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Summary 

In D. melanogaster a pulse of the steroid hormone ec- 
dysone triggers the larval-to-adult metamorphosis, a 
complex process in which this hormone induces imag- 
inal t issues to generate adult structures and larval tis- 
sues to degenerate. We show that the EcR gene en- 
codes three ecdysone receptor isoforms (EcR-A, 
EcR-81 , and EcR-B2) that have common DNA- and hor- 
mone-binding domains but different N-terminal re- 
gions. We have used isoform-specific monoclonal an- 
tibodies to show that at the onset of metamorphosis 
different ecdysone target t issues express different iso- 
form combinations in a manner consistent with the 
proposition that the different metamorphic responses 
of these tissues require different combinations of the 
EcR isoforms. We have also determined temporal de- 
velopmental profiles of the EcR isoforms and their 
mRNAs in whole animals, showing that different iso- 
forms predominate at different developmental stages 
that are marked by a pulse of ecdysone. 

introduction 

Metamorphosis in Drosophila meianogaster is triggered 
by a pulse of the steroid hormone 20-OH ecdysone, hereaf- 
ter referred to as ecdysone (reviewed in Riddiford, 1993). 
in this complete metamorphosis, there is little or no mor- 
phological overlap between the initial and final metamor- 
phic states, i.e., between the late third instar larva and 
the adult fly. This lack of overlap results from the division 
of most t issues in the late third instar larva into two classes: 
the imaginal t issues that are hidden inside the larva and 
generate adult structures in response to the ecdysone 
pulse at the end of larval life and the strictly larval t issues 
that provide most of the functional structures of the larva 
and that degenerate in response to this pulse. 

Members of both tissue classes exhibit a wide variety 
of metamorphic responses to ecdysone. For example, the 
imaginai t issues that generate the exterior structures of 
the fly are of two kinds: the small segmentally repeated 
histobiast nests that generate the abdominal structures 
and the much larger imaginal discs that produce head 
and thoracic structures, as well as the genitalia. Individual 
histobiast nests consist of about a dozen cells that are 
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set aside during embryogenesis, remain quiescent during 
larval development, and, after the metamorphic ecdysone 
pulse, proliferate rapidly and migrate to replace the mori- 
bund larval epidermis (Madhavan and Schneiderman, 
1977; Roseland and Schneiderman, 1979; Riddiford, 
1993). By contrast, the imaginai discs consist of thousands 
of cells that form folded epitheiiai sacs of little structural 
distinction, each connected to the larval epidermis by a 
narrow tubular stalk. While they, too, derive from similarly 
small clusters of embryonic founder cells within the pro- 
spective larval epidermis, the imaginai discclusters invagi- 
nate during embryogenesis (Bate and Martinez-Arias, 
1991) grow by ceil division during larval development 
(Madhavan and Schneiderman, 1977) and respond to the 
metamorphic ecdysone pulse by evagination through the 
stalk orifice, unfolding into forms that exhibit strong mor- 
phological similarities to the adult structures they generate 
during pupal development (Fristrom et al., 1977; Condic 
et al., 1991). 

The imaginal t issues that generate certain internal or- 
gans of the adult exhibit a similar variety of ecdysone re- 
sponses. Thus, the imaginai rings that generate the adult 
foregut, hindgut, and salivary glands in response to ecdy- 
sone bear a certain resemblance to the imaginal discs in 
that they, too, achieve their considerable size by ceil dlvi- 
sion during larval development (Madhavan and Schnei- 
derman, 1977). A closer parallel can be drawn between 
the histobiast nests and the small clusters or islands of 
imaginal ceils that decorate the outer surface of the larval 
midgut since these midgut islands respond to ecdysone 
by rapid cell proliferation and migration to generate the 
adult midgut (Bodenstein, 1950; Madhavan and Schnei- 
derman, 1977). 

These differences in the metamorphic response of imag- 
inai t issues to ecdysone, as well as differences in the de- 
generative response of larval t issues to this steroid, evoke 
a fundamental question about metamorphosis: how can 
a single hormone induce a variety of tissue responses? 
We address this question here in the context of the genetic 
regulatory hierarchies that determine these responses. 
Perception of these hierarchies came first from studies on 
the effects of ecdysone on the pattern of transcription puffs 
in the polytene chromosomes of larval salivary glands. 
These studies culminated in a hierarchical model in which 
ecdysone binds to its receptor to form an ecdysone-recep- 
tor complex that acts oppositely on two sets of genes, 
inducing the transcription of a half-dozen early genes and 
repressing the transcription of a much larger set of late 
genes. The early genes encode transcription factors that 
also act oppositely on these two gene sets, inducing the 
late genes and repressing the early genes (Ashburner et 
al., 1974). 

Several postulates of this model have been confirmed 
by results obtained from the cloning and characterization 
of three early genes: E74 (Burtis, 1985; Burtis et al., 1990; 
Thummel et al., 1990), E75 (Segraves, 1988; Segraves 
and Hogness, 1990), and Broad-Complex @R-C)  (DiBello 
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Figure 1. Genomic Structure of EcR 

The positions of exons mapped by comparison of genomic clones with &R-A, EcR-67, and EcR-B2 cDNA clones are shown at the top. Coding 
regions are shaded, and the 5’ ends of the &R-A and EcR-fl transcription units are to the left. The translational initiation codon of the .&R-B2 
ORF is encoded in exon 1. The .&R-B7 ORF does not begin at the EcR-B2 initiation codon because of stop codons in the 5’ portion of exon 2. 
EcoRl sites in the genomic DNA are indicated by the short vertical marks on the thick line above the kilobase scale. The kilobase coordinates 
follow the convention of Koelle et al. (1991). Because the 3’ ends of the EcR mRNAs have not been mapped, there may be additional noncoding 
sequences in the 3’ untranslated regions of these transcripts. The structure of the EcR-87 mRNA and the portion of the genomic map defined by 
phages 5-14 through 3-4 were described by Koelle et al. (1991) 

et al., 1991). All three encode proteins identifiable by se- 
quence, and in certain cases by function, as DNA-binding 
members of transcription factor families. Early gene pro- 
moters are activated by ecdysone in a primary response. 
That activation is subsequently repressed in the continued 
presence of ecdysone. Finally, the postulate that early 
gene proteins regulate the transcription of late genes is 
supported by the observations that the E74A protein binds 
to late gene puff sites (Urness and Thummel, 1990) and 
that the transcription of a set of cloned late genes is de- 
creased in BR-C mutants (Guay and Guild, 1991). 

The cloning of the early genes also led to the discovery 
that they are ecdysone-induced in other tissues, both lar- 
val and imaginal. This discovery led to an extension of 
the Ashburner model called the tissue coordination model 
(Burtis et al., 1990; Thummel et al., 1990). In this model, 
the different target tissues respond to ecdysone by the 
activation of genetic regulatory hierarchies akin to that 
proposed by Ashburner et al. (1974) for the larval salivary 
gland. Differences in these tissues in their metamorphic 
responses were proposed to result in large part from differ- 
ent but overlapping combinations of the transcription fac- 
tors encoded by the early genes. The question of what 
determines these differences in early gene proteins was 
left open, but an obvious possibility is that they result from 
different combinations of different ecdysone receptor pro- 
teins. It is this possibility that we address here. 

The Drosophila EcR gene has recently been found to 

encode an ecdysone receptor protein, EcR (Koelle et al., 
1991). EcR binds to and is required for the activation of 
an ecdysone response element, a DNA sequence that can 
confer ecdysone inducibility on an otherwise nonrespon- 
sive promoter. Koelle et al. (1991) also showed that EcR 
is required for the formation of an ecdysone-receptor com- 
plex and that its amino acid sequence further qualifies it 
as a full-fledged member of the steroid receptor superfam- 
ily by virtue of homologies to their conserved DNA- and 
hormone-binding domains. More recently, it has been 
shown that EcR binds to DNA as a heterodimer with the 
USP protein, another member of this superfamily encoded 
by the Drosophila ulrraspiracle (usp) gene (Koelle, 1992; 
Yao et al., 1992; Koelle et al., 1993; Thomas et al., 1993). 
More remarkably, it appears that ecdysone binding is also 
dependent upon both proteins (Koelle, 1992; Koelle et al., 
1993). 

