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ABSTRACT In Drosophila the steroid hormone ecdysone
triggers a genetic regulatory hierarchy in which ecdysone
combines with a receptor protein to form a complex that
induces the transcription of a small class of "early" genes,
which encode transcription factors that regulate other genes.
We previously reported that one of the early genes, E75,
encodes members of the steroid receptor superfamily. Using an
E75 hybridization probe, we have identified two additional
Drosophila genes that encode members of this superfamily. One
of these is the ecdysone receptor gene, EcR, as previously
reported. In this work, we eam the sequence, genomic
organization, and developmental expression of the other gene,
DHR3, which, like E75, encodes one of a growing number of
"orphan" receptors for which ligands have not yet been
identified. The structure of the DHR3 protein is strikingly
similar to that of the MHR3 protein (e.g., 97% amino acid
identity for the DNA binding domains), another orphan recep-
tor encoded by an ecdysone-inducible early gene of another
Insect, Manduca sexta. The temporal developmental profile for
DHR3 expression closely parallels that for the ecdysone titer
and for the ecdysone-inducible E75 and E74 Drosophia early
genes. The structural similarity to a Manduca early gene and
the expression similarities to Drosophia early genes suggest
that the DHR3 gene may also belong to the early gene class.

The most dramatic form of the ecdysone response in Dro-
sophila melanogaster occurs at the end of larval life when a
pulse of this steroid hormone triggers metamorphosis to the
adult fly. The first operational definition of the genes in-
volved in this response came from analyses of the transcrip-
tion puffs induced by that pulse in salivary gland chromo-
somes. These analyses led to a model for an ecdysone-
activated genetic regulatory hierarchy consisting of "early"
and "late" genes responsible for the respective temporal
classes of puffs and two sorts of transcription factors, each of
which regulates both classes of genes by both positive and
negative controls (1). The first factor postulated by the model
is an ecdysone receptor, which, when complexed with the
hormone, induces the early genes and represses the late
genes. By contrast, factors of the second kind, which are
encoded by the early genes, induce and repress the late and
early genes, respectively. These two +/- regulatory duets
account for the rapid induction and subsequent regression of
the early puffs and the delayed induction of the late puffs.
The past few years have seen a striking increase in our

knowledge of the genes controlling ecdysone response, par-
ticularly with respect to the early genes. Three of these genes
have been cloned and characterized: E74 (2-5), E75 (6, 7),
and BR-C (8, 9). The molecular and mutational characteriza-
tion of these genes is not only consistent with the genetic
regulatory hierarchy postulated above but indicates that such
a hierarchy may be general to all ecdysone target tissues.

The work reported here derives from the finding that the
proteins encoded by the E75 early gene exhibit sequence
similarity to the DNA and ligand binding domains of the
receptors for the steroid hormones, thyroid hormone, and
retinoic acid and thus belong to the steroid receptor super-
family (refs. 6 and 7; see refs. 10-12 for reviews of this
superfamily). The E75 proteins are not ecdysone receptors
and the ligand to which they bind has not been identified,
placing them in the growing class of "orphan" receptors (12).

In a quest for Drosophila genes encoding ecdysone recep-
tors and other members of the steroid receptor superfamily,
we have screened a genomic DNA library by hybridization
with a probe encoding the E75 DNA binding domain. This
paper describes the characterization of DHR3, one of two
receptor genes isolated in this screen; the other, EcR, en-
codes ecdysone receptors and has been described elsewhere
(13).*

MATERIALS AND METHODS
Low-Stringency Screen. Standard techniques and solutions

used for manipulating DNA were as described (13). A 530-
base-pair (bp) EcoRV/Xho I cDNA fragment containing the
coding sequences for the E75A DNA binding domain (7) was
nick-translated and used to probe Southern blots ofDrosoph-
ila genomic DNA digested with EcoRI, Xho I, EcoRV, or
BamHI. Low-stringency hybridizations were performed by
(i) prehybridization of filters in 5x SSPE (lx SSPE = 0.18
M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA)/10x
Denhardt's solution/salmon sperm DNA (100 ,ug/ml)/0.1%
SDS at 650C for 2 hr; (ii) hybridization with denatured probe
in 5x SSPE/40% formamide/lOx Denhardt's solution/
salmon sperm DNA (1 mg/ml)/0.5% SDS for 16 hr at 370C;
and (iii) extensive washing in lx SSPE/0.5% SDS at 500C.
High-stringency hybridizations were performed under simi-
lar conditions with hybridization at 420C in the presence of
50% formamide, and washing in 0.3x SSPE/0.25% SDS at
600C.

