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Summary 

The steroid hormone ecdysone triggers coordinate 
changes in Drosophila tissue development that result 
in metamorphosis. To advance our understanding of 
the genetic regulatory hierarchies controlling this tis- 
sue response, we have isolated and characterized a 
gene, EC/?, for a new steroid receptor homolog and 
have shown that it encodes an ecdysone receptor. 
First, EcR protein binds active ecdysteroids and is anti- 
genicallyindistinguishablefrom theecdysone-binding 
protein previously observed in extracts of Drosophila 
cell lines and tissues. Second, EcR protein binds DNA 
with high specificity at ecdysone response elements. 
Third, ecdysone-responsive cultured cells express 
EcR, whereas ecdysone-resistant cells derived from 
them are deficient in EcR. Expression of EcR in such 
resistant cells by transfection restores their ability to 
respond to the hormone. As expected, EcR is nuclear 
and found in all ecdysone target tissues examined. 
Furthermore, the EcR gene is expressed at each devel- 
opmental stage marked by a pulse of ecdysone. 

Introduction 

In Drosophila melanogaster, metamorphosis to the adult 
f ly is triggered by a pulse of the steroid hormone 20-hy- 
droxyecdysone that occurs at the end of larval life (re- 
viewed by Richards, 1981 a). Most, if not all, tissues are 
ecdysone targets at this stage of development. In one of 
these targets (the larval salivary gland), the transcriptional 
activity of more than 100 ecdysone-regulated genes can 
be monitored by the size of the polytene chromosome puff 
at the locus of the respective gene. Ashburner and his 
colleagues proposed a model for this puff response that 
was based on their studies of isolated glands exposed to 
ecdysone under a variety of conditions (Ashburner et al., 
1974; Ashburner and Richards, 1976). In this model, ecdy- 
sone, complexed with a hypothesized receptor protein, 
differentially regulates the transcription of two classes of 
target genes: asmall class of “early” genes that are directly 
induced by the complex, and a large class of “late” genes 
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that are repressed by the complex. Transcription factors 
encoded by early genes then produce two kinds of second- 
ary response to the hormone by counteracting each of 
the above ecdysone receptor functions. Thus, at least one 
of these factors is assumed to repress early gene tran- 
scription, while one or more factors induce late gene tran- 
scription. 

Tests of the Ashburner model at the molecular level 
have focused on the early genes and their proteins. Of the 
half-dozen early gene loci defined by the puffing studies, 
three have been analyzed at this level: the E75 gene at the 
758 puff site (Segraves, 1988; Feigl et al., 1989; Segraves 
and Hogness, 1990), E74 at the 74EF site (Burtis, 1985; 
Janknecht et al., 1989; Burtis et al., 1990; Thummel et al., 
1990), and a member of the Broad-Complex at the 285 site 
(Chao and Guild, 1986; Belyaeva et al., 1987; Kiss et al., 
1988; Galceran et al., 1990; DiBello et al., 1991). The re- 
sults of these analyses meet several expectations of the 
model. Not only is the transcription of each gene induced 
by ecdysone in a primary response and subsequently re- 
pressed in a secondary response, but these genes encode 
DNA-binding proteins with properties indicative of tran- 
scription factors. For example, the amino acid sequences 
of the E75 and the E74 proteins indicate that they belong, 
respectively, to the steroid receptor and efs proto-onco- 
gene superfamilies, while the proteins encoded by the 
gene at 285 contain arrays of the Cy&Hi.s, zinc-finger motif 
(references above). The recent observations that E74 and 
E75 proteins bind to both classes of ecdysoneinducible 
puff sites provide further support for the proposition that 
the early gene proteins mediate the secondary ecdysone 
response of early gene repression and of late gene induc- 
tion (E74 [Urness and Thummel, 1990); E75 [R. J. Hill, 
W. A. S., W. S. T., E. McAvoy, and D. S. H., unpublished 
data]). 

These studies also provided the basis for extending the 
Ashburner model beyond its original confines of the larval 
salivary gland to the other ecdysone target tissues in- 
volved in the coordinated process of metamorphosis 
(Burtis et al., 1990; Thummel et al., 1990). Thus, early 
gene transcription is induced by the late larval pulse of 
ecdysone not only in the salivary gland but in many other 
target tissues, including both the imaginal tissues that 
metamorphose to adult structures and the strictly larval 
tissues that, like the salivary glands, are programmed for 
cell death ending in tissue histolysis. I f  genetic regulatory 
hierarchies akin to that postulated in the Ashburner model 
are operative in each of these target tissues, the question 
arises as to when the tissue specificity of the ecdysone 
response is first introduced into the hierarchy: at the level 
of the ecdysone receptor gene, of the early genes, or of 
the late genes. Presumably, the same question arises at 
the other stages of development that are similarly marked 
by a pulse of ecdysone, during which early gene transcrip- 
tion is also observed (Segraves, 1988; Thummel et al., 
1990). Clearly, the identification and characterization of 
the ecdysone receptor gene and its products are a prereq- 
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uisite for answering this question and for further definition 
of the ecdysone response. 

Proteins with the biochemical properties expected of an 
ecdysone receptor have been detected in crude Drosoph- 
ilaextracts by two different assays. Proteins with high affin- 
ity for ecdysone have been identified in extracts of a num- 
ber of Drosophila tissues and in the Kc cell line (Cherbas 
et al., 1988, and references therein). In addition, a DNA- 
binding activity specific for an ecdysone response element 
(EcRE) has been detected in extracts of Schneider 1 cells 
(Riddihough and Pelham, 1987). This EcRE sequence is 
a potential ecdysone receptor-binding site, since it can 
confer ecdysone inducibility on a heterologous promoter. 
These ecdysone- and DNA-binding activities are likely to 
reside in the same protein (Cherbas et al., 1991). 

In recent years, genes encoding receptors for the verte- 
brate steroid hormones, thyroid hormone, and retinoic 
acid have been cloned. These receptors form a family 
of homologous, hormone-regulated transcription factors, 
known as the steroid receptor superfamily (for reviews see 
Evans, 1988; Green and Chambon, 1988). In Drosophila, 
a number of genes encoding proteins with some sequence 
similarity to the steroid receptor superfamily members 
have been identified (Nauber et al., 1988; Oro et al., 1988; 
Rothe et al., 1989; Henrich et al., 1990; Mlodzik et al., 
1990; Oro et al., 1990; Pignoni et al., 1990; Segraves and 
Hogness, 1990; Shea et al., 1990; Koelle et al., 1991; 
Lavorgna et al., 1991). One of these is, of course, the 
ecdysone-inducible early gene E75. Neither E75 nor any 
of the other Drosophila genes, however, have been shown 
to encode a receptor for ecdysone or any other known 
hormone. 

consisted of the cDNA sequence encoding the putative 
DNA-binding domain and adjacent amino acids. Under low 
stringency conditions this probe detected the EcR gene 
on genomic Southern blots, and was used to isolate EcR 
clones from a Drosophila genomic library. By in situ hybrid- 
ization to polytene chromosomes, the EM gene mapped 
to the cytological location 42A (Segraves, 1988; Koelle et 
al., 1991). Following preliminary Northern blot analysis, 
the genomic clones were used to screen a cDNA library 
prepared from third instar tissues treated with ecdysone 
and cycloheximide. This allowed the isolation of a large 
number of cDNA clones since the EcR mRNA has a peak 
of expression in late third instar after the rise in ecdysone 
titer (see below). The insert sizes of 20 cDNA clones were 
determined, and the longest (clone &R-l 7) was selected 
for nucleotide sequencing. 

In an effort to identify an ecdysone receptor gene, we 
have searched for additional members of the steroid re- 
ceptor superfamily in Drosophila (Koelle et al., 1991). In 
this paper we characterize a gene identified in this screen 
and show that it encodes a protein with all of the character- 
istics expected of an ecdysone receptor. Consequently, 
we have named this gene EcR and the protein it en- 
codes, EcR. 

Figure 1 shows a 5534 bp cDNA sequence, of which 
nucleotides l-5194 are from the EC/?-17 clone, while nu- 
cleotides 5195-5534 are from a shorter cDNA (clone 
EcR-9) that was subsequently sequenced because of its 
longer 3’tail. The predominant EcR transcript is 6 kb (see 
Figure 8A), which approximates the length of this cDNA 
sequence plus a poly(A) tail, indicating that this cDNA se- 
quence is nearly full length. The sequence contains an 
878 codon AUG-initiated open reading frame (ORF) that 
encodes a new steroid receptor protein, as discussed be- 
low. This ORF shows an excellent match to Drosophila 
codon usage (O’Connell and Rosbash, 1984). A second 
AUG occurs as the 12th codon of this ORF. Neither AUG 
is found in a context with a strong match to the general 
eukaryotic (Kozak, 1984) or Drosophila (Cavener, 1987) 
translation start consensus sequences. The long ORF is 
preceded by a 1068 bp AT-rich leader containing 11 short 
AUG-initiated ORFs, the longest of which is 25 codons. 
A similarly long and complex leader sequence has been 
observed in the Drosophila E74A mRNA (Burtis et al., 
1990).ThelongfcRORFisfollowed byan 1831 bpAT-rich 
3’ untranslated region. Neither of the sequenced cDNA 
clones contains a poly(A) tract at its 3’ end. 

Results 

The EcR Gene Is a Member of the Steroid 
Receptor Superfamily 
The EcR gene was identified in a screen of the Drosophila 
genome for members of the steroid receptor superfamily 
(Segraves, 1988; Koelle et al., 1991). In this screen, the 
gene for the previously identified Drosophila steroid recep- 
tor homolog, E75, provided the hybridization probe, which 

Comparison of the predicted EcR protein sequence with 
the sequence data base and with individual members of 
the steroid receptor superfamily shows that EcR shares 
with these proteins the two conserved domains (under- 
lined in Figure 1) characteristic of steroid receptor super- 
family members (Evans, 1988; Green and Chambon, 
1988). We refer to the more N-terminal domain as the 
C region, or DNA-binding domain, and to the more C-termi- 
nal domain as the E region, or hormone-binding domain, 
according to the nomenclature of Krust et al. (1986). 

