bind DNA cannot be ignored, we 
think it more likely that these structural differences 
imply a functional difference in the DNA-binding prop- 
erties of the E75 A and B proteins that may allow them 

to differentially regulate secondary ecdysone response. 
Although demonstration that both the E75 A and B pro- 
teins are functional awaits detailed mapping of E75 mu- 
tants, the genetic complementation patterns and pheno- 
types of E75 mutants  indicate the existence of two ge- 
netically separable E75 functions (Segraves 1988). 

The second unusual feature Of the E75 proteins is the 
presence of a large F region, encompassing nearly one- 
half of the proteins (Fig. 8A). Many of the other receptors 
have very small F regions, and no function has yet been 
ascribed to this region. However, preliminary experi- 
ments indicate that this region may play an important 
role in the regulation of target genes by the E75 proteins 
(W.A. Segraves, unpubl.). 

The finding that the E75 proteins are likely hormone 
receptors raises a number of interesting questions. What 

is the ligand for the E75 proteins, and how does it affect 
the function of E75 in ecdysone-triggered regulatory 
hierarchies? Because ecdysteroids are the only known 
steroid hormones in Drosophila, the most obvious can- 
didate for an E75 ligand would be ecdysone itself. How- 
ever, neither binding studies using partially purified E75 
proteins and radiolabeled ecdysteroids nor cotransfec- 
tion studies examining the regulation of target genes by 
E75 support this idea (W.A. Segraves, unpubl.). Further- 
more, a Drosophila ecdysone receptor gene, EcR, has re- 
cently been isolated as a homolog of E75 that encodes a 
protein with sequence similarities to both the DNA- and 
hormone-binding domains of the steroid receptor super- 
family [Segraves 1988; M. Koelle, W.A. Segraves, W. 
Talbot, M. Bender, and D.S. Hogness, in prep.). This pro- 

tein was identified as an ecdysone receptor on the basis 
of its ecdysone-binding, DNA-binding, and regulatory 
activities (M. Koelle, W.A. Segraves, P. Cherbas, and 
D.S. Hogness, in prep.). The putative hormone-binding 
domains of the EcR and E75 proteins do not exhibit the 

high sequence similarity that one might expect if E75 
were also an ecdysone receptor. In the absence of other 
known small hydrophobic regulatory molecules, it 
therefore seems likely that the E75 proteins would bind 
either a terpenoid juvenile hormone or a novel Droso- 
phila hormone. 

For a number of reasons, we consider it likely that E 75 
and its ligand are intimately involved in the regulation 

of ecdysone response. E 75 is clearly induced in the pres- 
ence of ecdysone, and genetic evidence suggests that a 
gene, or genes, within a small region of the chromo- 
some, including E75, is involved in the regulation of ec- 
dysone-induced puffing patterns {Walker and Ashbumer 
1981). The localization of E75 A protein to the sites of 

several ecdysone-regulated genes is consistent with just 
such a model (R.J. Hill, W.A. Segraves, W.S. Talbot, E. 

MacAvoy, and D.S. Hogness, unpubl.). Finally, the level 
of an ecdysone-inducible enzyme, arginine kinase, is 
sensitive to the dosage of the small deletion, E75 "48, 
which removes the E75 gene {Collier and James 1987; 
James and Collier 1987). 

These observations suggest that E75 is the type of reg- 

ulatory early gene predicted by the Ashburner model 
(Ashbumer et al. 1974), that is, a gene encoding regula- 
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tory prote ins  involved  in  the  repression of early gene re- 

sponse and/or  in  the  ac t iva t ion  of late gene response. In- 

deed, th rough  the  p roduc t ion  of two different E75 pro- 

te ins  tha t  are each l igand-regulated,  several different 

types of secondary  response could be generated. In a va- 

r ie ty  of sys tems,  i t  is n o w  apparent  tha t  a single hor- 

mone,  such  as thyro id  h o r m o n e  or re t inoic  acid, m a y  

have  mu l t i p l e  receptors  whose  differential  pa t terns  of 

expression m a y  be involved  in  the  genera t ion  of tempor-  

a l ly  or spat ia l ly  res t r ic ted  h o r m o n e  responses  (Giguere 

et al. 1987; T h o m p s o n  et al. 1987; Brand et al. 1988; Ze- 

l en t  et al. 1989). The  E75 gene displays an elegant  mech-  

an i sm  for the  p roduc t ion  of two different receptor mole- 

cules. These  receptors carry the same hormone-b ind ing  

doma in  and, thus,  should  b ind  the  same ligand, but  have  

different  D N A - b i n d i n g  domains  and amino  termini ,  po- 

t en t i a l ly  a l lowing  t h e m  to dif ferent ia l ly  regulate subse- 

quen t  gene expression.  The  differential  expression pat- 

terns  of the  m R N A s  encoding  these  receptors during de- 

ve lopmen t  (W.A. Segraves and D.S. Hogness,  in prep.) 