In principle, therefore, tissue-specific variation in ecdy- 
sone receptor function could result from change in the 
EcR protein or in its pairing partner. There is as yet no 
significant evidence for the latter proposition. We show 
here, however, that EcR proteins come in three different 
forms. More specifically, we show that the Ed? gene en- 
codes three functional isoforms(EcR-A, EcR-Bl , and EcR- 
82) that have common DNA- and hormone-binding do- 
mains and are distinguished by different N-terminal 
regions. We further observe that at the onset of metamor- 
phosis, different target tissues express different isoform 
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combinations in a manner consistent with the proposition 
that different EcR isoform combinations are required for 
different metamorphic responses to ecdysone. 

Results 

EcR Encodes Multiple Messenger RNAs 
Preliminary ribonuclease protection experiments (data not 
shown) suggested that EcR encodes novel messenger 
RNAs (mRNAs) lacking the second exon of the previously 
identified EcR transcript (Koelle et al., 1991), which is des- 
ignated EcR-67 in Figure 1. To identifycDNAscorrespond- 
ing to these previously uncharacterized EcR mRNAs, we 
screened a cDNA library made from third instar larval tis- 
sues with exon-specific probes to identify clones con- 
taining exon 3 sequences and lacking those from exon 2 
(Figure 1; exons are designated here and below according 
to the EcR-B7 structure). Characterization by restriction 
endonuclease mapping, hybridization analysis, and partial 
sequencing indicates that the novel EcR cDNAs isolated 
in this screen are of two types differing at their Vtermini. 
We have isolated multiple independent cDNA clones of 
each type (four for EcR-A and two for EcR-B2), confirming 
that both of these cDNA classes represent bona fide EcR 
mRNAs. The cDNAs in the first class, which we designate 
EcR-BP, contain exon 1 spliced to exon 3 and thus repre- 
sent an mRNA that differs from the EcR-B7 transcript be- 
cause of alternative splicing (Figure 1). High resolution 
restriction endonuclease mapping indicates that EcR-B7 
and EC/?-62 are colinear from exons 3-6. 

The cDNAs in the second class represent another novel 
EcR mRNA, which we name EcR-A. The EcR-A cDNAs 
lack sequences encoded by exons 1 and 2 and have in- 
stead - 1 kb of new material upstream of exon 3. They 
are colinear with EM-67 and EcR-B2 from exons 3-6 (Fig- 
ure 1). E&?-A-specific cDNA fragments were used as hy- 
bridization probes to screen a Drosophila genomic DNA 
library to identify the exons encoding these sequences. 
The EcR chromosomal walk reported by Koelle et al. 
(1991) was then extended to include these EcR-A genomic 
clones (Figure 1). The sequences of the EC/?-A-specific 
portion of an EcR-A cDNA clone (pWT57) and the corre- 
sponding genomic fragments were determined and com- 
pared to deduce the number and positions of the EcR-A 
exons (Figures 1 and 2). The first EcR-A-specific exon is 
located - 35 kb upstream of exon 1 in the B transcription 
unit; the total length of the EcR gene is therefore - 73 kb. 
The three E&?-A exons (Al, A2, and A3; see Figure 1) are 
bordered by the appropriate consensus splice donor and 
acceptor sequences (Mount, 1962) and are separated by 
two introns, one of - 15 kb and the other of 74 bp. 

The genomic positions of the 5’ termini of the EM-A, 
EcR-B7, and EcRB2cDNAs suggested that these mRNAs 
are transcribed from two different promoters, with EcR-A 
produced from a promoter upstream of the one that pro- 
duces the two EcR-B mRNAs. By mapping the 5’ends of 
these transcripts, we confirmed that the EcR-A and EcR-8 
mRNAs indeed arise from two overlapping transcription 
units with distinct promoters. The results of the EcR-A and 
EcR-B primer extension analyses presented in Figure 2C 

indicate that each of these mRNAs has two start sites at 
adjacent nucleotides, which are indicated in the se- 
quences shown in Figures 2A and 28. The transcriptional 
initiation sites determined by primer extension were con- 
firmed by ribonuclease protection analyses (Talbot, 1993). 

The EcR mRNAs Encode Distinct EcR Proteins 
The EcR-A, EcR-B7, and EcR-B2 mRNAs have different 
5’regions (see Figure l), and they are predicted to encode 
three different proteins with distinct N-terminal sequences 
of 197, 226, and 17 residues in length, respectively (Fig- 
ures 2A and 3A; Koelle et al., 1991). Figure 3A shows a 
schematic of the three EcR proteins indicating that they 
share a 652 residue C-terminal common region that con- 
tains the DNA- and hormone-binding domains characteris- 
tic of members of the steroid receptor superfamily (for 
detailed sequence comparisons, see Koelle et al., 1991). 
The isoform-specific N-terminal regions are not signifi- 
cantly similar to each other or to other protein sequences 
in the data base. 

We have produced isoform-specific monoclonal anti- 
bodies that recognize the N-terminal segments of the 
EcR-A and EcR-Bl proteins, as well as common region 
monoclonal antibodies that detect all three of the EcR iso- 
forms (Table 1; see Experimental Procedures for details 
of antibody production). The immunoblots presented in 
Figure 38 demonstrate the specificity of representative 
anti-EcR monoclonal antibodies. Extracts of Drosophila 
S2 cells that had been transiently transfected with EcR-A, 
EcR-Bl, or EcR-B2 expression constructs (Figure 38, 
lanes 2,3, and 4, respectively) or, as a control, the expres- 
sion vector alone (lanes 1) were probed with isoform- 
specific and common region anti-EcR monoclonal antibod- 
ies. The anti-EcR-A antibody detects a 105 kd protein that 
is present only in the S2 cells transfected with the EcR-A 
expression construct (Figure 38, anti-EcR-A). The anti- 
EcR-Bi antibody also detects a 105 kd protein, indicating 
that the EcR-A and EcR-Bl proteins comigrate in SDS- 
polyacrylamide gel electrophoresis (Figure 38, anti-EcR- 
Bl; the predicted sizes of the EcR-A and EcR-Bl proteins 
are 91.2 kd and 93.6 kd, respectively). EcR-Bl is present 
in the control S2 cells (Figure 38, lane l), which is consis- 
tent with our previous finding that this protein is required 
for the endogenous ecdysone receptor activity in these 
cells (Koelle et al., 1991) and is expressed at a higher level 
in S2 cells transfected with the EcR-Bl expression plasmid 
(lane 3). EcR-B2 is detected by the common region anti- 
body as an 60 kd protein that is present only in S2 cells 
that have been transfected with the EcR-B2 expression 
construct (Figure 38, anti-common; the predicted size of 
EcR-B2 is 73.4 kd). The EcR-B2 protein is not recognized 
byeithertheEcR-Aor EcR-Bl antibody,futtherconfirming 
the isoform specificity of these antibodies. Additional con- 
firmation of these specificities derives from tissue staining 
experiments with EcR mutants: AD4.4 (anti-Bl) staining 
is greatly reduced in animals bearing stop codon muta- 
tions in the EcR-B7-specific exon, and 15Gla (anti-A) 
staining is absent in mutants lacking the EcR-A-specific 
exons (M. Bender, W. S. T., and D. S. H., unpublished 
data). As might be expected from its short N-terminal iso- 
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Figure 2. Sequence and 5’ End Analysis of the &R-A and E&S Transcription Units 
(A) Composite cDNA and genomic DNA sequence of the E&f-A-specific region. Numbers at the left refer to nucleotide and predicted amino acid 
sequence; nucleotide sequence coordinates begin with fi as the first of the two transcription start sites identified in (C). The positions of introns 
are indicated above the sequence, with the splice donor and acceptor sequences shown in lowercase type. Nucleotides +I7 through +976 derive 
from the pWT57 EcR-A cDNA clone; other sequences were obtained from genomic clones. A mismatch between the cDNA and genomic sequences 
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Figure 3. Anti-EM Monoclonal Antibodies Detect EcR Proteins Ex- 
pressed in Drosophila 52 Cells 
(A) Schematic representations of the EcR isoforms. The EcR common 
region contains the DNA- and hormone-binding domains, as defined 
both by the homology of these regions to other members of the steroid 
receptor superfamily and by functional characterization of EcR chime- 
ras (Christopherson et al., 1992). The common region extends from 
Gly-227 to Ala-878 of EcR-Bl (Koelle et al., 1991). The predicted se- 
quence of the EcR-A-specific region is given in Figure 2A. The pre- 
dicted sequence of the EcR-BP-specific region is MDTCGLVAELAHYI-  
DAY. 
(B) Detection of EcR proteins in Drosophila S2 cells transfected with 
EcR expression vectors. S2 cells were transiently transfected with the 
EcR expression plasmids pAct/EcR-AI2 (lanes 2) pAct/EcR-Bi (lanes 
3) or pAct/EcR-BP (lanes 4); control cells were transfected with the 
pAct/.!WW/BS expression vector lacking EcR sequences (lanes 1). 
lmmunoblots bearing extracts from these transfected cells were 
probed with the EcR-A-specific monoclonal antibody 15Gla (top panel), 
the EcR-Bl -specific monoclonal antibody AD4.4 (middle panel), or the 
common region monoclonal antibody DDA2.7 (bottom panel). These 
antibodies are defined in Table 1. EcR-81 is present in the control cells, 
consistent with the finding that EcR-Bl is required for the endogenous 
ecdysone receptor activity of S2 cells (Koelle et al., 1991). The appar- 
ent molecular sizes of the EcR proteins were determined by compari- 
son to the following protein standards: myosin (200 kd), P-gal (116 kd), 
phosphorylase b (97 kd), and bovine serum albumin (66 kd). The minor 
band detected with the anti-EcR-A and anti-common antibodies in EcR- 
A-overproducing extracts is thought to be an EcRA breakdown 
product. 