Five genome equivalents of a Canton S Drosophila ge-
nomic library (14) were screened with the same probe under
the same low-stringency conditions. The control probe used
on duplicate filters consisted of a mixture of clones Dm4234,
Dm4207, and Dm4260 (6). This probe derives from intron
sequences adjacent to the exons making up the E75A cDNA
probe and detects only E75 clones.

Isolation and Analysis of cDNA and Additional Genomic
Clones. Subclones of the DHR3 genomic clones were used to
screen a cDNA library prepared from third-instar tissues
treated with ecdysone and cycloheximide (a gift of C. S.
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Thummel, University of Utah). Of the 270,000 primary
plaques screened, 20 positive for DHR3 were detected.
cDNA clone DHR3-9, which extends farther both 5' and 3'
than the other DHR3 cDNA clones, was sequenced as
described (13). The cDNA was sequenced on both strands for
the 5'-most 2338 bp, which contains the entire open reading
frame (ORF), and the remainder of the long 3' untranslated
region was sequenced on one strand. Additional genomic
clones were obtained by screening the Canton S genomic
library with DHR3 cDNA probes. Genomic clones were
restriction mapped and probed with labeled DHR3 cDNAs to
localize exon-containing fragments on the genomic restric-
tion map. Genomic exons were sequenced entirely, except in
the case of the long 3' exon, for which genomic and cDNA
clones were restriction digested and electrophoresed in par-
allel to confirm their colinearity.

In Situ Hybridization to Polytene Chromosomes. In situ
hybridization was carried out with biotinylated DNA probes
as described (15).

Northern Blot Analysis. The developmental Northern blot
shown is the same filter as used in ref. 4 serially rehybridized
with randomly primed DHR3 and RP49 probes. The DHR3
probe was the DHR3-9 cDNA. For RP49 (16), an EcoRI/Xho
I genomic fragment containing the entire gene was used.

RESULTS
Identification of Genes Encoding Drosophila Steroid Recep-

tor Homologs. We used the gene for the previously isolated
Drosophila steroid receptor homolog E75 (7) as a hybridiza-
tion probe to search the Drosophila genome for additional
members of this receptor family. Because the 67 + 1 amino
acid DNA binding domain is the most highly conserved
region of the steroid receptors (10), a 530-bp cDNA probe
containing the coding sequences for this region of the E75A
protein was chosen for the screen. (E75A is one of the
isoforms encoded by E7S via alternative promoters; see ref.
7.) Initially, we probed genomic Southern blots with this
DNA to find hybridization conditions under which it would
detect a small number of non-E75 bands. Fig. 1 (lanes 1 and
2) shows representative blots. Under the optimized condi-
tions, we saw between one and five bands per restriction
digest that could be detected only at the reduced stringency.
To isolate the sequences responsible for these low-

stringency bands, we used the E75 probe to screen a Dro-
sophila genomic library under the same low-stringency con-
ditions, counterscreening duplicate filters with E75 intron
probes to eliminate phage containing inserts from the E75
gene. Five genome equivalents were screened and 39 non-
E7S containing phage were isolated. The 25 most strongly
hybridizing clones were divided into six classes on the basis
of restriction mapping and cross-hybridization, with each
class containing a set of between one and six independent
overlapping genomic inserts.
For each class, a restriction fragment containing the region

of hybridization to the E75 probe was localized by Southern
blotting. Hybridization of probes derived from these frag-
ments to genomic Southern blots showed that the fragments
can account for all of the low-stringency bands detectable by
the E75 probe (Fig. 1, lane 3). This suggests that these cloned
restriction fragments contain the six non-E75 sequences from
the Drosophila genome that hybridize most strongly with the
E75 DNA binding domain probe.
The six restriction fragments were sequenced to determine

whether they derive from candidate receptor genes. Although
we observed DNA sequence similarities with the E7S probe
for each of these fragments, only two of the fragments
showed predicted amino acid sequences with strong similar-
ity to the DNA binding domains of E75 and other steroid
receptor homologs (see ref. 6 for further discussion). We
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t-.4-