suggests  t ha t  these  differences m a y  be s ignif icant  in the 

genera t ion  of d ivers i ty  of ecdysone response and tha t  

E 75 m a y  indeed  be a b ranchpo in t  at w h i c h  more  general  

p r imary  responses  diverge in to  more  stage- or t issue-spe- 

cific secondary  responses.  

M e t h o d s  

Genomic and cDNA libraries 

C s genomic DNAs were isolated from a library of sheared, 
EcoRI-linkered C s DNA cloned into the Charon 4 ~ phage 

vector (Maniatis et al. 1978). O r genomic DNAs were isolated 

from a library of sheared DNA, GC-tailed into the sep6 ~ vector 
(Meyerowitz and Hogness 1982). One step in the chromosomal 
walk was taken using a cosmid library (prepared in collabora- 

tion with S. Germeraad) of SauIIIA partially digested O r DNA 

cloned into the cosmid pl4B1 (Segraves 1988) by the method of 
Ish-Horowicz and Burke (1981). 

The ~Dm4925 and ~Dm4745 cDNAs were isolated from an 
O r early pupal cDNA library in kgtl0 (Poole et al. 1985). The 

two cDNAs (~Dm4927 and ~Dm4928) that were used for 3'-end 

mapping were isolated from an ecdysone-induced salivary gland 
eDNA library in ~607 prepared by C.W. Jones. (Our strain col- 
lection names for the cDNA clones used in these studies are 

kfDm4925, ~fDm4745, keDm4927, and ~eDm4928.) 

In situ hybridization 

In situ hybridization to potytene chromosomes was carried out 
with DNA probes that were nick-translated in the presence of 
all-labeled TTP (NEN), as described by Bonnet and Pardue 

(1976), with the following modifications: Heat and RNase 
treatments of the slides were omitted, and hybridization and 
washing were at 63°C in 2 x SSPE for 18 and 2 hr, respectively. 

Organ culture and RNA isolation 

Late third instar O r larvae were harvested, washed in 0.7% 
NaCI, resuspended in Robb's phosphate-buffered saline (PBS) 

(Robb 1969; preaerated with a blender), and passed through a set 
of rollers to extrude the organs. This 'grindate' was filtered 

through a course Nitex screen to remove carcasses and settled 
five times (3-5 rain per settling) by gravity to remove floating 
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and microscopic debris. Isolated tissues (primarily salivary 

glands, imaginal discs, gut, and Malphigian tubules) were cul- 
tured at 25°C in plastic petri dishes in aerated Robb's PBS. [3- 
Ecdysone (Sigma) (0.2 ~/ml of 10 mg/ml) in ethanol and/or cy- 

cloheximide (2 ~l/ml of 35 mM) in water was added to the 
appropriate cultures. Incubations in the presence of cyclo- 

heximide (other than the time course in Fig. 6) were for -8  hr. 
Isolated tissues were homogenized in 10 volumes of 6 M guani- 
dine-HC1/0.6 M sodium acetate (pH 5.2), centrifuged at 5000g 

for 10 rain to remove debris, and layered onto a 5.7 M CsC1 
shelf, as described previously (Chirgwin et al. 1979). Poly(A) + 

RNA was purified by oligo(dT) chromatography. 

Southern and Northern blot analysis 

Southern blots were performed on nitrocellulose and Northern 

blots on APT paper (Seed 1982), as described previously (Se- 
graves et al. 1984). Reverse genomic Southern analysis was per- 

formed by hybridizing genomic clones with nick-translated ge- 
nomic DNA; this technique readily identifies repetitive se- 

quences, cDNA probes were prepared by incubation of 2 ~g of 
poly(A) + RNA with 700 ng of oligo(dT) 12-1s (Collaborative Re- 

search) or 15 ~g of random hexamers (Pharmacia) in a 20-~1 
reaction mixture containing 80 mM Tris-C1 (pH 8.3 at 42°C), 10 

mM MgC12, 100 mM KC1, 0.4 mM DTT, 0.25 mM each of dATP, 
dGTP, and dTTP, and 100 ~Ci of [a2P]dCTP (800 Ci/mole; 