Figures 2A and 2C present alignments of the C and 

Figure 1. Composite Sequence of EcR cDNAs 

Numbers at the left refer to the nucleotide sequence; those on the right refer to the amino acid sequence of the EcR protein. Nucleotides 1-5194 
are the sequence of the EcR-17 cDNA, while nucleotrdes 5195-5534 derive from the EcR-9 cDNA. The underlined sequences in the 5’ and 3 
untranslated regrons refer, respectively, to ATG codons and AATAAA consensus polyadenylationlcleavage signals. Positions of the introns and the 
donor and acceptor spltce sequences are indtcated above the cDNA sequence in lowercase type. The ammo acid sequences homologous to the 
conserved DNA-binding (C region) and hormone-bmding (E region) domains of the steroid receptor superfamily are underlined. Like a number of 
Drosophila regulatory proteins, the predicted EcR protein contains some sample repetitive sequences (Scott and Carroll, 1987). Amino acids 165- 
176 and 187-211 are glycine-rich regions encoded by a DNA sequence srmrlar to the PEN repeat (Haynes et al., 1987). Amino acids 700-705 are 
an (Ala)s repeat. Amino acids 706-781 are a Gin/Pro-rich regron rn whrch. wrth a few exceptions, Gln is found as every other amino acid. 
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Figure 2. Sequence Comparison of the Conserved C and E Regions of EcR and Some Representative Members of the Steroid Receptor Superfamily 

(A) C region alignment. Numbers at the left indicate the amino acid positions within the individual receptors; dashes indicate gaps introduced to 
obtain maximal alignment. Black dots indicate three positions important in determining the DNA-binding specificity of this domain (see text). 
(8) Computed percent identities among the C region sequences (lower left) and among the E region sequences (upper right). 
(C) E region alignment. Black lines indicate the three most highly conserved stretches within this domain. The kni sequence shows no significant 
E region similarity and is therefore omitted from this comparison. The colors in this figure emphasize the division of these receptor homologs into 
three subfamilies, shown in yellow, green, and blue. Within any one column of the alignments, identical amino acids are shown in the same color. 
Magenta is used for amino acids conserved across more than one subfamily. Sequences shown are from: EcR (this work): hTRp (hTRb in figure) 
(Weinberger et al., 1986); hVDR (Baker et al., 1988); E75A, Drosophila ecdysone-inducible protein encoded at 758 (Segraves and Hogness, 1990); 
hRARa (hRARa in figure) (Giguere et al., 1987; Petkovich et al., 1987); hear-l, human erbA-related protein (Miyajima et al., 1989); mPPAR (Isseman 
and Greeen, 1990); kni, Drosophila knirps protein (Nauber et al., 1988); 111, Drosophila tailless protein (Pignoni et al., 1990); usp, Drosophila 
ultfaspifacle protein (Oro et al., 1990); hRXR, human retinoid receptor (Mangelsdorf et al., 1990); NGFI-B, rat nerve growth factor-induced protein 
(Milbrandt, 1988); svp, Drosophila seven-up protein (Mlodzik et al., 1990); hERR1 and hERR2, human estrogen-related receptors 1 and 2 (Giguere 
et al., 1988); hER, human estrogen receptor (Green et al., 1986; Greene et al., 1986); hGR, human glucocorticoid receptor (Hollenberg et al., 1986); 
hMR, human mineralocorticoid receptor (Arriza et al., 1987); hPR, human progesterone receptor (Misrahi et al., 1987); hAR, human androgen 
receptor (Lubahn et al., 1988). 

E regions, respectively, of EcR with the corresponding 
regions from representative members of the steroid recep- 
tor superfamily. Comparison of E region sequences allows 
division of the receptors into subfamilies (Petkovich et al., 
1987), the members of any one subfamily being more re- 
lated to each other than to those in other subfamilies. In 
Figure 2, the receptors are shown divided into three sub- 
families, with EcR falling into a subfamily with the human 
thyroid hormone receptor p (hTR6), human vitamin D re- 
ceptor (hVDR), E75, human retinoic acid receptor a 

(hRARa), hear-l, and mouse peroxisome proliferator-acti- 
vated receptor (mPPAR). 

The C region is a 66-68 amino acid domain that has 
been shown to function as a zinc finger-like DNA-binding 
domain in vertebrate receptors (Green and Chambon, 
1987; Freedman et al., 1988). This domain has also been 
implicatedin receptor dimerization (Kumar and Chambon, 
1988). As shown in Figure 2A, all 19 C region residues that 
are absolutely conserved in the other receptor homologs 
are also conserved in EcR, including the nine invariant 
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Figure 3. Genomic Organization of EcR 

Exons mapped by comparison of cDNA and genomic clones are shown at the top. The ORF is indicated by the solid region. EcoRI and Hindlll 
restriction sites in the genomic DNA are indrcated by ticks on the line above the scale, which has Its zero point located at an arbitrartly chosen EcoRl 
We. Genomic phage inserts are shown at the bottom. Because the 5’ and 3’ ends of the EcR transcripts have not been determined, there may be 
additional noncoding sequences at the ends of this transcription unit 

Cys residues, eight of which coordinate two zinc ions(Hard 
et al., 1990). Figure 2B shows that the Drosophila C region 
sequences are not more closely related to each other than 
they are to C regions from the vertebrate receptor homo- 
logs; indeed, the EcR C region is most similar to that of 
hTR8. Studies on the glucocorticoid receptor, estrogen 
receptor, and thyroid hormone receptor have identified 
three C region residues (indicated by dots in Figure 2A) 
that are critical determinants of the differential DNA- 
binding specificity of these receptors (Danielsen et al., 
1989; Mader et al., 1989; Umesono and Evans, 1989). The 
Drosophila proteins EcR and E75A, as well as hRARa, 
hTR8, and hVDR, all have identical amino acids at these 
three positions. These proteins may therefore all have re- 
lated DNA-binding specificities, as has already been 
shown for hVDR, hRARa, and hTR6 (Schiile et al., 1990; 
Umesono et al., 1988). Indeed, the EcRE consensus se- 
quence is similar to the response elements for vitamin D, 
retinoic acid, and thyroid hormone (Cherbas et al., 1991). 

The E region is a ~225 amino acid domain that functions 
as a hormone-binding domain in vertebrate receptors (Ev- 
ans, 1988; Green and Chambon, 1988). This domain has 
also been implicated in receptor dimerization (Kumar and 
Chambon, 1988; Guiochon-Mantel et al., 1989; Glass et 
al., 1989) hormone-dependent nuclear localization of the 
glucocorticoid receptor (Picard and Yamamoto, 1987), 
and binding of the glucocorticoid receptor to the 90 kd 
heat shock protein (Pratt et al., 1988). Figure 2C shows an 
alignment of the EcR E region with those of other receptor 
homologs. The three relatively highly conserved stretches 
within the region (Wang et al., 1989; Segraves and Hog- 
ness, 1990) are overlined; each contains a cluster of resi- 
dues conserved in all or most of the receptor sequences. 
EcR shows strong similarity to the other proteins in these 
stretches, and a lower similarity outside of them. The pres- 
ence of these conserved features suggests that the EcR 
protein functions as a hormone receptor, and distin- 
guishes it from the Drosophila knirps (Nauberet al., 1988), 
knirps-related (Oro et al., 1988), and egon (Rothe et al., 
1989) proteins, which show similarity to other superfam- 
ily members in the C region but not the E region. The EcR 
E region is most similar to that of hTR8, but this level of 
similarity is lower than those found among E regions of 
many other receptors (Figure 2B). Thus, within the steroid 
receptor superfamily, EcR is not especially closely related 
to any previously cloned receptor. 

EcR Genomic Structure 
We have isolated a set of overlapping genomic clones for 
the EcR gene, and have mapped EcR exons by comparing 
the cDNA and genomic clones by Southern blotting, re- 
striction mapping, and finally sequencing of the genomic 
exon boundaries. The deduced gene structure is shown in 
Figure 3, and the splice junctions are indicated on the 
cDNA sequence in Figure 1. These splice junctions all 
conform to the splice donor and acceptor consensus se- 
quences (Mount, 1982). The EcR cDNA sequence shown 
in Figure 1 is split into six exons spread over 36 kb of 
genomic DNA, with the ORF beginning in the second exon 
and ending in the sixth. 

The exon/intron organization for that part of the EcR 
gene encoding the C region differs from that typically 
found in steroid receptor superfamily genes. Typically, the 
C region is encoded by two exons, one for each of the 
zinc finger-like motifs (Segraves and Hogness, 1990, and 
references therein). However, the Drosophila genes EcR 
and DHR3 (Koelle et al., 1991) encode the C region in a 
single exon, and the Drosophila ulfraspiracle (Oro et al., 
1990) and tailless (Pignoni et al., 1990) genes may lack 
introns altogether. Another generally conserved charac- 
teristic of steroid receptor genes is a splice donor site 
normally located in the fourth codon past the conserved 
Met codon at the end of the C region (Met-329 in Figure 
1). EcR, along with the intronless uhspiracle and tailless 
genes, also lacks this feature. 

EcR Protein Binds Ecdysone 
A Schneider 2, or S2, Drosophila cell line overexpressing 
the EcR protein was constructed to produce EcR protein 
for ecdysone-binding studies. This MtlEcRIHy cell line 
contains a stably integrated plasmid (described in Experi- 
mental Procedures) in which the EcR protein-coding se- 
quences are linked to the metal-inducible Drosophila me- 
tallothionein promoter (Bunch et al., 1988). The MtlHy cell 
line is a related control cell line that lacks the EcR coding 
sequences. 

Whole cell extracts prepared from copper-induced cul- 
tures of both the MtlEcRlHy and MtlHy cell lines were 
assayed for ecdysone-binding activity using the high affin- 
ity ecdysone analog [1z51]iodoponasterone A (Cherbas et 
al., 1988). As shown in Figure 4A, specific (saturable) ec- 
dysone binding was elevated 7-fold in the Mt/EcR/Hy ex- 
tract compared with the MtlHy control. Expression of EcR 
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from the actin 5C promoter in transient transfection experi- 
ments gave a similar increase in ecdysone binding (data 
not shown). 

To determine whether the induced ecdysone-binding 
activity required the EcR protein, it was depleted from the 
MtlEcRlHy extract by immunoprecipitation using an affin- 
ity-purified anti-EcR polyclonal antibody (see Experimen- 
tal Procedures). As a control, the extract was mock de- 
pleted with preimmune serum. Figure 4Ashows the results 
obtained when the treated extracts were then assayed for 
ecdysone-binding activity. Comparison of the immunode- 
pleted extracts with the mock-depleted extracts showed 
that most of the binding activity was removed by the anti- 
EcR antibody treatment, indicating that the induced 
ecdysone-binding activity is associated with the EcR pro- 
tein. (The phrase I‘. activity is associated with the EcR 
protein .‘I used here and below means that the activity 
results from the EcR protein alone or from a protein com- 
plex containing EcR.) 