form-specific region, anti-E&l-B:! antibodies have not yet 
been obtained. 

The EcR lsoforms Are Functional 
Ecdysone Receptors 
We have previously demonstrated that ecdysone-resistant 
Drosophila S2 cells contain greatly reduced levels of high 
affinity ecdysone binding activity relative to normal, ecdy- 
sone-sensit ive S2 cells (Koelle et al., 1991). Such ecdy- 
sone-resistant cells can support only a low level of ec- 
dysone induction of an ecdysone-responsive reporter 
construct that is highly induced in ecdysone-sensit ive 
cells. This reduction in ecdysone responsiveness is corre- 
lated with a diminished expression of the EcR-Bl protein 
that is normally present in S2 cells, and overexpression 
of the E&-B1 protein in these ecdysone-resistant cells 
restores their ability to support the high level ecdysone 
induction of the ecdysone-responsive reporter construct 
(Koelle et al., 1991). Table 2 demonstrates that expression 
of either E&-A or EcRB2 also confers ecdysone respon- 
siveness on the ecdysone-resistant S2 cell line, indicating 
that these two EcR proteins also function as ecdysone 
receptors. 

The EcR-A and EM-B1 lsoforms Exhiblt Different 
Tissue Expression Patterns at the Onset 
of Metamorphosis 
To explore the possibility that different combinations of the 
EcR isoforms are required for the different developmental 
responses to ecdysone among the target tissues, we have 
determined the tissue distributions of EcR-A and EcR-Bl 
at the onset of metamorphosis. For the majority of these 
immunolocalization experiments (Figures 4-6) t issues 
were stained with isoform-specific antibodies (anti-A and 
anti-Bl) after dissection from white prepupae, the stage 
when the metamorphic ecdysone pulse has reached a 
maximum. While EcR-A and EcR-Bl can both be detected 
in the nuclei of most t issues at this stage, t issues that stain 
strongly with antibody against one EcR isoform generally 
stain weakly with antibody against the other. Apparently, 
the A and Bl isoforms are expressed in approximately 
complementary patterns at the onset of metamorphosis. 

With one notable exception, the strictly larval t issues 
exhibit strong anti-B1 staining and weak anti-A staining. 
Figures 4-6 show that this is the case for the larval fat 
body (Figures 4C and 4D), muscle (Figures 4E and 4F), 
foregut (Figures 5A and 58) midgut (Figures 5A-5D, 6A, 

identified at position +336 is indicated. The EcR-A-specific nucleotide sequence presented here splices to the common region, which begins at 
nucleotide 1748 of the EcR-61 cDNA sequence (Koelle et al., 1991). Thr-197 is the last EcR-A-specific amino acid residue; the EcR protein common 
region begins at Gly-196 according to the EcR-A coordinates given here and at Gly-227 of the EcR-81 protein sequence (Koelle et al., 1991). 
(B) Genomic sequence of the 5’ region of the EC/?-8 transcription unit. Numbers at the left refer to the nucleotide sequence of a genomic clone 
that spans the EcR-B transcription start site (position +l) defined in (C). The EcR-BT cDNA sequence reported previously begins at nucleotide 
+82 of the genomic sequence shown here (Koelle et al., 1991). 
(C) Primer extension analysis of the EM-A and EM-6 transcription units. After annealing to poly(A)+ RNA isolated from Drosophila embryos (lanes 
E) or yeast total RNA (lanes Y), oligonucleotides complementary to .&R-A (left panel) and E&-B (right panel) were used as templates for reverse 
transcription (see Experimental Procedures). The same primers were used on the appropriate genomic clones to generate the dideoxy sequencing 
ladders shown in the marker lanes. The marker lanes are designated with respect to the coding strands of the EcR-A and E&-B transcripts. The 
5’ ends of EM-A and &R-B are indicated in the sequences adjacent to the autoradiograms and also in (A) and (B) above. Because of a band 
compression, the C residue at +6 of the EM-A sequence is not readily apparent on this autoradiogram (left panel), but it can be clearly visualized 
on gels run under more highly denaturing conditions and on the other strand. 
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Table 1. Specificity of Anti-E&i Monoclonal Antibodies 

Specificity Antibody Location of Epitope” 

EcR-A 15Gla 15-l 52 
18F6 15-l 52 
12H4 15-152 

EcR-Bl AD4.4 68-222 

Common GGDI 1.6 227-331 
EECll.l 227-331 
AG9.2 227-331 
JG6.2 227-331 
DDA2.7 335-393 
llD9.6 335-393 
AAA5.4 335-393 
AC12.4 649-878 
AG10.2 649-878 

a For EcR-A-specific antibodies, the epitope locations refer to the 
amino acid sequence presented in Figure 2A. For EcR-Bl-specific 
and common region antibodies, the locations refer to the sequence 
of the EcR-Bl protein reported by Koelle et al. (1991). 

and 6B), salivary gland (Figures5E and 5F), and epidermis 
(Figures 6C-6F). The exception is the prothoracic gland, 
which exhibits a reciprocal pattern with particularly strong 
anti-A staining (Figures 4G and 4H). It is curious, and per- 
haps significant, that this exception is the site of ecdysone 
biosynthesis during the larval and early pupal stages of 
development (Sakurai and Gilbert, 1990; Riddiford, 1993). 
In the lepidopteran Manduca sexta, ecdysone acts directly 
on the prothoracic gland to inhibit its own biosynthesis 
(Sakurai and Williams, 1989), raising the possibility that 
this exceptional EcR isoform expression pattern is re- 
quired for this feedback regulation. 