FIG. 1. Low-stringency Southern blots detect E75-related se-
quences. Lane 1, a high-stringency Southern blot with the E75 DNA
binding domain probe hybridized to Xho I-digested Drosophila
DNA. Lane 2, same as lane 1 but probed at low stringency.
Additional bands, representing E7S-related sequences, are detected
at 1.8, 2.1, and -12 kilobases (kb). Similar blots were prepared with
Drosophila DNA digested with several other enzymes in order to
visualize low-stringency bands that might comigrate with high-
stringency bands in a single digest. Lane 3, high-stringency Southern
blot ofXho I-digested Drosophila DNA probed with aXho I fragment
from the EcR class of clones. This probe detects a 1.8-kb fragment
that comigrates with one of the low-stringency bands detected by the
E75 probe, indicating that this band is due to EcR sequences. Similar
blots with probes from the other clones recovered in the low-
stringency screen indicate that each of the low-stringency bands
detected by the E75 probe can be accounted for by one of these
clones.

have shown that one of these two fragments derives from the
ecdysone receptor gene EcR (ref. 13; referred to as DHR23
in ref. 6). We have named the other receptor gene DHR3
(Drosophila hormone receptor 3). In situ hybridization of
EcR and DHR3 probes to polytene chromosomes mapped
these genes to the 42A and 46F positions, respectively, on the
right arm of chromosome 2 (data not shown).
DHR3 cDNA Sequence. The DHR3 clones were used to

screen acDNA library prepared from late third-instar tissues.
The longest DHR3 cDNA clone isolated, DHR3-9, is 4.2 kb
long. This cDNA was sequenced (Fig. 2) and found to contain
a 487-codon AUG-initiated ORF that predicts a protein
homologous to the members of the steroid receptor super-
family. Two additional in-frame AUG codons are found at
positions 6 and 9 of the ORF; none of these AUGs shows an
excellent match to the general eukaryotic (17) or Drosophila
(18) translation start consensus sequences. Upstream of this
long ORE is a leader sequence containing an additional
57-codon AUG-initiated ORF. The short upstream ORF
shows poor Drosophila codon usage, while the long ORF has
an excellent match to Drosophila codon usage (16). The long
ORF is followed by a 2.5-kb A+T-rich untranslated 3' region.
The DHR3-9 cDNA does not contain a poly(A) tract at its 3'
end.
Comparison ofthe predicted DHR3 protein sequence to the

sequence data base and to individual members of the steroid
receptor superfamily shows that the DHR3 protein contains
the two conserved domains (underlined in Fig. 2) character-
istic of steroid receptor superfamily members (10, 11). The
more N-terminal and the more C-terminal of these conserved
domains are referred to as the C and E regions, respectively,
according to the nomenclature of Krust et al. (19). The C
region is a 67 + 1 amino acid sequence that has been shown
to function as a Zn finger DNA binding domain in vertebrate
receptors (20, 21). The E region is an -225-amino acid
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125 TTCATTTACACAGCGGCAACTACAACCGCACTTAAGCCAACTGATCCCATAT ATG TAT ACG CMA CGT
MET Tyr Thr Gin Arg

242 ATG TTT GAC ATG TGG AGC AGC GTC ACT TCG MAA CTG GMA GCA CAC GCA MAC MAT CTC GGT CMA AGC MAC GTC CMA TCG CCG GCG GGA CMA MC
6 MET Phe Asp MET Trp Ser Ser Val Thr Ser Lys Leu Gin Ala His Ala Asn Asn Len Giy Gin Ser Asn Val Gin Ser Pro Ala Gly Gin Asn