The question arises as to whether the previously charac- 
terized endogenous ecdysone-binding activity in Drosoph- 
ila cell lines (Cherbas et al., 1988) and tissues (Osterbur 
and Yund, 1982; Yund et al., 1978) is due to the EcR 
protein. To answer this question, extracts from embryos 
and two cell lines were immunodepleted or mock depleted 
as described above and assayed for ecdysone-binding ac- 
tivity (Figure 48). Again, comparison of these treated ex- 
tracts showed that the majority of the endogenous binding 
activity was removed in each case by treatment with the 
anti-EcR antibody. The amount of binding activity depleted 
from the extracts was dependent on the number of rounds 
of immunoprecipitation used for the depletion (data not 
shown). The anti-EcR antibody may therefore have failed 
to deplete all of the binding activities, owing to its ineffi- 
ciency at immunoprecipitation. Using an antibody raised 
against a different EcR fusion protein, it has been possible 
to immunoprecipitate all detectable high affinity iodopona- 
sterone-binding material from extracts of Kc cells (A. Mint- 
zas and P. C., unpublished data). We conclude that most, 
if not all, of the endogenous binding activity in embryo and 

Figure 4. Ecdysone-Binding Assays on EcR 
Overexpressor and EcR-Depleted Extracts 

(A) Binding assays for the high affinity ecdy- 
sone analog [‘9]iodoponasterone A were per- 
formed on extracts of control (MVHy) or EcR- 
overexpressing (MUEcRIHy) cells. The EcR 
overexpressor extract was mock depleted with 
preimmune serum or immunodepleted with 
anti-EcR antibodies, and the treated extracts 
were assayed for hormone-binding activity. 
(B) Extracts from Drosophila Kc cells, embryos, 
or the MtfHy S2 cell lme were assayed for 
ecdysone-brnding activity. Extracts were either 
untreated, mock depleted with preimmune se- 
rum, or immunodepleted with anti-EcR anti- 
bodies. 

Error bars rn this and subsequent figures are 
standard deviations for N > 2. 

cell line extracts is associated with EcR or an antigenically 
related protein. 

EcR Protein Binds Specifically to EcRE DNA 
A 23 bp sequence from the promoter of the ecdysone- 
inducible hsp27 promoter has been shown to function as 
an EcRE in that it can confer 20-fold ecdysone inducibility 
on an ecdysone-nonresponsive promoter (Riddihough and 
Pelham, 1987). Figure 5A shows that multiple copies of 
this sequence can act as a very strong EcRE. A cassette 
of seven copies of a 30 bp sequence from hsp.27, which 
includes the 23 bp EcRE sequence, was cloned just up- 
stream of the TATA box of the Drosophila Adh distal pro- 
moter. When transfected into Drosophila S2 cells, this 
promoter construct was 1200-fold ecdysone inducible, 
whereas the Adh promoter lacking the EcRE cassette 
showed no response to the hormone. 

We tested the ability of the EcR protein to specifically 
bind the EcRE cassette in vitro. Plasmid DNA containing 
the EcRE cassette was restriction digested, end labeled, 
and mixed with an extract from the EcR overexpressing 
cell line, MtlEcRIHy. The same plasmid without the EcRE 
cassette was used as a control. The EcR-DNA complexes 
were then immunoprecipitated using the affinity-purified 
anti-EcR polyclonal antibody, and the precipitate was ana- 
lyzed on agarose gels. As shown in Figure 58, the DNA 
fragment containing the EcRE cassette was specifically 
and efficiently precipitated. Similar results were obtained 
when any of three different anti-EcR monoclonal antibod- 
ies were substituted for the polyclonal antibody (data not 
shown). Given that the fragment was not precipitated ap- 
preciably in the absence of anti-EcR antibody, or when 
the EcRE cassette was deleted, the precipitation of the 
fragment evidently resulted from the binding of the EcR 
protein to the 30 bp hsp27sequence. Under the conditions 
used, EcR protein has approximately 850-fold preference 
for bindihg to this 30 bp EcRE sequence versus average 
vector sequences (see Experimental Procedures). There 
was no effect of ecdysone on DNA binding either in this 
assay or in a gel shift assay similar to that shown in Figure 
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Figure 5. The EcR Protein Binds to an EcRE 

(A) Characterrzation of an EcRE. S2 cells were 
transfected with plasmid DNAs and either left 
untreated or treated with ecdysone. Cell ex- 
tracts were then assayed for b-gal activity. The 
plasmid DNA used for each transfection is 
given on the abscissa, and the b-gal activity 
ratlo between hormone-treated and untreated 
cells is indicated below it. Control cells 
transfected with pUC18 DNA showed only a 

pUC18 AdhPgal EcREAdhPgal 

Fold induction 0.95 x 1200 x 
by ecdvsone 

EcRE -) 

low level of endogenous D-gal activity. b-Cal 
activity from the Adhl6gal plasmid, which ex- 
presses D-gal from the Drosophila distal Adh 
promoter, was unchanged by hormone treat- 
ment. Expression from the EcRE/Adh@gal 
plasmid, which is identical to Adh/pgal except 
that it has seven EcREs inserted upstream of 
the Adh promoter, is induced 1200.fold by ec- 
dysone. 
(6) DNA binding by the EcR protein. Restriction 
fragments from the control plasmid pUC16 
(lanes 4-6) or from pUC16 containing a cas- 
sette of seven EcREs (lanes l-3) were tested 
for their ability to specifically bind the EcR pro- 

pUCl8 pUC18 
+EcRE 

tein. Lanes 1 and 4 contain 0.1 fmol of each of the fragments tested. For lanes 2 and 5, 0.2 fmol of DNA fragments was mixed with an extract from 
EcR-overexpressing cells and immunoprecipitated with an anti-EcR antibody. Lanes 3 and 6 show controls in which the antibody was left out. The 
arrow points to the fragment in lanes l-3 that contains the cassette of seven EcREs. 

6C (data not shown). The immunoprecipitation DNA- 
binding assay has also been used to identify specific EcR- 
binding sites in the ecdysone-induced E74 gene-binding 
sites that also confer ecdysone inducibility on the Adh 
promoter in the transfection assay described above 
(W. S. T. and D. S. H., unpublished data). 

EcR Confers Ecdysone Responsiveness to 
Ecdysone-Resistant Cells 
The commonly used Kc and 52 Drosophila cell lines are 
ecdysone responsive, and extracts of these cells contain 
a high affinity ecdysone-binding activity (Cherbas et al., 
1980, 1988, and this work). Ecdysone arrests the growth 
of these cells. Kc cells capable of growth in the presence 
of ecdysone, however, can be produced by continuously 
exposing a Kc cell culture to ecdysone over a period of 
weeks. The resulting cells are deficient in both ecdysone- 
binding activity and ecdysone responsiveness. The “ecdy- 
sone-resistant”state of these cells is then maintained even 
after the cells are switched to ecdysone-free medium for 
several months, although reversion may eventually occur 
(Stevens and O’Connor, 1982). Ecdysone-resistant lines 
can similarly be produced from S2 cells, which are more 
easily transfected with DNA than Kc cells. However, both 
S2 and Kc ecdysone-resistant lines retain a low but signifi- 
cant level of ecdysone responsiveness, as measured by 
the level of inducibility of an ecdysone response reporter 
plasmid in these cells. The level of this responsiveness 
varies over a period of months during culture of the cells 
in the continuous presence of ecdysone (data not shown). 
By monitoring S2 ecdysone-resistant cell cultures periodi- 
cally, we were able to obtain cells severely deficient in 
ecdysone responsiveness for use in the experiments de- 
scribed below. 

lmmunoblot analysis shows that the abundance of EcR 

protein is greatly reduced in the ecdysone-resistant S2 
cells compared with the ecdysone-sensitive S2 cells from 
which they were derived (Figure 6A). Extracts of the resis- 
tant cells also lack a measurable level of ecdysone-binding 
activity (Figure 66). In addition, the resistant cell extracts 
show much less EcR DNA-binding activity than S2 ex- 
tracts. This is shown in Figure 6C, where a gel shift assay 
with a labeled EcRE DNA probe and an S2 cell extract 
reveals a single specifically retarded complex (Figure 6C, 
EcR complex, lane 2) that is competed by excess unla- 
beled EcRE oligonucleotide (lane 5) but not by a control 
oligonucleotide (lane 4). The complex was destroyed by 
an anti-EcR antibody (lane 7), but not by a control antibody 
(lane 6) and it was more abundant when an extract of 
EcR-overexpressing cells was used (compare lanes 8 and 
2). The complex therefore results from the binding of EcR, 
or a protein aggregate containing EcR, to the EcRE DNA. 
When an extract of ecdysone-resistant 52 cells was used, 
no EcR complex was detected in the assay (compare lanes 
3 and 2). 

Ecdysone responsiveness in Drosophila tissue culture 
cells can be measured by the hormonal induction of 8-ga- 
lactosidase (B-gal) expression from the “reporter” plasmid 
pEcRE/Adh/Pgal (see Figure 5A). The ecdysone-resistant 
S2 cells transfected with this reporter plasmid alone 
showed a greatly reduced response to the hormone (Fig- 
ure 7A) when compared with the ecdysone-sensitive par- 
ent cell line that was similarly transfected (Figure 78). 
However, when the resistant cells were cotransfected with 
an EcR expression plasmid and the reporter plasmid, the 
inducibility of the reporter increased from IO-fold in the 
absence of EcR overexpression to 21 O-fold in its presence 
(Figure 7A)-a level essentially the same as the 200-fold 
inducibility observed in cotransfected sensitive cells (Fig- 
ure 78). Evidently, resistant cells can be rescued to a high 
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Figure 6. Ecdysone-Resistant Cells Are Deficient in EcR Protein 