The staining patterns for the imaginal t issues are inter- 
esting because they divide into two classes that corre- 
spond to the two classes noted in the Introduction: the 
large imaginal discs and rings that achieve their size by 
cell division during larval development (Madhavan and 
Schneiderman, 1977) and the small cell clusters repre- 
sented by the histoblast nests and midgut imaginal islands 
that respond to ecdysone by extensive cell multiplication 
and migration to generate the adult midgut and abdominal 
epidermis, respectively(Bodenstein, 1950; Madhavan and 
Schneiderman, 1977; Roseland and Schneiderman, 
1979). Thus, the first of these classes exhibits strong anti-A 
staining and weak anti-61 staining, the reciprocal of that 
observed for the larval tissues. Figures 4A and 4B show 
that this is the case for the wing imaginal disc, and similar 
results were obtained with other discs (data not shown; 
see the legend to Figure 4). This rule also holds for the 
imaginal rings that generate the foregut (Figures 5A and 
5B), hindgut (Figures 5C and 5D), and salivary gland (Fig- 
ures 5E and 5F) of the adult. By contrast, the second class 
exhibits moderate to high anti81 staining and no detect- 
able anti-A staining, as shown both for the midgut islands 
(Figures 6A and 6B) and for the histoblast nests (Figures 
6C-6F). Although similar to the larval staining pattern, this 
pattern may be unique if indeed these tissues do not ex- 
press any of the E&t-A isoform (see the legend to Fig- 
ure 6). 

Temporal Developmental Profiles 
of Ecff Expression 
In the last section of these Results, weexaminethe expres- 
sion of the EC/?-A and EC/%137 mRNAs and proteins in 
whole animals throughout development (Figure 7). This 
examination was motivated by previous observations that 
certain early gene mRNAs, notably E74A (Thummel et al., 
1990) and E75A (Segraves, 1966) are expressed not only 
at the end of the third larval instar, but also at the five 
other stages characterized by an ecdysone pulse, namely, 
at midembryogenesis, in the latter part of the first and 
second larval instars, and during the pupal and prepupal 
stages (Richards, 1961). These observations induced Bur- 
tis et al. (1990) to postulate that the tissue coordination 
model also applied to the ecdysone responses of target 
t issues at these stages. If so, one would expect that one 
or another of the EcR isoforms would be expressed at 
these stages and that, for agiven stage, one isoform might 
predominate over another. For example, at the end of the 
third larval instar, when the metamorphic ecdysone pulse 
peaks, we can predict from the tissue distributions of the 
EcR-A and EcR-Bl isoforms presented in the preceding 
section that EcR-Bl should predominate over EcR-A in 
whole animals, and presumably the same would be true of 
their mRNAs. This prediction follows from the observation 
that the polyploid or polytene nuclei of larval t issues gener- 
ally stain much more strongly with anti-B1 than anti-A anti- 
bodies and from the predominance of larval nuclei over 
the diploid imaginal nuclei (where EcR-A staining can be 
the stronger), particularly in genome equivalents of DNA. 

The 106-l 20 hr sample of the developmental Northern 
analysis given in Figure 7A and the equivalent L3-4 sample 
of the developmental Western analysis given in Figure 78 
conform to this prediction. Thus, the strongest of the 6 kb 
EcRB7 mRNA peaks occurs in this sample at the end of 
the third larval instar, while the 5 kb EC/+A mRNA exhibits 
a weak peak at this time. (This mRNA presumably corre- 
sponds to the EM-A cDNA sequence presented in Figure 
2, since it is the only .&R-A mRNA detected in late larvae, 
the stage from which the cDNA library was prepared.) Sim- 
ilarly, the 105 kd EcR-Bl protein and its degradation prod- 
ucts are easily detected at this time, while the 105 kd 

Table 2. The EcR Proteins Confer Ecdysone Responsiveness 
on Ecdysone-Resistant Cells 

Expression Plasmid Fold Ecdysone Induction 

pUC18 
EcR-A 
EcR-Bl 
EcR-B2 

9*1 
131 f 43 
148 f 50 
168 f 2 

Ecdysone-resistant S2 cells were cotransfected with the ecdysone 
response reporter plasmid pEcRE/Adh@gal and either an EcR expres- 
sion plasmid or, as a control, pUC18. Each transfected culture was 
split into two dishes, one of which was treated with ecdysone while 
the other was not. Cell extracts were prepared and assayed for P-gal 
activity. The specific activities of ecdysone-treated and untreated sam- 
ples were compared to determine fold ecdysone induction. The mean 
and range of the fold ecdysone induction values from duplicate trans- 
fections are given. 
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Figure 4. Expression of EcR-A and EcFt-61 in lmaginal Discs and Various Larval Tissues at the Onset of Metamorphosis 
lmmunolocalization of E&l-A (top row) and EcR-Bl (bottom row) in the wing imaginal disc (A and B), fat body (C and D), muscle (E and F), and 
ring gland (G and H). EcR-A is expressed at high levels in the wing imaginal disc (A) and in other imaginal discs, including the leg discs, the 
haltere disc, the labial disc, and the eye-antenna1 disc (data not shown). Lower levels of EcR-A are detected in the fat body (C) and muscle (E). 
With the exception of the peripodial membrane, EcR-Bi is expressed at a low level in the wing imaginal disc (B) and in the other imaginal discs 
noted above (data not shown). Fat body(D) and muscle (F) are heavily stained by the anti-EcR-81 monoclonal antibody. The cells of the prothoracic 
gland (large laterally positioned cells in [G]), one of the three tissues comprising the compound ring gland, express very high levels of EcR-A; the 
corpus allatum (the medial cluster of small cells marked with an arrow in [G]) expresses EcR-A at a lower level. Both of these ring gland tissue 
types express less EcR-81 (H) than the fat body (D) and muscle (F). The third tissue in the ring gland, the corpus cardiacum, expresses a very 
low level of both EcR-A and EcR-Bl (data not shown). All tissues were dissected from white prepupae. We have noted that larval tracheae and 
the Malpighian tubules express relatively high levels of EcR-El and low levels of &R-A (data not shown). To eliminate variability in staining 
conditions, the tissues treated with the EcR-A-specific monoclonal antibody 15Gl a (A. C, E, and G) were stained together in the same immunohisto- 
chemical reaction. Similarly, the tissues treated with the EcR-Bl-specific antibody A04.4 (B, D, F, and H) were stained together. 

E&t-A protein is not (Figure 76; a low level of EcR-A was 
observed at this time on longer exposure). 

A similarly strong but reciprocal difference in the expres- 
sion of the EcR-A and EcR-Bl proteins was observed dur- 
ing the first 3 hr of embryogenesis (Figure 7B, sample 
E-l), when there is no ecdysone pulse. This difference is 
also registered by the respective mRNAs (Figure 7A, 
O-3 hr), except that the primary mRNA registered by the 
&R-A-specific probe is 4 kb rather than 5 kb long. The 
structure of this mRNA has not been fully characterized, 
but preliminary ribonuclease protection experiments (Tal- 
bot, 1993) indicate that it contains the coding sequence 
for the 105 kd EcR-A protein and thus represents a second 
.&R-A mRNA. The observation that a 105 kd protein is the 
only polypeptide prominently recognized by an anti-EcR-A 
antibodyino-3 hrembryossupportsthispossibil i ty(Figure 
78). The ribonuclease protection experiments further indi- 
cate that this 4 kb mRNA lacks the first of the EcR-A- 
specific exons (see Figure 1). This result and the early 
embryonic expression of this transcript suggest that it may 
be a maternal mRNA transcribed from another promoter 
active during oogenesis. 

This 4 kb EcR-A mRNA decreases rapidly, to be re- 
placed by the 5 kb EcR-A mRNA that peaks at midembryo- 
genesis (Figure 7A, 12-15 hr) in approximate coincidence 
with the first ecdysone pulse. The almost constant abun- 
dance of the 105 kd E&-A protein during the first 15 hr 
of embryogenesis (Figure 78, samples El-E5) can be as- 
cribed to the translation of these two mRNA populations. 
Indeed, a possible function of the putative maternal 4 kb 

E&f-A mRNA is to provide an ecdysone receptor that, 
when complexed with the ecdysone produced at midem- 
bryogenesis, activates the zygotic EcR-A and EcR-B pro- 
moters (see Figures 1 and 2) to produce the midembryonic 
peaks of the 5 kb EcR-A and 6 kb EcR-67 mRNAs. This 
possibility is consistent with the resultsof Karim and Thum- 
mel(l992) that suggest that EcR transcription is inducible 
by ecdysone. 