{gtaaag *v* tcacag}
335 AAC TCC AGC GGT TCC ATT MAA GCT CMA ATT GAG ATA ATT CCA TGC MAA GTC TGC GGC GAC MAG TCA TCC GGC GTG CAT TAC GGA GTG ATC ACC
37 Asn Ser Ser Gly Ser Ilie Lys Ala Gin Ilie Gin Ilie Ilie Pro Cvs Lys Val Cvs Gly Asp Lys Ser Ser Gly Val His Tyr Gly Val Ilie Thr

428 TGC GAG GGC TGC MAG GGA TTC TTT CGA AGA TCG CMA AGC TCC GTG GTC MAC TAC CAG TGT CCG CGC MAC MAG CMA TGT GTG GTG GAC CGT GTT
68 Cys Gin Gly Cvs Lys Giy Phe Phe Arg Arg Ser GIn Ser Ser Val Val Asn Tyr Gin Cys Pro Arg Asn Lys Gin Cys Val Vai Asp Arg Val

521 MAT CGC MAC CGA TGT CAA TAT TGT AGA CTG CMA MG TGC CTA MAA CTG GGA ATG AGC CGT GAT GCT GTA MAG TTC GGC AGG ATG TCC MAG MAG
99 Asn Arg Asn Arg Cys Gin Tyr Cys Arg Lau Gin Lys Cys Len Lys Lau Giy MET Ser Arg Asp Ala Val Lys Phe Gly Arg MET Ser Lys Lys

614 CAG CGC GAG MAG GTC GAG GAC GAG GTA CGC TTC CAT CGG GCC CAG ATG CGG GCA CMA AGC GAC GCG GCA CCG GAT AGC TCC GTA TAC GAC ACA
130 Gin Arg Giu Lys Vai Giu Asp Gin Vai Arg Phe His Arg Ala Gin MET Arg Ala Gin Ser Asp Aia Ala Pro Asp Ser Ser Val Tyr Asp Thr

{gtgcag. *v* actcag)
707 CAG ACG CCC TCG AGC AGC GAC CAG CTG CAT CAC MAC MAT TAC MAC AGC TAC AGC GGC GGC TAC TCC MAC MAC GAG GTG GGC TAC GGC AGT CCC
161 Gin Thr Pro Ser Ser Ser Asp Gin Len His His Asn Asn Tyr Asn Ser Tyr Ser Gly Giy Tyr Ser Asn Asn Gin Vai Gly Tyr Giy Ser Pro

800 TAC GGA TAC TCG GCC TCC GTG ACG CCA CAG CAG ACC ATG CAG TAC GAC ATC TCG GCG GAC TAC GTG GAC AGC ACC ACC TAC GAG CCG CGC AGT
192 Tyr Gly Tyr Ser Ala Ser Val Thr Pro Gin Gin Thr MET Gin Tyr .Asp Ilie Ser Ala Asp Tyr Val Asp Ser Thr Thr Tyr Giu Pro Arg Ser

{gtaaag *v* ctccag) (C)
893 ACA ATA ATC GAT CCC GAA TTT ATT AGT CAC GCG GAT GGC GAT ATA MAC GAT GTG CTG ATC MAG ACG CTG GCG GAG GCG CAT GCC MAC ACA MAT
223 Thr Ilie Ilie Asp Pro Gin Phe Ilie Ser His Ala Asp Gly Asp Ilie Asn Asp Val Leu Ilie Lys Thr Leu Ala Gin Ala His Ala Asn Thr Asn

{gtgagt--v-- gtgcag) (G)
986 ACC MAA CTG GMA GCT GTG CAC GAC ATG TTC CGA MAG CAG CCG GAT GTG TCA CGC ATT CTC TAC TAC MAG MAT CTG GGC CMA GAG GMA CTC TGG
254 Thr Lys Le lu Ala Val His Asp MET Phe Arg Lys Gin Pro Asp Val Ser Arg TIP Len Tvr Tyr Lys Asn Leu1 .G 'lin Gi Giu Leu Trp