(A) Western analysis of ecdysone-resistant cells (lane I), the ecdy- 

sone-sensitive parent cell line S2 (lane 2) and cells transfected with 
the EcR expression plasmid pAct/EcR (lane 3). Five-fold less total 
protein was loaded in lane 3 than in lanes 1 and 2. The blot was 
probed with the anti-EcR monoclonal antibody AD4.4. The mobilities of 
molecular weight standards, and their sizes in kilodaltons, are indi- 
cated on the left. 
(6) Ecdysone-resistant cells are deficient in ecdysone-binding activity. 
Binding assays for the ecdysone analog ]‘251]iodoponasterone A were 
performed on extracts of ecdysone-sensitive S2 cells and on the 
ecdysone-resistant cells derived from them. 
(C) Ecdysone-resistant cells are deficient in EcRE DNA-binding activ- 
ity. Gel shift analysis was used to detect complexes of a labeled DNA 
fragment containing the hsp27 EcRE with proteins from various ex- 
tracts: lane 1, free probe; lane 2, S2 cell extract; lane 3, ecdysone- 
resistant cell extract. Lanes 4-7 show binding reaction using the S2 cell 
extract, to which the following were added: lane 4, excess unlabeled 
nonspecific oligonucleotide; lane 5, excess unlabeled hsp27 EcRE 
oligonucleotide; lane 6, affinity-purified polyclonal antibody against the 
Drosophila steroid receptor homolog DHR3 (Koelle et al., 1991); lane 
7, similarly prepared antibodies against EcR. Lane 6, binding reaction 
using an extract of the EcR-overexpressing cell line MVEcRIHy. 
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Figure 7. EcR Complements the Ecdysone Nonresponsiveness of 
Ecdysone-Resistant Cells 

(A) Ecdysone-resistant S2 cells were transfected with the control plas- 
mid pUC16, with the ecdysone response reporter plasmid pEcRE/ 
Adhl6gal alone, or with the reporter plasmid plus an EcR expression 
plasmid, pAcffEcR. Transfected cells were left untreated, or treated 

with ecdysone, and cell extracts were assayed for 6-gal activity. 
(B) Ecdysone-sensitive 52 cells were subjected to the same treatment 

as shown for the resistant cells in (A). 

level of hormone responsiveness by EcR expression. We 
note that the lo-fold reporter inducibilityobserved in resis- 
tant cells is significant and therefore suggests a low level 
of endogenous ecdysone receptor in these cells that was 
not detected in the Western blot and binding assays of 
Figure 6. Whether this is due to a difference in sensitivity 
of the assays or another cause has not been determined. 

Ecdysone responsiveness in tissue culture cells can 
also be monitored by measuring the induction of several 
endogenous proteins following hormone treatment (Best- 
Belpomme et al., 1978; Cherbas et al., 1980). We find that 
the endogenous Drosophila @gal activity in S2 cells is 
ecdysone inducible, and that this inducibility is lost in 
ecdysone-resistant cells but can be restored by express- 
ing EcR in these cells (data not shown). 

Taken together, these results indicate that EcR protein 
is required for the ecdysone responsiveness of Drosophila 
S2 cells, since cells deficient in ecdysone responsiveness 
are also deficient in EcR protein, and these cells can be 
restored to a high level of responsiveness by transfection 
with an EcR expression plasmid. 

Temporal Profiles of Ed? Expression 
We have examined the temporal pattern of EcR expres- 
sion by determining the abundance of its mRNA and pro- 
tein in whole animals during their development. Figure 
6A shows the results obtained when a cDNA probe was 
hybridized to a Northern blot bearing samples of RNA pre- 
pared at 3 hr intervals during embryonic development and 
every 12 hr thereafter until adulthood. A predominant 6 kb 
transcript was detectable at varying levels of abundance 
during all of development except at0-3 hr, when a faint but 
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significant 3.7 kb band was observed. The 6 kb transcript is 
most abundant in embryos and during the period from late 
third instar through early pupal development. The most 
striking feature of its expression pattern is the intense peak 
of EcR mRNA in the 108-120 hr sample, which was pre- 
pared from wandering third instar larvae. Larvae at this 
stage are initiating the ecdysoneinduced metamorphic 
molt. 

Figure 86 shows the pattern of EcR protein expression 
obtained by probing a developmental Western blot with an 
anti-E&? monoclonal antibody. The major band detected 
by this antibody corresponds to a protein with an apparent 
molecular size of 105 kd, somewhat larger than the 94 kd 
calculated for the 878 amino acid sequence given in Figure 
1. Bacterially expressed EcR protein also has an apparent 
molecular size of 105 kd (data not shown). The antibody 
also detects some lower molecular weight bands that may 
represent EcR breakdown products, but have not been 
characterized. The abundance of the 105 kd band gener- 
ally follows the EcR mRNA, as it is also high during em- 
bryogenesis and from late third instar through pupal devel- 
opment. EcR protein is detectable at low levels in first 
instar larvae and adults. It is not seen during the second 
and early third instars. However, the fact that low levels 
of RNA were seen during these periods of development 
suggests that the protein may indeed be present during 
these stages, but only at levels below the limit of detection 
in our immunoblots. 

Spatial Expression of EcR Protein The EcR Gene Encodes an Ecdysone Receptor 
To determine the spatial expression pattern of EcR, we We have shown that the EcR gene encodes a protein that 

Figure 8. Developmental Profile of EcR Ex- 
pression 

(A) Northern analysis. RNA prepared from ani- 
mals at the indicated developmental stages 
was fractionated by gel electrophoresis, blot- 
ted, and probed with labeled DNA from EcR or 
RP49. The RP49 gene encodes a ribosomal 
protein (O’Connell and Rosbash, 1984) and is 
used as a control for loading of RNA. The hours 
and stages of development are indicated at the 
top of the figure: E = embryos; Ll, L2, L3 = 
the three larval instars; PP = prepupae; P = 

pupae; A = adults. 
(6) Western analysis, Drosophila protein from 

the indicated stages of development was elec- 
trophoresed, blotted, and probed with the anti- 
EcR monoclonal antibody DDA2.7. Protein 
samples were prepared separately from the 
RNA samples used in (A), but from similar time 
points, namely, every 3 hr during embryogene- 
sis and every 12 hr thereafter. Within adevelop 
mental stage, the time points are labeled 1, 2, 
3, etc., instead of in hours after egg laying, 
to emphasize that these protein samples are 
distinct from the RNA samples. Adult male and 
female samples are labeled M and F. Lane 0 
contains an extract of the EcR-overexpressing 
cell line MVEcRIHy. Total protein was un- 
derloaded 1.5-to 3-fold in lanes L2-2, L3-2, and 
L3-3 relative to the other lanes. Total protein in 
lane 0 was underloaded *15-fold so that the 
signal intensity would be comparable with 
those of the other samples. 

used anti-EcR monoclonal and affinity-purified polyclonal 
antibodies to stain Drosophila at various stages of devel- 
opment. Figure 9A shows a 13-16 hr embryo in which 
the EcR protein is seen widely distributed throughout the 
organism. The protein is also distributed throughout em- 
bryos at all other stages that we have examined (data not 
shown). Figures 9C and 9E-9G show the EcR distribution 
in a variety of late third instar or prepupal tissues. The 
anti-EcR antibodies detect a nuclear antigen in imaginal 
discs (Figure 9C), fat body (Figure 9E), tracheae (Figure 
9F), and salivary glands (Figure 9G). In addition, we have 
seen nuclear staining in all other larval tissues examined, 
including central nervous system, gut, ring gland, and cells 
associated with cuticular structures (data not shown). 

To determine the intracellular localization of EcR protein 
in the absence of ecdysone, we stained cells from a line 
that overexpresses EcR and was cultured in the absence 
of ecdysone (Figure 9H). The protein is seen predomi- 
nantly in the nuclei of these cells, indicating that EcR does 
not require hormone for nuclear localization in these cells. 
Similarly, the estrogen (King and Greene, 1984) and pro- 
gesterone (Perrot-Applanat et al., 1985) receptors are also 
nuclear in the absence of their ligands, whereas the gluco- 
corticoid receptor is cytoplasmic in the absence of hor- 
mone and is translocated to the nucleus in the presence 
of glucocorticoids (Picard and Yamamoto, 1987). 

Discussion 
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Figure 9. lmmunolocalization of EcR Protein 

(8) and (D) show embryo and wing disc control starns in which anti-EcR antibody was left out of the staming procedure. The remaining panels show 
anti&R antibody stains. (A) is a 13-16 hr Canton S embryo. Wing imaginal disc(C), fat body(E). and trachea(F) stains were performed on tissues 
from wandering third instar larvae. In fat body the nuclear stain seen depends on the presence of the anti-EcR antrbody; the cytoplasmic staining 

is present In the negative control stained in the absence of anti-EcR antibody (not shown) and therefore is not indicative of the presence of EcR. 
The salivary gland (G) is from a prepupa. Stains of cultured cells from the EcR-overexpressing line MtlEcRlHy (H) and the control cell line MUHy 
(I) were performed under conditions that do not detect the low level of endogenous EcR expression in the control cells. Anti-EcR antibodies used 
were: monoclonal antibody DDA2.7 (A), monoclonal antibody llD9.6 ([Cl, (El, IF]. [f-t], and [I]), and the affinity-purified rabbit polyclonal antibody(G). 

qualifies for full membership in the steroid receptor super- structural and functional cn.?ria identifying a receptor of 
family. Not only does the EcR protein contain regions ho- this type. While six other Drosophila genes encode pro- 
moiogous to both the DNA- and hormone-binding domains teins containing sequences homologous to both the DNA- 
characteristic of this family of ligand-regulated transcrip- and hormtine-binding domains, the activating ligands for 
tion factors, but it also satisfies the functional criteria for these proteins have not been identified (E75 [Segraves, 
membership in this family. Indeed, EcR is the only Dro- 1988; Segraves and Hogness, 19901, seven-up [Mlodzik 
sophila gene encoding a protein shown to satisfy both the et al., 19901, tailless [Pignoni et al., 19901, ulfraspiracle 
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[Shea et al., 1990; Oro et al., 19901, DHR3 [Koelle et al., 
19911, FTZ-f7 [Lavorgna et al., 19911). 

Our results provide strong evidence that the EcR protein 
binds the steroid hormone ecdysone and exhibits se- 
quence-specific binding to an EcRE. Furthermore, the ec- 
dysone responsiveness of Drosophila tissue culture cells 
is strongly correlated with the presence of EcR. In particu- 
lar, cotransfection experiments with cells lacking EcR and 
ecdysone responsiveness show that activation of a mini- 
mal promoter by ecdysone required both EcR and an 
EcRE. We therefore conclude that EcR is an ecdysone 
receptor. However, we note the caveat that because puri- 
fied EcR protein was not used in the ecdysone and DNA- 
binding experiments, it is possible that EcR by itself is not 
sufficient for these binding activities but rather acts in a 
complex with one or more other proteins. In the same 
context, we do not know whether the active EcR is the 
protein represented in Figure 1 or results from posttransla- 
tional modification of that protein. Finally, we note that EcR 
is a receptor that does not appear to require hormone for 
its DNA-binding activity or for its nuclear localization. 