The EcR-A and EcR-67 mRNAs peak at 16-21 hr of 
embryogenesis (Figure 7A), and the corresponding in- 
creases in the respective proteins at the end of em- 
bryogenesis (Figure 78) are curious because they overlap 
peaks of E74A and E75A early gene expression, even 
though no increase in ecdysone titer has been detected 
at this time (Richards, 1961). We have commented pre- 
viously on the possibility that these late embryonic peaks 
of EcR and early gene expression may be indicative of 
the action of ecdysteroids other than 20-OH ecdysone 
(Koelle et al., 1991). 

This late embryonic expression of the EcR-A protein 
may account for its presence during the first larval instar 
(Figure 78, samples Ll-1 and L2) since little or no EcR-A 
mRNA was detected during either the first or second larval 
instars (Figure 7A, 24-72 hr). By contrast, there appear 
to be two weak peaks of EcR-67 mRNA near the ends of 
the first and second larval instars (Figure 7A, 36-46 hr 
and 60-72 hr) that correspond to two small ecdysone 
pulses. The first of these mRNA peaks might account for 
the apparent increase in the EcR-Bl protein at the end of 
the first instar (Figure 78, sample Ll-2). A weak peak of 
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Figure 5. EcR-A and EcR-Bi Expression in the lmaginal Rings and Associated Larval Tissues 

lmmunolocalization of E&t-A (A, C, and E) and EcR-Bl (B, D, and F) in the imaginal rings of the foregut (A and B), hindgut (C and D), and salivary 
gland (E and F). EcR-A is expressed at a higher level in the imaginal rings (arrows) of the foregut (A), hindgut (C), and salivary gland (E) than in 
the associated strictly larval tissues, including larval foregut and midgut (A), midgut and anterior hindgut (C), and salivary gland (E). EcR-Bl is 
expressed at lower levels in these imaginal rings than in the associated strictly larval tissues. Note, however, that the anti-B1 staining of the salivary 
gland ring is greater than that for the other two imaginal rings, making the anti-A to anti-B1 staining ratio for this imaginal tissue the lowest among 
these imaginal tissues, though still greater than 1. Although it is not visible in (D), the Malpighian tubules express EcR-BI at a level comparable 
to that in the strictly larval tissues. 15Gla was used to immunolocalize EcR-A (A, C. and E), and AD4.4 was used for EcR-Bl localization (B, D, 
and F). All tissues were dissected from white prepupae. 

EcR-61 protein was observed in the second half of the 
second larval instar on longer exposure (data not shown). 

A major peak of EM-A mRNA expression was observed 
during the first day of pupal development, which was fol- 
lowed by a small peak during the last day (Figure 7A; 
132-156 hr and 180-192 hr, respectively). By contrast, 
the pupal expression of the E&-B7 mRNA appears to 
be almost the reciprocal of the EC&A mRNA expression, 
showing a modest peak at 156-168 hr. In spite of these 
differences in mRNA expression patterns, there appear 
to be little if any significant differences in the respective 
protein patterns during pupal development (Figure 7B, 
samples P-l to P-7). This suggests that the turnover rates 
for these EcR proteins may be lower in pupae than at 
earlier times in development. More rapid turnover rates 
at the end of larval life, in prepupae, or both may, for exam- 

ple, account for the EcR-Bl degradation products ob- 
served in the L3-4 sample of Figure 78. 

Discussion 

Structure and Function of EcR and Its 
Receptor Proteins 
At first sight (Koelle et al., 1991), the EcR gene appeared 
to consist of a single transcription unit that encoded a 
single receptor protein. EcR was therefore thought to lack 
the structural and functional complexity of three of its tar- 
get genes that had been cloned: the early genes E74 (Bur- 
tis et al., 1990; Thummel et al., 1990) E75 @graves and 
Hogness, 1990; Segraves, 1991) and B&C (DiBello et al., 
1991). Each of these genes encodes multiple structurally 
overlapping proteins from multiple overlapping transcrip- 
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Figure 6. EcR-A and EcR-81 Expression in the Cells of the lmaginal Midgut Islands and the Abdominal Histoblasts 

lmmunolocalization of E&A (A and C) and EcR-Bl (B and D) in the midgut (A and B) and epidermis (C and D). The islands of imaginal midgut 
cells express EcR-Bl (small cells in [B]) and do not express EcR-A at detectable levels. The larval midgut cells (large cells in [A] and [B]) are 
similar to most other strictly larval cell types, expressing high levels of EcR-Bl and low levels of EcR-A. Since our standard immunohistochemical- 
labeling conditions produce high background in cuticle preparations, EcR-A and EcR-81 expression in the epidermis was examined by immunofluo- 
rescence. EcR-A and EcR-El antibody stains are shown in (C) and (D), respectively, and stains of the same fields of cells with the DNA-specific 
dye DAPI are shown in (E) and (F). The abdominal histoblasts are small cells that are weakly labeled by DAPI, owing to their diploid DNA content, 
whereas the polytene larval epidermal cells are relatively large and heavily labeled by DAPI. Both of these cell types express EcR-81 (D), while 
neither expresses detectable levels of EcR-A. It is possible that either or both of these epidermal cell types express EcR-A at a level below the 
sensitivity of the immunofluorescence-labeling method, since this procedure is not as sensitive as the immunoperoxidase staining used for other 
cell types. Tissues in (A) and (B) were dissected from white prepupae, whereas those shown in (C) through (F) were dissected from wandering 
third instar larvae. 

tion units and, in the case of the 61%C gene, from alterna- 
tively spliced products of these units. Consequently, the 
first focus of tissue diversity in the tissue coordination 
model was originally postulated to derive from different 
combinations of early gene proteins (Burtis et al., 1990). 

In this paper we have shown that the EcR gene exhibits 
the same level of complexity as that of the early genes. 
Thus, we have found that the previously observed EC/?-6 
transcript is alternatively spliced to yield the EcR-62 iso- 
form in addition to the previously observed EcR-81 pro- 
tein. We have also discovered the EM-A transcription unit 
that overlaps the E&f-B unit encodes the E&l-A isoform 
and increases the length of the EcR gene 2-fold to -73 
kb (Figure l), placing it in the same range as the early 
genes, which vary from - 60 kb for E74 to - 100 kb for 
E75 and BR-C. Consequently, the first focus of diversity 
among the ecdysone response hierarchies has been 
shifted to different combinations of the EcR protein iso- 
forms. 

The primary structure of each of the three EcR isoforms 
is divisible into two regions: a common 652 amino acid 
C-terminal region that includes the DNA-binding domain 
(66 amino acids) and the hormone-binding domain (221 

amino acids) and an isoform-specific N-terminal domain 
of 197 (EcR-A), 226 (EcR-Bl), or 17 (EcR-62) amino acids 
(Figure 3A). Given these structures, the three EcR iso- 
forms would, under the simplest assumptions, be ex- 
pected to exhibit similar or identical DNA and hormone 
binding activities. In vitro binding studies using EcR iso- 
forms synthesized in yeast demonstrate that this is indeed 
the case, providing that the EcR pairing partner, USP, is 
also present (Koelle, 1992; Koelle et al., 1993). We have 
shown that a minimal promoter carrying the ecdysone re- 
sponse element defined by Riddihough and Pelham (1967; 
this ecdysone response element was also used in the 
above DNA binding experiments) can be activated in an 
ecdysonedependent manner by transfection of Drosoph- 
ilacellsdeficient in EcR, but not in USP, with an expression 
construct for any of the three EcR isoforms (Table 2). 