(C)
1079 CTG GAC TGC GCT GAG MAG CTT ACA CMA ATG ATA CAG MAC ATA ATC GMA TTT GCT MAG CTC ATA CCG GGA TTC ATG CGC CTG AGT CAG GAC GAT
285 Le As Cys Ala Gin Lys Len Thr Gin MET TIP Gin Asn lIe Tie Gin Phea Ai Lys Lenu Ile Pro Gly Phe MET Arg Le Ser Gin Asp Asp
{gtgag--v--* cctag)

1172 CAG ATA TTA CTG CTG MAG ACG GGC TCC TTT GAG CTG GCG ATT GTT CGC ATG TCC AGA CTG CTT GAT CTC TCA CAG MAC GCG GTT CTC TAC GGC
347 Gin Ilie TLen Len Leu Lys Thr Gly Ser Phe Giu Len Ala lie Val Ara MET Ser Ara LeLe Asp Len Ser GIn Asn Ala Val Leu Tyr Gly

(G)
1265 GAC GTG ATG CTG CCC CAG GAG GCG TTC TAC ACA TCC GAC TCG GMA GAG ATG CGT CTG GTG TCG CGC ATC TTC CMA ACG GCC MAG TCG ATA GCC
378 Asp Val MET Len Pro Gin Gin Ala Phe Tyr Thr Ser Asp Ser Gin Gin1 MET Arg Len Val Ser Ara lie Phe- G.In Thr Ala Lys Ser TIP Ala

{gtgcg* *,,* ccttag)
1358 GMA CTC MAA CTG ACT GAA ACC GMA CTG GCG CTG TAT CAG AGC TTA GTG CTG CTC TGG CCA GMA CGC MAT GGA GTG CGT GGT MAT ACG GMA ATA
409 Gin Len Lys Len Thr GInu Thr Ginu Lenu Ala Len-uTvr Gi1n Ser Len Val Len Len Trp Pro Gi1n Arg Asn Gly Val Arg Gly Asn Thr Gi IeuTI

1451 CAG AGG CTT TTC MAT CTG AGC ATG MAT GCG ATC CGG CAG GAG CTG GMA ACG MAT CAT GCG CCG CTC MAG GGC GAT GTC ACC GTG CTG GAC ACA
440 Gin Arg Len Phe Asn Len Ser MET Asn Ala Tle Arg GiQ GnnGI Gi Thr Asn His Ala Pro Len Lys Gly Asp Val Thr Val Lenm Asp Thr

{gtacgt. *V* *ttccag(
1544 CTG CTG MAC MAT ATA CCC MAT TTC CGC GAT ATT TCC ATC TTG CAC ATG GMA TCG CTG AGC MAG TTC MAG CTG CAG CAC CCG MAT GTC GTT TTT
471 Len Len Asn Asn Ilie Pro Asn Phe Arg Asp lie Ser Tie Len His MET Gin Ser Len Ser Lys Phe Lvs Lien Gin His Pro Asn Val Val Phe

1637 CCG GCG CTG TAC MAG GAG CTG TTC TCG ATA GAT TCG CAG CAG GAC CTG ACA TMA CMAGAGCAGCAGCCGTTCCTGGAGACGACCGCGGACGATGTTGCCGAGGAT
Pro Ala; Len Tyr Lys Gin L-en Phe Ser TIP Asp Ser Gin Gin Asp Len Thr -

1742 GGCGCCGAGGCTCGCGGCCCCGCGCGACACCGTGGATAGCGAGTTGACAATATGGAAATCCG
1866 GAGACGTCAACTACTATAGTGAAACAGAGGTCCCAGATATAAAACCACAAAAAAAATTTTAA
1990 ACGTAGAAGAGGAAATCAATTGTATATAGCTTCTGAAACGACGACGTGATCACAGGACACGT
114 TCAGTTCAAAAAAAAAAAAAAAAAAAAAAAAAAGACTCACTCTTCGCCACGTAACTTATCTA
~28ACCMAGCGMAATTCTCTACACCGCACAACCCAGGACCCGTAGACCCCMATMTTCAGTTCGGTTAGTGTTMACCCCAGMAAGCCCGATTCCGATCCCGCCT...