EcR and the Ashburner Model 
The Ashburner model was derived from kinetic analyses 
of the effect of ecdysone on polytene chromosome puffing 
in salivary glands excised from late third instar larvae just 
prior to the induction of early puffs (Ashburner et al., 1974). 
When such glands are exposed to ecdysone, the early 
puffs are immediately induced whether or not the hormone 
is accompanied by an inhibitor of protein synthesis. This 
is also the case for the ecdysone induction of early gene 
transcription in such glands (Burtis, 1985; Thummel et al., 
1990; Segraves, 1988; Segraves and Hogness, 1990). In 
the model, this induction is independent of protein synthe- 
sis because the ecdysone receptor is assumed to be pres- 
ent in the glands prior to their exposure to ecdysone. If  the 
EcR protein is that receptor, it should be present in third 
instar salivary glands prior to the ecdysone induction of 
early puffs. This is the case; anti-EcR antibody staining of 
salivary glands at thisstage of development yielded results 
essentially the same as that shown in Figure 9G for prepu- 
pal salivary glands. 

In the continued presence of ecdysone, the early puffs 
regress (and early gene transcription is repressed) and the 
late puffs appear. Because these events follow early puff 
(and gene) induction and are eliminated by inhibitors of 
protein synthesis, they are presumed to represent second- 
ary ecdysone responses mediated by early gene proteins 
(references above). The concept that one or more of the 
early proteins represses early gene transcription by antag- 
onizing the inductive effect of the ecdysone-receptor com- 
plex has obvious origins in the above experiments. By 
contrast, the idea that early proteins induce late gene tran- 
scription by antagonizing another primary function of the 
ecdysone-receptor complex has its origins in another kind 
of experiment. When the excised glands are exposed to 
ecdysone for a time sufficient for partial early puffing but 
insufficient for late puffing, and are then washed to remove 
the ecdysone, the late puffs appear prematurely, while the 
early puffs exhibit the expected rapid regression (Ash- 

burner et al., 1974). In the model, the premature appear- 
ance of the late puffs is accounted for by assuming that 
the ecdysone-receptor complex represses late gene tran- 
scription until one or more early proteins increase to a level 
sufficient to overcome that repression; in such a system, 
loss of the repressive element by removal of the ecdysone 
will lead to premature late gene transcription. If  the EcR 
protein is playing both the inductive and repressive roles 
of the receptor, it should bind specifically to both the early 
and late puff loci, an expectation that can be tested by 
staining polytene chromosomes in late third instar salivary 
glands with the anti-EcR antibodies. While these studies 
will be reported elsewhere (W. S. T. and D. S. H., unpub- 
lished data), we note here that the large majority of EcR 
chromosomal binding sites do in fact coincide with early 
and late puff loci. In addition, EcR DNA-binding sites were 
detected in association with the cloned E 74 and E 75 early 
genes. 

The recent molecular analyses of the early genes show- 
ing that they encode DNA-binding proteins with properties 
indicative of transcription factors (see Introduction for ref- 
erences) further enhance the proposition that the ecdy- 
sone response hierarchy contains two major regulatory 
motifs, each consisting of a positive-negative regulatory 
duet. These duets operate simultaneously but are out of 
phase: the early gene duet starts with positive regulation 
by an ecdysone-EcR complex and ends with negative reg- 
ulation by one or more early proteins, while the late gene 
duet starts with negative regulation by an ecdysone-EcR 
complex, ending with positive regulation by early gene 
proteins. As noted in the Introduction, the finding that early 
gene proteins bind to polytene chromosomal sites corre- 
sponding to both early and late puff loci provides further 
evidence for these duets. 

The early gene duet provides a means for shortening 
the time during which an early gene promoter is active 
below that which would otherwise be determined by the 
length of the ecdysone pulse, and, consequently, a means 
for controlling the burst size of the mRNAs produced per 
early gene per ecdysone pulse. The late gene duet could 
provide the mechanism by which different late gene pro- 
moters are activated at different times. Imagine, for exam- 
ple, two late gene promoters initially repressed by the 
same ecdysone-receptor complex and subsequently acti- 
vated by the same early protein. The concentration of that 
protein will rise during the initial phase of the ecdysone 
response, and if the two promoters are so constructed that 
the concentration of early protein required to overcome 
the repressed state is less for one than for the other, then 
one promoter will be activated before the other. This situa- 
tion is analogous to that in which a spatial concentration 
gradient of a transcription factor determines where differ- 
ent genes will be activated; the difference is that here 
the “concentration gradient” is temporal and it determines 
when different genes will be activated. 

How might an early protein antagonize the regulatory 
functions of an ecdysone receptor? We consider this ques- 
tion in the context of the E75A early protein because it is 
a member of the steroid receptor superfamily (Figure 2; 
Segraves and Hogness, 1990). One model for these antag- 
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onistic effects is that the two proteins compete for specific 
binding sites in the chromosomal DNA (Ashburner et al., 
1974). Comparison of the DNA-binding domains of EcR 
and E75A shows that they are identical at positions (indi- 
cated by dots in Figure 2A) thought to contact DNA(H&d et 
al., 1990) and known to determine the differential binding 
specificities of the glucocorticoid and estrogen receptors 
(Danielson et al., 1989; Mader et al., 1989; Umesono and 
Evans, 1989). Thus, E75A and EcR may in fact have simi- 
lar DNA-binding specificities, allowing them to compete 
for chromosomal binding sites. An alternative model for 
antagonism of EcR by E75A derives from the interaction 
of the vertebrate receptors for retinoic acid (hRARa) and 
thyroid hormone (hTRb). hTR!3 can form a heterodimer 
with hRARa, thus altering the DNA-binding specificity of 
hRARa (Glass et al., 1989). E75 proteins might antagonize 
EcR by similarly dimerizing with EcR and changing its 
functional properties. 

EcR and the Developmental Diversity of the 
Ecdysone Response 
Diverse responses to ecdysone occur at different develop- 
mental stages, and within a stage, in different tissues. For 
example, the ecdysoneinduced cuticle molts that punctu- 
ate the first and second larval instars differ dramatically 
from the massive reorganization of the animal that occurs 
in the ecdysoneinduced metamorphic molt at the end of 
third instar. During metamorphosis, different tissues un- 
dergo opposite types of response to the hormone. Larval 
tissues are stimulated to histolyse and imaginal tissues to 
begin their differentiation to adult structures. Even among 
imaginal tissues there is great diversity in the response. 
lmaginal discs, which attain their full complement of cells 
during larval growth, form the exterior structures of the 
adult head, thorax, and genitalia by an induced change of 
cell shape and contacts, whereas the abdominal his- 
toblasts consist of small nests of about a dozen cells that 
are induced to multiply rapidly to fill the exterior abdominal 
space of the adult. 

One scheme by which a single hormone might produce 
a variety of tissue- and stage-specific responses is through 
the use of different tissue- and stage-specific ecdysone 
receptors. There is precedent for this mechanism in verte- 
brates, where multiple receptors for thyroid hormone and 
retinoic acid have been identified and shown to have 
unique developmental and spatial expression patterns 
(Doll& et al., 1989; deThe et al., 1989; Forrest et al., 1990). 
We are therefore led to ask whether EcR is only one of a 
family of ecdysone receptors in Drosophila. This question 
is particularly important to consider because a number of 
Drosophila steroid receptor homologs besides EcR have 
been identified without identification of the corresponding 
ligands, and because there are only two known hormonal 
candidates for these ligands: ecdysone and juvenile hor- 
mone. Current evidence nevertheless suggests that none 
of these homologs is an ecdysone receptor, as discussed 
below. 

Sequence comparison of EcR and six other known Dro- 
sophila steroid receptor homologs for both the C and E 
regions (E75, seven-up, tailless, ultraspiracle, DHR3, FTZ- 

F7; references in Discussion, first paragraph) suggests 
that these proteins are most likely receptors for different 
hormones. Comparisons of vertebrate receptor sequences 
reveal a general rule that receptors with nonoverlapping 
hormone-binding specificities tend to have highly diver- 
gent E region (hormone-binding domain) sequences. In 
the cases where more than one receptor has been identi- 
fied for a single hormone, these receptors show significant 
sequence similarity outside of the C and E regions, and at 
least 75% identity in the E region (Benbrook and Pfahl, 
lY87; Zelent et al., 1989). Even receptors with distinct but 
overlapping specificities have substantial similarities in 
the E region. The human mineralocorticoid receptor (hMR) 
has a hormone-binding specificity that overlaps those of 
the human glucocorticoid receptor (hGR) and the human 
progesterone receptor (hPR); the hMR can bind aldoste- 
rone and glucocorticoids with similar affinities, and also 
progesterone with a significant but lower affinity (Arriza et 
al., 1987). The E regions in the hGR and hPR are 57% 
and 56% identical to that in hMR, respectively. Vertebrate 
receptors with nonoverlapping binding specificities, on the 
other hand, have E region similarities of only 30% or less. 
An apparent exception to this rule is the case of hRXRa, 
which is thought to be a receptor for an unknown retinoid, 
despite the fact that this receptor shows only a relatively 
distant similarity to the retinoic acid receptors (Mangelsdorf 
et al., 1990). 

The seven Drosophila receptors are quite divergent by 
these standards. They show no significant sequence simi- 
larity outside of the C and E regions, and the E regions 
show less than 24% identity. Thus, the expectation based 
on comparison of vertebrate receptors is that these Dro- 
sophila receptors will interact with different hormones. The 
possibility exists that other receptor genes highly related 
to EcR remain as yet undiscovered in the Drosophila ge- 
nome, in which case these might encode additional ecdy- 
sone receptors. However, we have probed genomic 
Southern blots with EcR cDNAs and have failed to detect 
any sequences closely related to EcR. 

Biochemical evidence supports the notion that if differ- 
ent ecdysone receptors exist, they should have similar 
hormone-binding domains. Scatchard analyses of ecdy- 
sone binding have been performed on extracts from a 
number of Drosophila cell lines and tissues during several 
stages of development. These studies generally find a sin- 
gle ecdysone-binding activity of approximately the same 
affinity regardless of the source of protein used (Maroy et 
al., 1978; Yund et al., 1978; Yund, 1979; Osterbur and 
Yund, 1982; Sage et al., 1982; Cherbas et al., 1988; but 
see also Dinan, 1985; Handler and Maroy, 1989). Further 
evidence supporting this notion is the substantial invari- 
ance in relative biological activities of different ecdysone 
analogs when they are tested in any of several response 
assays (Cherbas et al., 1980). Thus, the relative affinities 
of the steroid-binding domains of the functional receptors 
in these v,erious tissues (salivary glands, imaginal discs, 
and Kc cells) for a wide range of compounds are indistin- 
guishable, and hence the steroid-binding domains them- 
selves must either be identical or closely related. 