The above results indicate that the DNA and hormone 
binding activitiesof the EcR isoforms are relatively insensi- 
tive to differences in the isoform-specific N-terminal se- 
quences. They also suggest that this is the case for the 
EcR activation of a simple synthetic promoter, although 
it should be noted that the data in Table 2 do not allow 
quantitative comparison of the activities of the EcR iso- 
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Figure 7 Temporal Expression Patternsof the 
fcff-A and E&r-B1 rnRNAs and Proteins 

(A) Northern analysis. A Northern filter with to- 
tal RNA from animals at the indicated stages 
was serially hybridized with E&?-A (top panel) 
and EcR-87 (middle panel) DNA probes. An 
RP49 probe (O’Connell and Rosbash. 1984) 
was used to control for RNA loading differ- 
ences (bottom panel). The hours and stages of 
development are shown at the top of the figure: 
E, embryos; Ll. L2, and L3, the three larval 
instars; PP, prepupae; P. pupae; A, adults. 
(6) Western analysis. Similarly prepared West- 
ern filters with protein from animals at the indi- 
cated stages of development were probed with 
the EcR-A-specific antibody 15Gla (top panel) 
or the EcR-Bl specific antibody AD4.4 (bottom 
panel). The protein samples are labeled differ- 
entlyfrom the RNA samples in (A) to emphasize 
that they derived from different sets of animals, 
although they were collected at the same time 
intervals: every 3 hr during embryogenesis and 
approximately every 12 hr thereafter. To show 
that the proteins recognized by these antibod- 
ies comigrate with the appropriate EcR pro- 
teins produced in cultured cells, extracts from 
EcR overexpressor (lanes 0) and control (lanes 
C) cultured cells were coelectrophoresed with 
the Drosophila extracts (see Experimental Pro- 
cedures). In addition to the 105 kd EcR-Bl pro- 
tein, AD4.4 detects a protein of lower apparent 
molecular size (- 65 kd) that is present in S2 
cells (data not shown) and in animals of many 
stages. Since this protein is not recognized by 
common region antibodies (data not shown), it 
does not correspond to any characterized EcR 
gene product, and it may therefore be a fortu- 
itously cross-reactive antigen. Presumptive 
EcR-Bl breakdown products have been de- 
tected in independently prepared extracts of 
wandering third instar larvae (lanes L3-4). One 
of these extracts was examined and found to 

contain full-length E74A protein (S. Munroe and D. S. H., unpublished data), suggesting that these EcR-Bl breakdown products result from protein 
turnover in viva and not from faulty extract preoaration. On both the EcR-A and EcR-Bi filters, total protein was underloaded -P-fold in lanes 
L2-1, L2-2, L3-1, L3-2. L3-3. and A. 

forms since the abundance of each isoform in the trans- 
fected cells was not determined. In any case, the data 
raise the question as to whether the EcR isoforms can 
differentially regulate more complex promoters in different 
cell types. 

There is precedent for such a distinction between the 
effects of N-terminal regions on the activation of simple 
synthetic promoters in a given cell type and on complex 
promoters in multiple cell types. Two vertebrate members 
of the steroid receptor superfamily, the estrogen and pro- 
gesterone receptors, have been shown to contain pro- 
moter- and cell type-specific transcriptional activation do- 
mains in their N-terminal regions (Tora et al., 1988, 1989; 
Kastner et al., 1990). Specifically, Kastner et al. (1990) 
found that the transcription of the progestin responsive 
ovalbumin gene promoter can be induced by the A isoform 
of the human progesterone receptor, but not by the 6 iso- 
form. Conversely, the human progesterone receptor 6 iso- 
form activates the mouse mammary tumor virus long ter- 
minal repeat promoter more efficiently than does human 

progesterone receptor A. Furthermore, the two human 
progesterone receptor isoforms do not differ significantly 
in their abilities to activate a synthetic reporter construct 
containing a single palindromic progestin response ele- 
ment (Kastner et al., 1990). We make use of this precedent 
in the next section, where we analyze the tissue distribu- 
tions of the EM-A and EcR-El isoforms. 

Are Different Combinations of the EcR lsoforms 
Required for Different Tissue Responses 
to Ecdysone? 
While virtually all t issues exhibit some kind of morphologi- 
cal change in response to the metamorphic ecdysone 
pulse that peaks at the end of larval life (Bodenstein, 1950), 
only a fraction of these tissues have been examined in 
organ culture to determine whether that response is direct. 
Cultured imaginal discs have been shown to differentiate 
in response to ecdysone (Fristrom et al., 1973) and cul- 
tured larval salivary glands and fat bodies are induced 
by ecdysone to initiate temporal patterns of chromosome 
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puffing that mimic those observed in vivo (Ashburner et 
al., 1974; Richards, 1982). In most cases, however, such 
demonstrations of a direct ecdysone response either have 
not yet been carried out or are extremely difficult to carry 
out because of cell-to-cell contacts between tissue types, 
as, for example, in the case of the imaginal midgut islands 
and the larval midgut (Figures 8A and 8B). In the following 
analysis, we have not distinguished between tissues that 
have or have not been demonstrated to respond directly 
to ecdysone. However,  since we are concerned only with 
tissues that express ecdysone receptors, we are, in effect, 
assuming that t issues that express an ecdysone receptor 
isoform respond directly to ecdysone. In this regard, it 
should be noted that USP is expressed in all of these 
tissues and, indeed, appears to be ubiquitous at this stage 
of development (W. S. T., unpublished data). 

The most striking characteristic of the E&A and EcR- 
Bl expression patterns at the onset of metamorphosis 
(i.e., in white prepupae) is that t issues belonging to the 
same metamorphic class exhibit the same expression pat- 
tern. For example, the imaginal discs form an obvious 
metamorphic class, and the different discs uniformly ex- 
hibit a high anti-A to anti-B1 staining ratio (Figures 4A and 
48). Similarly, the imaginal cells of the midgut islands and 
histoblast nests also form a clear metamorphic class char- 
acterized by massive cell multiplication and migration that 
is quite distinct from the disc response (Bodenstein, 1950; 
Madhavan and Schneiderman, 1977; Roseland and Schnei- 
derman, 1979). Their antibody staining pattern exhibits 
the highest anti-B1 to anti-A ratio that we have observed; 
indeed, significant anti-Astainingwas not detected (Figure 
8). The strictly larval t issues can also be viewed as a meta- 
morphic class, although of more general definition than 
the above imaginal classes. With the notable exception 
of the prothoracic gland, they exhibit a high anti-B1 to 
anti-A staining ratio (Figures 4-8). 

We propose that the above correlations result from the 
requirement of particular EcR isoforms, or combinations 
thereof, for particular metamorphic responses. We sup- 
pose that these receptor isoforms complex with ecdysone 
to activate genetic regulatory hierarchies required for a 
particular metamorphic response, hierarchies that include 
particular combinations of activated early genes that ex- 
press combinations of transcription factors that in turn 
specify the larger combinations of late gene proteins re- 
quired to effect the response. 

Recent mutational analyses of EcR support the proposal 
that particular metamorphic responses require particular 
EcR isoforms. According to this proposal, isoform-specific 
mutations would be expected to uncouple metamorpho- 
sis, allowing tissues that do not express the particular iso- 
form to initiate metamorphosis, while preventing the meta- 
morphosis of t issues that express the isoform, given that 
it is required for their metamorphosis. Such an uncoupling 
has been observed in EcR-Bl -specific mutants (M. Ben- 
der, W. S. T., and D. S. H., unpublished data). More specifi- 
cally, the imaginal discs, where EcR-A predominates, initi- 
ate metamorphosis normally in these EcR-Bl mutants, 
while the larval tissues, in which EcR-Bl normally predom- 
inates, do not. This uncoupling of metamorphosis in EcR- 

81 mutants can be reversed by expression of EcR-Bl from 
transgenic constructs, but not by the similar expression 
of the other two isoforms. 

Further support for the proposal derives from an interest- 
ing correlation between isoform expression and an ecdy- 
sone-regulated fate at the single cell level (S. Robinow, 
W. S. T., D. S. H., and J. W. Truman, unpublished data). 
These cells consist of a heterogeneous group of -300 
neurons in the central nervous system that uniquely ex- 
press a lo-fold higher level of EcR-A than do other central 
neurons during the pupal stage of development. These 
neurons were observed to share the same unique fate of 
rapid degeneration after adult emergence from the pupal 
case, a fate that requires the decrease in ecdysone titer 
that occurs at the end of pupal development. 