FIG. 2. Sequence of the DHR3-9 cDNA. The conserved C and E regions are underlined in the deduced protein sequence. In the 5' leader,
the upstream ATG codon is underlined. Positions of introns and the splice donor and acceptor sequences are indicated above the cDNA
sequence. The 5'-most 2.3 kb of sequence is shown. The remainder of this 4.2-kb cDNA was sequenced on one strand (not shown). Four silent,
third-position differences between the cDNA and genomic clones are indicated above the cDNA sequence.

domain that functions as a hormone binding domain in these protein and other bona fide members of the steroid receptor
receptors (22-25). The presence of E-region homology es- superfamily is reserved for the Discussion.
tablishes DHR3 as a bona fide member of the steroid receptor DHR3 Genomic Organization. We have mapped DHR3
superfamily, as opposed to the Drosophila knirps (26), exons as described. The deduced gene structure is shown in
knirps-related (27), and egon (28) proteins, which show Fig. 3, and the splice junctions are indicated on the cDNA
homology to the C but not the E region. Quantitative con- sequence in Fig. 2. These splice junctions all conform to the
sideration of the sequence similarities between the DHR3 splice donor and acceptor consensus sequences (29). The

1 ~~cDNA

Eco RI

-10 0 10 20 kb

DHR3-4 DHR35 Phaes
DHR3-5 Inserts

FIG. 3. Genomic organization of DHR3. The scale is indicated in kb, with an arbitrary 0 point for the map coordinates. A restriction map
is indicated above the scale. Exons mapped by comparison ofcDNA and genomic clones are shown at the top; solid boxes represent the coding
region of the cDNA.
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sequenced DHR3 cDNA is derived from nine exons spread
over 18 kb, with the ORF beginning in the first exon and
ending in the ninth. Because the 5' and 3' ends of the
transcripts were not mapped, it should be emphasized that
the gene may have additional noncoding exons at its 5' or 3'
end. In addition, Northern blots (see below) suggest the
existence of multiple DHR3 transcripts, whose structures
relative to that of the sequenced cDNA remain unknown.
The DHR3 and EcR genes identified in our low-stringency

screen are unusual among steroid receptor superfamily genes
in that the sequences encoding the DNA binding domains are
not interrupted by an intron. This would result in increased
hybridization of the E75 DNA binding domain cDNA probe
with genomic clones of these loci and would favor the
isolation of these genes, as opposed to other Drosophila
steroid receptor superfamily genes (12).
Developmental Expression ofDHR3. We have examined the

expression pattern of DHR3 mRNA during development. A
DHR3 cDNA probe was hybridized to a Northern blot
bearing samples of RNA prepared from populations repre-
senting 3-hr intervals during embryonic development and
12-hr intervals thereafter until adulthood. Fig. 4 shows peaks
ofDHR3 transcription at midembryogenesis (E) during each
of the first two larval stages or instars (L1 and L2), at the end
of the third larval instar (L3) extending into prepupal (PP)
development, and during pupal (P) development. The corre-
spondence between these peaks and the six commonly ac-
cepted peaks in the ecdysone titer (mid-E, L1, L2, terminal
L3, PP, and P; refs. 30 and 31) suggests that DHR3 tran-
scription may be ecdysone induced. We also note in this
respect that the temporal profile of DHR3 expression is
similar to that for E74A (4) and E75A (6), two early gene
transcription units that are ecdysone inducible. While this
similarity is not exact, it is as close as that between the two
known early genes.
At least three DHR3 transcripts of approximately 5.5, 7,

and 9 kb were detected, of which the 9-kb transcript was
observed only during pupal development. This is also remi-
niscent of the E74 and E75 early genes (3, 7) and of the BR-C
early gene (8), where multiple mRNAs result from overlap-
ping transcription units and, in the case of BR-C, from
alternative splicing. At present, however, the structural
difference between the three DHR3 transcripts is unknown.