The above evidence provides a strong argument that 
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EcR is the only gene encoding ecdysone receptors in D. 
melanogaster. This does not mean, however, that multiple 
ecdysone receptor proteins do not exist in this f ly since 
there are many examples of a single gene encoding a 
family of similar proteins. Indeed, all the early genes in 
the ecdysone response hierarchy that have been cloned 
exhibit a common mechanism for generating such a family 
of proteins (Burtis et al., 1990; Segraves and Hogness, 
1990; DiBello et al., 1991). For present purposes, the best 
example is the E75 gene, which encodes a family of pro- 
teins that are members of the steroid receptor superfamily 
(Segraves and Hogness, 1990). These proteins derive 
from nested transcription units, each with itsown promoter 
but exhibiting acommon 3’-terminal region. Consequently, 
the E75 receptor proteins have unique N-terminal regions 
and a common C-terminal region. Since this common re- 
gion contains the putative hormone-binding domain, or E 
region, each of the E75 proteins is expected to bind and 
be regulated by the same ligand. 

If  this common theme for the early genes of the ecdy- 
sone response hierarchy was to extend to the EcR gene, 
then a family of ecdysone receptors with identical hor- 
mone-binding domains could be generated-an outcome 
quite compatible with the evidence summarized above. 
Recent results indicate that this is indeed the case 
(W. S. T. and D. S. H., unpublished data) and hence that 
the different tissue- and stage-specific responses to ecdy- 
sone may result, at least in part, from different members 
of an ecdysone receptor family encoded by EM. It also 
opens the possibility that the inductive and repressive 
functions of ecdysone receptors postulated for the early 
and late gene regulatory duets may result from different 
members of this family. 

What Controls Ed7 Expression? 
Although the above question is not answered in this paper, 
we consider it here because the temporal pattern of EcR 

mRNA expression shown in Figure 8A invites speculation 
that EcR transcription may be ecdysone induced. It invites 
such speculation because the peaks of EcR expression 
seen at mid-embryogenesis (9-l 5 hr), near the end of each 
of the three larval instars (36-48 hr; 60-72 hr; 108-120 
hr), and during pupal development (156-168 hr) in the 
figure correspond to five of the six commonly accepted 
peaks in the ecdysone titer (Richards, 1981b; Handler, 
1982). A sixth ecdysone pulse occurs near the end of pre- 
pupal development, but the temporal resolution of the 
sampling is not sufficient to determine if a peak of EcR 

transcription activity occurs here as well. These peaks of 
EcR expression also overlap peaks of E74A (Thummel et 
al., 1990) and E75A (Segraves, 1988) mRNA expression 
that are sensitive detectors of ecdysone. Indeed, a sharp 
peak of E74A mRNA was detected near the end of prepu- 
pal development when samples were collected every 2 hr 
(Thummel et al., 1990); clearly, it would be of interest to 
determine if EcR exhibits a similar peak. 

An analogy to the suggested induction of ECU by ecdy- 
sone can be drawn to the ability of vitamin D, retinoic acid, 
or estrogen to stimulate expression of their own receptors 
(Mangelsdorf et al., 1987; Barton and Shapiro, 1988; de 

The et al., 1989). The estrogen effect occurs at a dose 
of hormone too low to affect expression of other known 
estrogen-regulated genes. A similar induction of EcR 

could occur at the end of third instar, when the level of EcR 

mRNA begins to rise at m96 hr (Figure 8A), several hours 
prior to the appearance of the ecdysone-induced E75A 

(Segraves, 1988) and E74A (Thummel et al., 1990) 
mRNAs. This early EcR induction during the rise in ecdy- 
sone titer might occur in response to levels of ecdysone 
below the threshold required for E75A and E74A induction. 
This appears to be the case for E74B transcription, which 
similarly precedes E74A transcription in the last half of the 
third instar (Thummel et al., 1990) and is induced at lower 
ecdysone concentrations than E74A (Karim and Thum- 
mel, 1991). 

The peak of EcR mRNA near the end of embryogenesis 
(18-21 hr) does not correspond to a peak in ecdysone titer 
(Kraminsky et al., 1980; Gietz and Hodgetts, 1985) but 
does overlap peaks of E74A and E74B mRNA expression 
(Thummel et al., 1990) and only slightly precedes a peak 
of E75A mRNA expression (Segraves, 1988). These late 
embryonic peaksof early gene mRNAs have been taken to 
indicate that early gene promoters are activated by signals 
other than ecdysone (Thummel et al., 1990). I f  this were 
the case, however, the induction of EcR mRNA expression 
at the same time would be peculiar. Indeed, this EcR induc- 
tion suggests the possibility that the early gene promoters, 
and perhaps an EcR promoter, are activated by an ecdy- 
steroid not detected by Hodgetts and his associates (refer- 
ences above), i.e., an ecdysone other than 20-hydroxyec- 
dysone. 

In closing, we note that a comparison of the extremely 
high level of EcR mRNA at the end of the third larval instar 
(108-120 hr) with the much lower levels during the last half 
of the first (36-48 hr) and second (60-72 hr) instars nicely 
illustrates the profound difference between the metamor- 
phic ecdysone response, when virtually every tissue is an 
ecdysone target, and the larval-to-larval molts, when the 
known targets represent only a small fraction of the tis- 
sues. If  the EcR mRNA levels at other developmental 
stages are similarly indicative of tissue participation in the 
ecdysone response, it should be of considerable interest 
to determine that participation during embryogenesis and 
pupal development. 

Experimental Procedures 

Terminology 
In accordance with common usage, we use the term ecdysone as a 
generic name for compounds with the appropriate biological activity rn 
analogy with the terms estrogen or progestin. Ecdysteroid refers to 
compounds with structural similarity to the hormone 20-hydroxyec- 
dysone. 

Isolation and Analysis of cDNA and Genomic Clones 
Standard methods for manipulating DNA were as described by Sam- 
brook et al. (1989). Subclones of the original EcR genomic clone 
DHR23 (Segraves, 1988; Koelle et al., 1991) were used to screen a 
cDNA library prepared from third instar tissues treated with ecdysone 
and cycloheximide (a gifl of Carl Thummel). Of the 270,000 primary 
plaques screened, 220 positives were detected. The longest cDNA 
analyzed, &R-17, extended the farthest 5’ and was sequenced in its 
entirety on both strands. An additional cDNA, EcR-9, was found to 
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extend 300 bp farther 3’than EC/?-1 7, and both strands of this S’exten- 

sion were also sequenced. For sequencing, cDNAs were subcloned 
into Bluescript vectors (Stratagene), and clones for sequencing were 
generated by exonuclease Ill digestion (Henikoff, 1984). Double- 
stranded plasmids were denatured (Gatermann et al., 1988) and se- 
quenced by the dideoxy chain terminating method (Sanger et al., 
1977), using the enzyme Sequenase (US Biochemical). 

Additional EcR genomic clones were obtained by screening a Can- 
ton S genomic library in Charon 4 (Maniatis et al., 1978) with probes 
from the previously isolated genomic clones and with EcR cDNA 
probes. Genomic clones were restriction mapped and probed with 
labeled EcR cDNAs to localize exon-containing fragments on the geno- 
mic restriction map. Genomic DNA surrounding each exon boundary 
was subcloned and sequenced. Genomic exons were either se- 
quenced entirely or, for the longer exons, were restriction digested and 
electrophoresed in parallel with cDNA clones to confirm the colinearity 
of the genomic and cDNA clones. 

Plasmid Construction 
Plasmid pAdh@gal was constructed in two steps as follows: the Bglll- 
Seal fragment of pDDS-34 (Heberlein et al., 1985), containing nucleo- 
tides -34 to +53of the Drosophila Adh distal promoter, was cloned into 
pUC18 cut with Sacl and BamHI, blunting the Sac1 end. The resulting 
plasmid was cut with EcoRI, and the EcoRl fragment of cPbbxd6.2 
(Irvine et al., 1991), containing the Ubx untranslated leader and AUG, 
the Escherichia coli B-gal ORF, and the SV40 splice and poly(A) sig 
nals, was inserted. This plasmid thus drives expression of E. coli b-gal 
from a minimal Drosophila Adh promoter. 

The ecdysone response reporter plasmid pEcRE/Adh/pgal is identi- 
cal to pAdh/ggal, except that EcREs are inserted just upstream of the 
Adh TATA box. For construction of pEcRE/Adh/pgal, the following 
oligonucleotides were synthesized: Y-TCGAGAGACAAGGGTTCAA- 
TGCACTTGTCCAATG-3’ and Y-TCGACATTGGACAAGTGCATTG- 
AACCCTTGTCTC-3’. These contain the 23 bp ecdysone response 
sequence from hsp27 (Riddihough and Pelham, 1987), plus seven 
extra flanking nucleotides from hsp27 and four nucleotides at the 5’ 
ends to generate Sall-compatible overhangs. These oligonucleotides 
were kinased, annealed, and ligated into Sall-cut pAdh@gal. By restric- 
tion analysis, seven copies of the oligonucleotide were found inserted 
in this site. 

The substrate for immunoprecipitation DNA binding was pUC18 
with seven copies of the EcRE oligonucleotide inserted into the Sall 
site. This was generated by cloning the EcRE-containing Hindlll-Xbal 
fragment of pEcRE/Adh@gal into pUC18 cut with Hindlll and Xbal. 

Plasmid pAct/EcR is a derivative of the expression vector Act/SV40/ 
BS, which is designed to express proteins under the control of the 
Drosophilaactin 5C promoter. Thisvector wasconstructed in twosteps 
by inserting the Xbal-EcoRI fragment of cosPneoB-gal (Irvine et al., 
1991), containing the SV40 splice and poly(A) signals, into Bluescript’ 
KS (Stratagene) cut with Sacll and Xbal, blunting the EcoRl and Sacll 
ends. The resulting plasmid was digested with BamHl and Apal, and 
the BamHI-EcoRI fragment of pP,, (Krasnow et al., 1989) was inserted, 
with the Apal and EcoRl ends being blunted. Plasmid pAct/EcR was 
then constructed by cloning the Fspl-Hpal EcR cDNA fragment, con- 
taining nucleotides 851-4123 of the sequence in Figure 1, into the 
EcoRV site of ActSV4OBS. 