While tissues belonging to the same metamorphic class 
exhibit the same EcR-A and EcR-Bl expression patterns, 
the reciprocal statement is not valid. Thus, EcR-Bl pre- 
dominates over EcR-A both in larval t issues and in imagi- 
nal histoblast nests and midgut islands, t issues that belong 
to quite different metamorphic classes. Similarly, EcR-A 
predominates over EcR-Bl in imaginal discs, the larval 
prothoracic gland, and the above neurons, again tissues 
with quite different metamorphic responses to ecdysone. 
This lack of reciprocity suggests that factors other than 
EcR-A and EcR-Bl are required to specify the metamor- 
phic response to ecdysone. Clearly, the EcR-B2 isoform 
is a likely candidate for such a factor, a likelihood that we 
cannot address at the moment because EcR-BP-specific 
antibodies are not available. 

Other possible factors that could account for this lack 
of reciprocity are those that might alter the function of the 
EcR proteins. For example, if the USP protein were limiting 
in certain cells, it could change the distribution of EcR 
functions were the EcR isoforms to exhibit different bind- 
ing coefficients for USP. Alternatively, other Drosophila 
members of the steroid receptor superfamily, many of 
which have been identified (Segraves, 1991), might be 
able to substitute for USP as pairing partners for the EcR 
proteins and thereby change the EcR functions. Support 
for this possibility comes from an analysis of mitotic clones 
that suggests that wild-type usp function is not required 
for the development of the adult cuticular structures of 
the notum and abdomen (Oro et al., 1992). By contrast, 
examination of transheterozygotes for usp- and EcR- null 
mutations shows that they exhibit defective wing pheno- 
types, suggesting that both osp and EcR functions are 
required for normal metamorphosis of the wing imaginal 
disc, which also yields the notum (M. Bender and D. S. H., 
unpublished data). 

Recent work on a vertebrate steroid receptor, the gluco- 
corticoid receptor, suggests that transcription factors that 
are not members of the steroid receptor superfamily might 
also complex with the EcR proteins and modify their activi- 
ties. Both octomer transcription factor 1, a homeodomain 
protein, and AP-1, a heterodimer of the Fos and Jun leu- 
tine zipper proteins, can complex with the glucocorticoid 
receptor and inhibit its DNA binding activity (Jonat et al., 
1990; Yang-Yen et al., 1990; Kutoh et al., 1992). AP-1 has 
been proposed similarly to antagonize the activities of the 
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retinoic acid, thyroid hormone, and estrogen receptors 
(Desbois et al., 1991; Doucas et al., 1991; Schtile et al., 
1991; Zhang et al., 1991), suggesting that Drosophila ho- 
meodomain and leucine zipper proteins could complex 
with the E&l proteins and alter their activites. 

This consideration of the possible mechanisms for alter- 
ing the functions of a given combination of EcR isoforms, 
as well as the observation that t issues belonging to an 
obvious metamorphic class (e.g., imaginal discs) express 
the same combination, raises the question of how many 
different ecdysone-responsive genetic regulatory hierar- 
chies are employed to effect metamorphosis. We are not 
concerned here with the short, truncated “hierarchies” 
consisting of EcR and a primary ecdysone responsive 
gene that cannot extend the hierarchy because it does 
not encode a genetic regulatory protein, i.e., genes like 
Eip28/29, IMP-E2, and Fbp-7 (Cherbas et al., 1988; Paine- 
Saunders et al., 1990; Deutsch et al., 1989). While such 
genes may make a significant contribution to the tissue 
response, their number appears to be quite small in com- 
parison to the late genes, which, as registered by the late 
puffs, are in the hundreds for a single tissue. 

The question can be framed in more specific terms if 
we limit it to the set of imaginal discs. Thus, we can ask, 
is the metamorphosis of each of the ten kinds of discs 
directed by a different ecdysone responsive hierarchy, or 
do all ten employ the same hierarchy? In the latter case, 
the morphological differences in the responses of different 
discs might derive from acommon set of late gene proteins 
from the hierarchy acting in the context of different intracel- 
lular and extracellular structures built into each disc ac- 
cording to directions provided by earlier acting genes, 
such as the homeotic genes. Thus, the change in the meta- 
morphic response of the antenna disc to that normally 
reserved for a leg disc by the expression of either the 
Anfennapedia (Gibson et al., 1990) or Ulfrabifhorax (Mann 
and Hogness, 1990) homeotic genes at the time of the 
second to third instar larval molt might result solely from 
such structural changes without change of the ecdysone 
response hierarchy. Alternatively, the expression of these 
homeotic genes may cause the synthesis of factors, such 
as those noted above, that would change the function of 
the EcR proteins, thereby changing the hierarchy from 
that used to direct antenna disc metamorphosis to that 
used for leg disc metamorphosis. These are testable alter- 
natives that we look forward to resolving. 

Experimental Procedures 

isolation and Analysis of cDNA and Genomic Clones 
Recombinant DNA procedures were performed by standard methods 
(Sambrooket al., 1969). DNA sequencing was performed asdescribed 
by Koelle et al. (1991). 

EcR-A and EcR-82 cDNA clones were isolated from a lgtl0 cDNA 
library constructed from third instar larval tissues that had been cul- 
tured with ecdysone and cycloheximide (a gift from C. Thummel) as 
plaques that hybridized to a common region probe (base pairs 1752- 
2251 of the EcR-B7 cDNA sequence [Koelle et al., 19911) and that 
failed to hybridize to an EcR-BI-specific probe (base pairs 1270-l 731). 
The E&-A-specific region of one cDNA clone (pW57) was sequenced 
on both strands. The exon 1 to exon 3 junction of an E&f-B2 clone 
(pWT56) was sequenced to confirm that this splice is made from the 
same donor and acceptor sequences used in EcR-67. 

Genomic clones containing the f&A-specific exons were obtained 
using E&-A cDNA fragments and previously isolated EcR genomic 
clones as probes to screen genomic phage libraries. Genomic phages 
2.1, 2.2, 6.1, and 2.10 were isolated from the library of Maniatis et 
al. (1976); 3.9.1 was isolated from the library of Moses et al. (1969). 
Exon-bearing fragments were identified by hybridization to &R-A 
cDNA probes. The genomic sequence of each of the three EcR-A- 
specific exons was entirely determined on one strand and compared 
with the EcR-A cDNA sequence to identify the exon boundaries. 

Primer Extension and Ribonucleasa ProtectIon Analyses 
Primer extension assays were performed with “P-end-labeled oligonu- 
cieotide primers either by the method of Sambrook et al. (1989) or by 
that of Johnson and Krasnow (1990). The &R-A primer (5’-TCGAlT- 
GGCCTCAAAATGmCTTAGACCC-3’) was complementary to nucie- 
otides 105-134 of the sequence presented in Figure 2A. The EcR-8 
primer (5’-GCTlTGGGAAACCGTACTGTTAGGlTGTCG-3’) was com- 
plementary to nucleotides 108-137 of the sequence shown in Figure 
28. The same primers were used on cloned genomic DNA templates 
to generate dideoxy sequencing ladders that were compared with the 
primer extension products to determine the E&-A and EcR-B tran- 
scription initiation sites. 

The transcription initiation site assignments based on the primer 
extension analyses were confirmed by ribonuclease protection experi- 
ments with antisense genomic RNA probes that spanned the 5’ ends 
of the EcR-A and f&-B transcription units (Talbot, 1993). The E&A 
probe was complementary to nucleotides -129 to +202 of the se- 
quence in Figure 2A, and the &R-B probe was complementary to 
nucleotides -92 to +190 of the sequence shown in Figure 28. Ribo- 
nuclease protection experiments were performed with the RPA ii kit 
(Ambion) according to the instructions of the manufacturer. 