DISCUSSION
We have carried out a screen that has yielded genes for two
additional Drosophila members of the steroid receptor su-

E L1 L2

perfamily, DHR3 and the EcR gene that encodes the ecdy-
sone receptor (13). Like the E75 gene, which was used as a
hybridization probe to identify them, these genes encode
proteins that exhibit sequence homology to both the DNA
binding and hormone binding domains characteristic ofmem-
bers of this family of ligand-regulated transcription factors.
Four other Drosophila genes have been reported that also

encode proteins exhibiting sequence homology to both do-
mains (32-35), bringing the current total for the rapidly
growing bona fide Drosophila members of this superfamily to
seven. With the exception of EcR, these proteinsware orphan
receptors in that their ligands have not yet been identified.
This creates a discrepancy between the number of steroid
receptor homologs identified in Drosophila and the number of
known hormones that might serve as ligands for them since
there are currently only two types of insect hormones that
might be expected to function via such receptors: the ecdy-
steroids and the juvenile hormones (12, 36). Response to the
ecdysteroid 20-hydroxyecdysone, which we have referred to
here as ecdysone, is mediated by the products of the ecdy-
sone receptor gene EcR (13). We have previously made the
argument that the other known Drosophila members of the
steroid receptor superfamily are unlikely to function as
ecdysone receptors because none ofthe E-region homologies
among the Drosophila group exceeds 24% identity, whereas
vertebrate receptors for the same ligand show at least 75%
sequence identity in the E region and even receptors with
distinct but overlapping ligand specificities exhibit E-region
identities above 50%o (13).
A more general application of this argument leads to the

expectation that the Drosophila receptors will bind different
ligands. Hence, even if juvenile hormone functions via a
receptor that is a member ofthe steroid receptor superfamily,
it would be expected to account for no more than one of the
six Drosophila orphan receptors. This arithmetic raises the
possibility that there may exist more steroid-like hormones in
insects than have been discovered by classical physiological
methods. Alternatively, the low-level E-region similarity
may result from other functions of the domain.
Among the Drosophila group, the DHR3 protein is most

homologous to E75A, exhibiting 64% and 24% sequence
identities for the C and E regions, and its closest relative
among the vertebrate receptors is the human retinoic acid
receptor hRARa, where the respective identities are 65% and
20%o (37, 38). However, the receptor most closely related to
DHR3 is found in the tobacco hornworm, Manduca sexta
(39). This receptor is referred to as Manduca hormone
receptor 3 (MHR3) because of this strong similarity. DHR3
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and MHR3 exhibit 97% and 68% sequence identities in their
putative DNA binding (C region) and ligand binding (E
region) domains, making it likely that the two receptors have
the same or very similar functions and are activated by the
same or very similar ligands.

Interestingly, MHR3 transcription is induced by ecdysone
in a primary response, indicating that it is a target of an
ecdysone-receptor complex in Manduca (39). This property,
and the likelihood from its primary structure that MHR3
functions as a transcription factor, classifies MHR3 as an
early gene in an ecdysone-triggered genetic regulatory hier-
archy, analogous to the E74, E75, and BR-C early genes in
Drosophila (2-9). The strong structural similarity, and in-
ferred functional similarity, between the DHR3 and MHR3
proteins raises the question of whether DHR3 also functions
as an early gene in the ecdysone-triggered Drosophila hier-
archies. As indicated earlier, the temporal developmental
profile of DHR3 transcription (Fig. 4) suggests that this
transcription may be ecdysone induced, although providing
no hint as to whether such a response would be primary or
secondary. Preliminary results from experiments in which
third-instar tissues in organ culture were exposed to ecdy-
sone, or to ecdysone plus the protein synthesis inhibitor
cycloheximide, and assayed for DHR3 mRNA, indicated that
DHR3 is indeed induced by ecdysone in a primary response
(M.R.K., unpublished experiments). The DHR3 gene is
located within the ecdysone-inducible transcription puff at
chromosomal position 46F, which has characteristics sug-
gesting that control of its expression may combine aspects of
both classical early and late gene regulation (40).
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