Plasmid pMt/EcR/Hy is a derivative of the expression vector pMt/ 

Hy. which is designed to express proteins under the control of the 
Drosophila metallothionein (Mt) promoter, and also carries a hygro- 

mycin resistance gene, allowing selection of stable cell lines carrying 
the plasmid. pMt/Hyl, a precursor of pMffHy, was first constructed by 
inserting the EcoRI-Notl fragment of pHSX-MT (Kaufman et al., 1989). 
containing the Drosophila Mt promoter, into BamHI-, Not&cleaved pco- 
phyg (Rio et al., 1986), filling in the EcoRl and BamHI ends. The B’end 
of the actin 5C gene was then inserted into pMt/Hyl in two steps. The 
Sal1 fragment of pP,, (Krasnow et al., 1989), containing the actin 5C 
B’end, was first cloned into the Bluescript’ KS (Stratagene) Xbal site, 
filling in the ends. The Xhol-Notl fragment of the resulting plasmid was 
then inserted into Xhol-, Notl-cleaved pMt/Hyl, to create pMVHy. This 
vector thus carries the metal-inducible Mt promoter followed by a poly- 
linker and the actin 5C 3’end, and also carries a hygromycin resistance 
gene for selection of stably transformed cell lines. pMt/EcRIHy was 
constructed by cutting pMt/Hy with Xhol and BamHl and inserting 

the Sall-BamHI fragment of pAcffEcR, thus inserting the EcR ORF 

downstream of the Mt promoter. 

Cell Culture and Transfection 
S2 cells were cultured and transfected by the calcium phosphate tech- 
nique as described by Krasnow et al. (1989). Kc cells were cultured 
in D22 medium as described by Schneider and Blumenthal (1978). 
Hygromycin-resistant stable cell lines carrying the plasmids pMt/Hy 
and pMt/EcR/Hy were generated as described by Rio et al. (1986). 

By immunohistochemical staining, about 80% of copper-treated pMT/ 
EcR/Hy cells were found to overexpress EcR at readily detectable 
levels. Ecdysone-resistant S2 cells were obtained by growing S2 cells 
in the presence of 4 x 10-O M 20-hydroxyecdysone (Sigma). This 
treatment initially halted growth of 52 cells, but after several weeks the 
selected cells grew well. Prior to their use in transfection experiments, 
the resistant cells were passaged at least five times in hormone-free 
medium, thus diluting the hormone to an ineffective concentration. 

Cells maintained in hormone-containing medium were exchanged into 
hormone-free medium and checked for ecdysone responsiveness 
monthly until a severely response-deficient population was obtained. 
Nonresponsive ecdysone-resistant cells were observed to revert to a 
much higher level of responsiveness over a period of months even 
when constantly maintained in ecdysone-containing medium. The fac- 
tors that contribute to the generation of a severely hormone response- 
deficient population of cells are not understood; however, we have 
produced such populations independently on three occasions, and 
can keep them constantly available for use by freezing aliquots of the 
cells during their period of low responsiveness. 

Extracts for Hormone- and DNA-Binding Assays 
Tissue culture cell extracts used for hormone- and DNA-binding experi- 
ments were prepared as follows: cells were grown in spinner flasks to 
a density of 5 x lo6 to 7 x lo6 cells/ml. MffHy and MffEcRIHy cells 
were treated with 0.7 mM CuSOa for 12-16 hr prior to harvesting to 
induce expression from the metallothionein promoter. Cells were 
washed once in EcR 40 buffer (40 mM KCI, 25 mM HEPES [pH 7.01, 
10% (v/v) glycerol, 1 mM EDTA, 1 mM dithiothreitol [DTT], and the 
following cocktail of protease inhibitors: 10 mM Na2S205, 500 LM 
PMSF, 1 KM leupeptin, 1 uM pepstatin). All further manipulations were 
at 4°C. Cells were resuspended in 2% of the original culture volume 
of EcR buffer, divided into 3 ml aliquots, and sonicated using 30 
0.5 s pulses with a probe sonicator (Bronson Sonifier 450), resulting 
in disruption of *95% of the cells. After centrifugation at 100,000 x g 
for 1 hr, 100 PI aliquots of supernatant were frozen in liquid nitrogen 
and stored at -8OOC. The extracts used for Figure 6C were prepared 
by a slightly modified protocol; the cells were lysed in EcR 400 buffer 

(containing 400 mM KCI), and the supernatant was exchanged into 
EcR 40 buffer using a PD-IO column (Pharmacia). Protein concentra- 
tion was determined by the method of Bradford (1976), with bovine 

serum albumin as the standard, and was typically6-11 mglml. Embryo 
extracts were prepared by a similar protocol: 3-6 hr Canton S embryos 
were dechorionated in 55% commercial bleach for 2 min, washed 
extensively in 0.7% NaCI, and resuspended using 2 g of embryos per 

ml of EcR 40 buffer. Embryos were broken with 20 strokes in a Dounce 
homogenizer using a B pestle, and lysis was completed with the probe 
sonicator on the same settings as used for the tissue culture cells. The 
extract was adjusted to 400 mM KCI, centrifuged 1 hr at 100,000 x g, 

and aliquots of supernatant were frozen. This extract was 13.4 mglml 
protein. Before use in hormone binding, it was diluted IO-fold in 0 mM 
KCI EcR buffer to bring the final KCI concentration to 40 mM. 

Hormone-Binding Assays 
For hormone-binding experiments, extracts were first diluted to the 
following concentrations in EcR buffer: 0.9 mglml for MffHy and Mt/ 
EcRlHy extracts, 3 mg/ml for S2 and SP-resistant cell extracts, 4 mgl 
ml for the Kc cell extract, and 1.3 mglml for the embryo extract. All 
manipulations were performed on duplicate samples in order to quan- 
tifyvariability in the results. For immunoprecipitation experiments, ex- 
tracts wece immunodepleted, mock depleted, or left untreated. For 
depletion;, 300 PI of diluted extract was incubated for 30 min at 25OC 
with 3.5 ~1 of affinity-purified anti-EcR antibody, or with 3.5 ~1 of preim- 

muneserumforthemockdepletioncontrol. Then,38plof lO%Staphy- 
lococcus aureus (Pansorbin, Calbiochem) in EcR 40 buffer was added, 
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and Incubation was continued for 15 min at 25°C. After centrifugation 
for 3 min in a microcentrifuge, the supernatant (depleted extract) was 
recovered. The Immunoprecipitatcon was repeated except in the case 
of the embryo extract, which was subjected toonlyone round of precipi- 
tation. The “untreated” extract aliquots were left at 4OC for the duration 
of the depletion procedure, and were diluted with EcR buffer to match 
the flnal concentration of the depleted aliquots. 

The methods of Cherbas et al. (1988) were used for [‘Z51]iodopona- 
sterone synthesis and were modified for hormone-binding assays. 
Assay tubes contained 140 ~1 of extract, 14 PI of [1251]iodoponasterone 
in EcR 40 buffer, and either 14 ~1 of EcR 40 buffer or 14 ~1 of unlabeled 
20-hydroxyecdysone In EcR 40 buffer as a competitor. [‘*51]iodopona- 
sterone was at 2177 Ci/mM and was used at a final concentration of 
5 x 1 O-l0 M in the assay; 20-hydroxyecdysone was at a final concentra- 
tion of 2 x 10m5 M in the assay. After incubation for 1 hr at 25OC, each 
reaction was spotted on a dry Whatman GFlC filter (2.4 cm), and after 
30 s the filter was washed by using a vacuum to draw 10 ml of EcR 
buffer through the filter over a period of 1 min. Filters were placed in 
800 ~1 of 4% SDS, and radioactivity measured in a y counter (LKB 
model 1275). The hormone-binding activities shown are saturable 
binding activities, calculated as the total binding activity measured in 
assays with no added competitor, minus the unsaturable binding activ- 
ity measured in the assays with excess unlabeled ecdysone added. In 
assays of the most active extracts, the unsaturable activity, represent- 
ing binding to the large number of low affinity binding sites in the 
extract, contributed less than 10% of the total counts. 

lmmunoprecipitation DNA-Binding Assay 

Cesium-purified pUC18 or pUCl8 containing seven hsp27EcRE oligo- 
nucleotides cloned in the Sall site was digested with ApaLl and Hindlll 

and end labeled with [aJ2P]dATP and the large fragment of DNA poly- 
merase I. Preliminary experiments were run to optimize ionic strength, 
type, and amount of competitor DNA, type and amount of antibody, 
and extract concentration in this assay. In the final assay, 0.2 fmol of 
digested, labeled plasmid DNA was mixed with 2 bg of poly(dl- 
dC).poly(dCdC) (Sigma) in 10 PI of TE (10 mM Tris-HCI [pH 8.01, 1 mM 
EDTA), and 90 VI of the Mt/EcRIHy extract, diluted to 0.9 mglml in EcR 
bufferandadjustedto 180mM KCI, wasadded.Afterbindingfor 15min 
at 25OC, 2 ~1 of affinity-purified anti-EcR polyclonal antibody, diluted 
1.5-fold in EcR 180 buffer, was added, and this incubation was contin- 
ued at 25OC for 40 min. Then, 50 ~1 of anti-rabbit Ig-coated magnetic 
beads (DuPont Magnasort-R) exchanged into 180 mM KCI EcR buffer 
was added and the incubation continued for 15 min. The beads were 
washed twice in 400 VI of EcR 180 buffer, and DNA was eluted from 
the beads by soaking twice in 200 ~1 of 1% SDS in TE at 65°C. The 
eluted DNA was ethanol precipitated and run on an agarose gel, which 
was dried and autoradiographed. For comparison, one-half of the input 
DNA (0.1 fmol) was run on the gel. As a control, the antibody was left 
out of the binding assay. 

The binding preference of EcR protein was determined by carrying 
out binding reactions using a mixture of ~I-~‘P end-labeled DNA frag- 
ments containing the seven EcRE cassettes and 3H end-labeled 
pUC18 DNA fragments. 32P andJH counts in the input DNA and precipi- 
tated DNA were measured by scintillation countmg. Whereas 64% of 
the EcRE-containing fragment was antibody precipitated, only 0.12% 
of similar length pUCl8 fragments were precipitated. If the assumption 
is made that binding to each of the seven EcREs is independent, EcR 
protein is calculated to be bound to one 30 bp EcRE w850-fold more 
frequently than to an average 30 bp of pUC18 DNA. 