Amersham). After incubation at 37°C for 45 min, 80 ~1 of 10 
mM EDTA and 2 ~1 of 5 N NaOH were added before incubation 
at 70°C for 10 min to denature the products and hydrolyze the 

RNA. After the addition of 10 ~1 of 1 M Tris-Cl (pH 7.5) and 5 ~1 
of 1 N HC1, unincorporated label was removed by chromatog- 

raphy on Biogel P60. Probes to be used for Northern blots were 
cloned into the vector pq~X (R. Mulligan, unpubl.), containing 

the (bX174 origin of replication cloned in between the HindIII 

and BamHI sites of pBR322. This allowed the synthesis of 

single-stranded probe DNA (Arai et al. 1980), which was per- 
formed by the incubation of supercoiled plasmid DNA with 

gene A protein, rep and ssb proteins, and DNA polymerase III 
holoenzyme (all generously provided by the A. Kornberg labora- 

tory) in a reaction containing 20 mM Tris-C1 (pH 7.5), 80 ~g/ml 
BSA, 4% glycerol, 20 mM DTT, 1 mM ATP, 16 mM concentra- 

tions of the three unlabeled deoxynucleotides and 1.6 mM con- 
centrations of the labeled deoxynucleotide for 1 hr at 30°C. 
EDTA was then added to 20 mM, SDS to 0.1%, and proteinase K 

to 50 ~tg/ml. The reactions were digested for 30 min at 37°C, 
and unincorporated label was removed by gel filtration. 

S1 nuclease protection and primer extension analysis 

Single-stranded probes, prepared as described above by the (bX 

in vitro replication system, were purified by electrophoresis on 
tow melting point agarose gels for use as S1 probes. All other 

probes were prepared by extension of the -20,  17-mer se- 
quencing primer (New England Biolabs) on single-stranded 
M13mp (Messing 1983) or pEMBL [Dente et al. 1983) recombi- 

nant templates using a~P-labeled nucleotides, followed by 
cleavage with the appropriate restriction enzyme and purifica- 

tion of the probe on denaturing polyacrylamide gels. Labeled 
probe (100,000-300,000 cpm) was incubated with 1 ~g of 
poly(A) + RNA in a 5-~1 reaction mixture containing 5 ~g of 

yeast tRNA, 0.4 M NaC1, 40 mM PIPES (pH 6.8), and 1 mM 
EDTA at 60°C under oil. Reactions were cooled and diluted 

1 : 10 into either S1 digestion or primer extension buffer. S1 

nuclease digestions were performed in 50 mM acetate buffer 
{Na), 400 mM NaC1, and 4 mM ZnSO4 at 20°C for 1 hr with 

15-150 Vogt units of S 1 nuclease (Boehringer)per 50-~1 reac- 
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tion. Primer extensions were performed at 42°C in 50 mM Tris- 
C1 (pH 8.3 at 42°C), 80 mM KC1, 2 mM DTT, 1 mM each of 
dATP, dCTP, dGTP, and dTTP, with 20 units of AMV reverse 

transcriptase (Seikagaku) per 50-~1 reaction. Reactions were ter- 
minated by the addition of EDTA, tRNA carrier was added to 

the Sl nuclease digestions, and samples were ethanol-precipi- 

tated and either electrophoresed directly on 5% or 6% dena- 
turing polyacrylamide gels or glyoxalated (McMaster and Car- 
michael 1977) and electrophoresed on 1% agarose gels run in 10 

mM sodium phosphate buffer (pH 6.8). 

DNA sequence analysis 

The eDNA clones kDm4927 and ),Dm4928 were sequenced by 
chemical degradation (Maxam and Gilbert 1980). All other se- 

quencing was performed using the dideoxynucleotide chain ter- 
mination method (Sanger et al. 1980). Fragments were cloned 

into M13mp (Messing 1983) or pEMBL (Dente et al. 1983) 
vectors and sequenced directly or following the generation of a 
set of overlapping deletions using exonuclease III (Henikoff 

1984). Sequencing was performed on both strands of the 
kDm4925 cDNA, the B-specific region of kDm4745 cDNA, the 

A- and B-specific 5' genomic regions not represented in the 
cDNAs, and the 3'-flanking region. The remaining exon bound- 
aries of kDm4745 and genomic regions represented within the 

cDNA clones were sequenced on one strand. Sequence data 
were compiled using the Bionet system. Protein sequence com- 

parison was performed using FASTP (Lipman and Pearson 1985) 

and Bionet IFIND programs. 
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