Plasmid Construction 
The EcR-A and &R-B2 expression constructs were derived from the 
actin 5C promoter expression piasmid pAct/SV40/BS (Koelle et al., 
1991). To generate pAct/EcR-62, the Bamlil-EcoRI fragment of the 
EcR-B2 cDNA clone pWT56, which contains the entire EcR-132 open 
reading frame (ORF), was inserted into the EcoRV site of pActlSV4OI 
BS, after filling the incompatible ends with Kienow fragment. Two simi- 
lar EcR-A expression constructs, pAct/EcR-AI1 and pAct/EcR-A/2, 
were constructed from two different EM-A cDNAs. pAct/EcR-A/l was 
constructed by inserting the Ndei-EcoRI fragment of the &R-A cDNA 
pWT57, which contains the entire E&-A ORF, into the EcoRV site of 
pAcUSV4OIB.S after filling the incompatible ends with Klenow frag- 
ment. pAct/EcR-A/2 was constructed by inserting the Ndei-Hindili 
fragment of the E&A cDNA clone pWT100, which contains the entire 
EM-A ORF, into the EcoRV site of pAct/SV40/BS, after filling the 
incompatible ends with Kienow fragment. Both of these clones express 
the EcR-A poiypeptide identified in Figure 38, and they have been used 
interchangably. pAct/EcR-A/l was used in the experiment presented in 
Table 2; pAct/EcR-A12 was used for the experiments shown in Figures 
38 and 70. 

pEAS3 is an Escherichia coli expression piasmid that produces 
a TrpE-EcR-81 fusion protein containing both isoform-specific and 
common segmentsof EcR-Bl (residues 68-878). To construct pEAS3, 
the appropriate Styl-Hindiii fragment of the &R-B7 cDNA pMK1 was 
inserted into pATH2 (Rimm and Pollard, 1989) that had been cleaved 
with Smal and Hindlll, after blunting the StyI end. 

pW3 is an E. coli expression piasmid that produces a &galac- 
tosidase (B-gal)-EcR-A fusion protein containing residues 15-199 of 
EcR-A, of which all but residues 196 and 199 are form specific. To 
construct pWT73. the appropriate Sail-Nrui E&?-A cDNA fragment 
was inserted into pUR278 (Ruther and Muller, 1983) that had been 
cleaved with Sall and Hindlll, after blunting the Hindill end. 

Additional TrpE-EcR and P-gal-EcR fusion protein expression plas- 
mids were constructed for use in the monoclonal antibody epitope 
localization experiments. The names of the TrpE-EcR-Bl fusion pro- 
tein expression plasmids and the EcR-Bl residues that they encode 
follow: pWT48, amino acids 66-649; pWT49, amino acids 68-393; 
pvVr46, amino acids 68-222; pWr47, amino acids 649-676; pWT44. 
amino acids 222-878; pMK24, amino acids 335447; and pWrl02. 
amino acids 222-331. These clones were constructed either by delet- 
ing the appropriate EC/+61 coding sequences from pEAS3 or by in- 
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serting the appropriate EcR-67 cDNA fragments into PATH-TrpE fu- 
sion vectors (Rimm and Pollard, 1989). The B-gal-E&l-A fusion protein 
expression plasmid pWl74A encodes residues 15-152 of the &R-A 
protein and was constructed by inserting the appropriate Sall-BstNI 
E&-A cDNA fragment into pUR278 (Ruther and Muller, 1983) that 
had been cleaved with Sal1 and Hindlll, after blunting the BstNl and 
Hindlll ends. 

Tranefectlon and Hormonal Induction of Cultured Cells 
Ecdysone-resistant S2 cells were cultured and transfected as de- 
scribed by Koelle et al. (1991). The actin 5C expression vectors de- 
scribed above and the pAct-EcR-Bl construct reported by Koelle et al. 
(1991) were used to express the EcR proteins in transiently transfected 
cultured cells. The pEcRE/Adh/bgal reporter plasmid (Koelle et al., 
1991) was cotransfected with each EcR expression construct. Each 
transfected culture was split into two dishes, one of which was treated 
with 2O-OH ecdysone while the other was not. E. coli b-gal activity 
produced from the pEcRE/Adh@gal reporter plasmid was assayed as 
described by Koelle et al. (1991), and the activities of the treated and 
untreated samples from each dish of transfected cells were compared 
to obtain the fold ecdysone induction. 

Preparation of An&EcR Antlbodlea and EpPope Locallzatlon 
The TrpE-EcR-Bl fusion protein expressed by pEAS3 was used as 
the immunogen to produce the EcR-El-specific and common region 
monoclonal antibodies listed in Table 1. The EcR-A-specific mono- 
clonal antibodies (Table 1) were raised against the pWT73 P-gal- 
EcR-A fusion protein. Fusion proteins were prepared for immunization 
as described (Koelle et al., 1991). 

For the production of monoclonal antibodies, mice were immunized 
and hybridomas were generated as described by Lopez and Hogness 
(1991). Hybridoma supernatants were screened by enzyme-linked im- 
munosorbent assay for reactivity to EcR fusion proteins, and clones 
that were positive initially were rescreened by immunoblotting. Hybrid- 
oma lines producing anti-EcR monoclonal antibodies were cloned by 
limiting dilution. 

All of the common region antibodies listed in Table 1 were tested 
by immunoblot experiments similar those shown in Figure 38, and 
each was found to recognize all three of the EcR isoforms (data not 
shown). The specificity of the EcR-A antibodies was demonstrated in 
similar experiments in which the antibodies were tested for reactivity 
against EcR-A and at least one of the EcR-B forms and found to recog- 
nize only EcR-A (Figure 38; data not shown). The locations of the 
anti-EcR monoclonal antibody epitopes were determined by testing 
for immunoblot reactivity to E. coli fusion proteins containing various 
segments of the EcR isoform-specific and common regions (expres- 
sion constructs described above). The results of this analysis are sum- 
marized in Table 1. 

Northern Analysls 
The developmental Northern filter prepared by Thummel et al. (1990) 
was serially rehybridized with =P-labeled double-stranded DNA 
probes, allowing time for the signal to decay between experiments. 
The EcR-A probe was a cDNA fragment containing base pairs 17- 
982 of the nuclaotide sequence presented in Figure 2; this fragment 
is composed of &R-A specific sequences, with the exception of the 
last four nucleotides, which derive from the common region of the 
cDNA. The EcR-87-specific probe contained base pairs 1270-1731 
of the EcR-67 cDNA sequence (Koelle et al., 1991). The RF49 loading 
control has been reported previously (Koelle et al., 1991) and is shown 
again here to aid comparison. 

Western Analysis 
Samples were prepared and immunoblots were done as described 
previously (Koelle et al., 1991). The extracts used for EcR-A and EcR- 
Bl overexpressor and control lanes in the developmental Western 
blots shown in Figure 78 are given below. The EcR-A overexpressor 
extract (Figure 78, lane 0, anti-EcR-A) was prepared from S2 cells 
transiently transfected with pAct/EcR-A/2, and the control (Figure 78, 
lane C, anti-&R-A) was prepared from S2 cells transfected with pAcU 
EcR-Bi The EcR-Bl overexpressor and control extracts were pre- 
pared from S2 cells stably transfected with EcR-Bl and DHR3 (another 
Drosophila steroid receptor homolog [Koelle et al., 19921) expression 

constructs, respectively; the endogenous EcR-Bl that is present in 
these cells is not detected under the conditions used for these immu- 
noblots. Total protein in lanes 0 and C of the EcR-Bl filter were both 
underloaded -lo-fold so that the signal intensity of the stably 
transfected EcR-Bl-expressing cell line would be comparable to the 
other samples. 

Immunolocalizatlon 
For antibody stains of larvae and prepupae, animals were dissected 
in phosphate-buffered saline and fixed in 2% formaldehyde. The sub- 
sequent steps were performed essentially as described (Ashburner, 
1989), with the modifications noted below. Tissues were incubated with 
primary and secondary antibodies for 12-18 hr at room temperature. 
Anti-EcR hybridoma culture supernatants were diluted 1:lO. Peroxi- 
dase-coupled secondary antibodies (Bio-Rad) were diluted 1:2000. For 
the immunofluorescence experiments shown in Figure 8, rhodamine- 
conjugated secondary antibodies (Jackson Laboratory) were diluted 
1:200; after immunostaining, these tissues were briefly treated with the 
DNA-specific dye DAPI (1 pg/ml) as a counterstain. lmmunostaining 
results similar to those shown in Figures 4-6 were obtained reproduci- 
bly in independent trials. 
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