Gel Electrophoresis DNA-Binding Assay 
Binding reactions were carried out in a total volume of 20 PI containing 
22.5 mM HEPES (pH 7.0), 1 mM Tris (pH 7.5), 9% (v/v) glycerol, 90 
mM KCI, 1 mM EDTA, 0.9 mM DTT, 0.5 mM PMSF, 2 pg of poly(dl- 
dC).poly(dl-dC), 0.5-i .O ng of “P-labeled probe, and 4 pg of cell ex- 
tract. After incubation for 10 min at room temperature, 10 ~1 of each 
sample was electrophoresed on a 4% polyacrylamide native gel pre- 
pared as described by Buratowski et al. (1989). Assay mixtures that 
Included competitor oligonucleotldes contained 1 ~1 of 10 nglvl 
double-stranded oligonucleotide In 10 mM Tris (pH 7.4), 1 mM EDTA. 
Assay mixtures that included antibodles contamed 1 PI of the affinity 
purified antt-EcR polyclonal antibody, or as a control, 1 ~1 of an identi- 
cally prepared polyclonal antibody against the Drosophila steroid re- 

ceptor homolog DHRB (Koelle et al., 1991); these reaction mixtures 
were incubated at 37°C instead of room temperature. 

The probe was prepared from the plasmid pUC/EcRE (one hsp27 
EcRE oligo cloned into the Sall site of pUC18). The EcRE-containing 
probe fragment was excised with EcoRl and Sphl and gel purified. The 
fragment was end labeled with [@P]dATP and the large fragment of 
DNA polymerase I (Boehringer Mannheim). The specific competitor 
oligonucleotidewasthehsp27EcRE oligonucleotidedescribed above. 
The nonspecific competitor oligonucleotide was prepared by anneal- 
ing the two single-stranded 40-mers 5’-CTAG(AAT),z-3’ and 5’~CTAG- 
(ATT),*-3’. 

Hormonal Induction and Assay of D-Gal in Tissue 
Culture Cells 
Twenty-four hours after transfection, each dish of cells was split 
in half: one-half was treated with 2 x lo-’ M 20-hydroxyecdysone, 
and one-half received no hormone treatment. PO-Hydroxyecdysone 
(Sigma) was kept as a 10 mglml stock in ethanol. To examine induction 
of the transfected b-gal reporter construct, cells were cultured for 24 
hr after addition of the hormone. Under the assay conditions used, the 
activity of the endogenous B-gal is insignificant compared with the 
P-gal expressed from the reporter plasmid, and therefore does not 
interfere with interpretation of experiments with this reporter plasmid. 
To make extracts, 2 ml of cells was washed once in PBS (137 mM 

NaCI, 27 mM KCI, 65 mM Na2HP04, 15 mM KH,PO, [pH 6.8]), and was 
resuspended in 100 VI of freeze/thaw buffer (0.25 M sucrose, 10 mM 
Tris [pH 7.41, 10 mM EDTA) and repeatedly frozen in liquid nitrogen 
and thawed in a37OC water bath, for a total of three freeze/thaw cycles. 

Cell debris was removed by a 10 min centrifugation in a microcentri- 
fuge at 4°C. The concentration of protein in the supernatant (cell ex- 
tract) was determined by the method of Bradford (1976), with bovine 
serum albumin as a standard, and was typically 1.5-2.5 mglml. Ex- 
tracts were assayed immediately or frozen and assayed up to 2 weeks 
later with no loss in activity. To 10 ~1 of extract, or an appropriate 
dilution in freeze/thaw buffer containing 0.1 mglml bovine serum albu- 
min, 500 PI of assay buffer (0.1 M sodium phosphate [pH 8.01, 5 mM 
MgCI,, 0.6 mM 4-methylumbelliferyl-b-D-galactoside) was added. After 
incubation at 37°C for 30 min, the reactions were stopped by adding 
500 PI of 300 mM glycine, 15 mM EDTA (pH 11.2). The fluorescent 
reaction product was quantified on a Perkin-Elmer LS-5B lumines- 
cence spectrometer, with h,, = 365 nm and I,, = 450 nm. p-Gal 
activities are given as fluorescence units per vg of protein assayed. 

Preparation of Anti-E&l Antibodies 
The region between the conserved DNA- and hormone-binding do- 
mains was chosen as an immunogen for EcR polyclonal antibodies. 
The Bsml-Hindll cDNA fragment, containing coding sequences for 
amino acids 335-447 of EcR (Figure l), was cloned into both pUR 
(Ruther and Muller, 1983) and PATH (Rimm and Pollard, 1989) vectors 
to make E. coli b-gal and TrpE fusion proteins, respectively. The TrpE 
fusion protein was used as an immunogen and the P-gal fusion protein 
was used on immunoblots to test sera for immunoreactivity to the 
EcR portion of the fusion proteins. The TrpE fusion protein was highly 
Insoluble, allowing further purification as follows: E. coli from a 2 liter 

culture of induced cells (Rimm and Pollard, 1989) were centrifuged, 
and the cell pellet was subjected to several freeze/thaw cycles. The 
cells were resuspended in 18 ml of 50 mM Tris-HCI (pH 7.5), 0.5 mM 
EDTA, and 1.8 ml of 10 mglml lysozyme was added. After 15 min on 
ice, the cells were lysed by passing three times through a French 
pressure cell at 10,000 PSI. The insoluble fraction was collected by 

centrifugation at 27,000 x g for 15 min, and washed by resuspension, 
using a Dounce homogenizer, in ice-cold 50 mM Tris-HCI, 0.5 mM 

EDTA, 0.3 M NaCI, followed by centrifugation as above. The washing 
step was repeated, and the final pellet was dissolved in 10 ml of 4 M 

urea, 2% (w/v) SDS, 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 5% (v/v) 
2-mercaptoethanol. Material remaining insoluble was centrifuged out 
and discarded. 

For immunization, fusion protein was electrophoresed by SDS- 

PAGE: proteins were visualized by soaking the gel for 15 min in ice-cold 
0.25 M KCI, and the fusion protein band was cut out. Approximately 

100 Kg of fusion protein in 0.25 ml of gel slice was liquified by passing 
through successively smaller hypodermic needles, or by sonication, 
and mixed with 0.25 ml of asterile saline solution and 0.5 ml of Freund’s 
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complete adjuvant. Two New Zealand White rabbits were injected at 
multiple intramuscular sites, and after 1 month, boosted at 2 week 
intervals, omitting the Freund’s adjuvant. 

Polyclonal antiserum was affinity purified according to the method 
of Redding et al. (1991). by passing the antibodies through two col- 
umns. A “nonspecific” affinity column, containing resin coupled to in- 
soluble protein from E. coli expressing unmodified TrpE protein, was 
used to absorb out antibodies directed against TrpE and other insolu- 
ble E. coli proteins. Then a specific column, containing resin coupled 
to the EcR-TrpE fusion protein, was used to purify antibodies directed 
against the EcR portion of the TrpE fusion. 

Anti-E&l monoclonal antibodies were raised against a different 
EcR-TrpE fusion protein, containing amino acids 67-878 of EcR 
(W. S. T. and D. S. H., unpublished data). The epitopes for the mono- 
clonal antibodies DDA2.7 and llD9.6, used in Figures 8 and 9, are 
encoded by the third exon from the 5’ terminus (Figures 1 and 3) 
and, like the epitopes for the polyclonal antibody described above, are 
common to the EcR protein of Figure 1 and the two other EcR proteins 
noted in the Discussion. 

Northern Analysis 

The developmental Northern blot in Figure 8A is the same filter used 
by Thummel et al. (1990), serially rehybridized with EcR and RP49 
probes, allowing time for decay of the radioactive signal between prob- 
ings. For EM, a single-stranded DNA probe (Segraves and Hogness, 
1990) containing nucleotides 729-2561 of the cDNA sequence was 
used (Figure 1). Slightly less than half of the 1833 nucleotides in this 
hybridization probe are complementary to the nucleotide sequence in 
the other two EcR mRNAs (see Discussion). For RP49 (O’Connell and 
Rosbash, 1984). an EcoRI-Xhol genomic fragment containing the en- 
tire gene was used as a double-stranded probe. 

Western Analysis 
Samples for the developmental Western blot were prepared by collect- 
ing Canton S eggs for 3 hr and harvesting the developing animals at 
3 hr intervals during embryogenesis, and at 12 hr intervals thereafter. 
Gel samples were made by grinding 1 g of tissue per 4 ml of cracking 
buffer (0.125 M Tris [pH 6.8],5% p-mercaptoethanol, 2% sodium dode- 
cyl sulfate, 4 M urea) using a motorized tissue homogenizer (Polytron). 
Preliminary gels, stained with Coomassie blue, were used to equalize 
the amount of protein loaded from the various samples. Gel samples 
of tissue culture cells were prepared by washing the cells in PBS, and 
solubilizing 3.3 x 1O’cells per ml of cracking buffer. The immunoblots 

in Figures 6A and 86 were probed with the anti-EcR monoclonals 
AD4.4 and DDA2.7, respectively, followed by a horseradish peroxi- 
dase-conjugated secondary antibody (Bio-Rad). Bands were visual- 

ized using enhanced chemiluminescence reagents (Amersham), ac- 
cording to the specifications of the manufacturer. 

Immunohisbchemistry 
Embryos were dechorionated, fixed, and devitellinized as described by 
Irvine et al. (1991), and stained by a horseradish peroxidase detection 
method (MacDonald and Struhl, 1986). The fixed embryos were rinsed 
in PBS and then washed twice for 30 min each in PBS containing 1% 
bovine serum albumin and 0.5% NP-40 (PBN). Primary antibodies 
were diluted in PBN 1:2 to 15 for anti-EcR monoclonal antibody culture 
supernatants, or 1 :I00 for the affinity-purified anti-EcR rabbit poly- 
clonal antibody. The remainder of the staining procedure was as de- 
scribed by Irvine et al. (1991), except that PBN was substituted for 
BSN, and NiSO, and CoC12 were omitted from the developing reaction. 
Dissected tissues and copper-treated cultured cells were mounted 
on poly-L-lysine-coated slides, fixed in 4% paraformaldehyde, and 
stained as described above. Samples were stained using a number of 
monoclonal and polyclonal anti&R antibodies. The results shown in 
Figure 9 are representative of those obtained with multiple indepen- 
dent antibodies. These antibodies generally have similar reactivity in 
immunoblots to that shown for DDA2.7 in Figure 88. 
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