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Abstract: 

The ultraspiracle (usp) gene encodes a nuclear receptor that forms a heterodimer with the ecdysone receptor 

(EcR) to mediate transcriptional responses to the  insect steroid hormone, 20-hydroxyecdysone (20HE). The 

responses ultimately elicit changes associated with molting and metamorphosis. Although Ultraspiracle 

(USP) is required at several developmental times, it is uncle:  whether USP plays stage-specific roles in 

Drosophila. A chimeric transgene (d/cusp), produced by replacing the ligand-binding domain (L11311)) of 

Drosophila USP with the equivalent domain from another 11)iptera, Chironomus tentans, was tested for its 

ability to rescue Drosophila usp mutants from early larval lethality. A single copy of the  d/cusp was 

sufficient to rescue transformants from several lines through larval development but they died suddenly 

during the late third instar. Additional doses of d/cusp were required to allow survival through the adult  

stage, but they did not restore a normal prepupal contraction. Thus, the arrest at the onset of metamorphosis 

apparently is caused by the impaired ability of the chimeric  USP to mediate a stage-specific function 

associated with the L11311).  

 

Keywords: ecdysteroid; nuclear receptor; heterodimerization; metamorphosis; chimera; retinoid X receptor 
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Article: 

The transcriptional response to ecdysteroids in Drosophila melanogaster and other insects requires the 

action of two nuclear receptor superfamily members (Thomas et al., 1993; Yao et al., 1993), the ecdysone 

receptor (EcR) and Ultraspiracle (USP). Simplistically, the entry of 20-hydroxyecdysone (20HE) into the 

cell stabilizes the formation of the EcR/USP heterodimer, which in turn,  binds to ecdysone response 

elements (EcREs) scattered among several gene promoters, although the timing and  nature of ecdysteroid-

inducible expression is highly variable among cell types (Andres et al., 1993; Huet et al., 1993). At the 

organismal level, these differences are manifested as the diversity of cellular responses associated with 

metamorphosis. How this single hormonal signal induces both stage- and cell-specific responses is a major 

current focus of investigation. 

 

EcR contributes to this diversity through multiple isoforms that are differentially expressed and perform 

distinct developmental functions (Bender et al., 1997; Talbot et al., 1993), and also interacts with other 

nuclear receptors to regulate downstream aspects of ecdysteroid-induced transcription (White et al., 1997). 

Unlike EcR, USP expression varies only modestly during larval development in Drosophila and so far, only 

one form has been identified (Henrich et al., 1994) though multiple forms and more complex regulation have 

been observed in other insects (Hiruma et al., 1999; Lan et al., 1999; Vogtli et al., 1999). 
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Drosophila USP participates in both the activation and repression of gene expression (Schubiger and 

Truman, 2000) and is necessary for both larval and metamorphic development (Hall and Thummel, 1998; 

Oro et al., 1992). A potential repressive role for USP in eye and neuronal development has been observed 

(Schubiger and Truman, 2000; Zelhof et al., 1995b), and USP shows biochemical properties suggesting that 

it is a juvenile hormone receptor (Jones and Sharp, 1997). In Manduca, feedback inhibition of ecdysteroid 

biosynthesis has been associated with phosphorylation of USP (Song and Gilbert, 1998). It is unclear 

whether USP simply participates in these regulatory and developmental processes or whether USP plays 

specific and diverse roles for mediating these events. Like its RXR orthologue, USP forms heterodimers 

with at least two other orphan receptors in Drosophila, DHR38 (Sutherland et al., 1995) and Sevenup (SVP; 

Zelhof et al., 1995a), inferring that USP has specific roles. 

 

 
 

Genetic studies have been limited because all of the  reported usp mutations involve disruptions of the DNA- 

binding domain and cause early larval death (Henrich et al., 1994; Oro et al., 1990). So far, no in vivo 

mutations that disrupt the function of the USP ligand-binding domain (LBD) have been reported, although 

subregions within this nuclear receptor domain are important for  ligand binding, dimerization, and cofactor 

interactions (Mangelsdorf and Evans, 1995; Nagy et al., 1999). Numerous experiments have previously 

demonstrated that  RXR’s interaction with different partners is not equivalent (Miyamoto et al., 1997), 

indicating that RXR, and by analogy, USP, plays multiple and distinct molecular roles  mediated through 

structural features of the LBD that may ultimately be manifested as specific developmental roles (Botling et 

al., 1997; Mangelsdorf and Evans, 1995). 

 

In this study, the Drosophila usp gene under the control of its own promoter was modified by replacing  its 

LBD with the equivalent portion of the Chironomus usp gene (Vogtli et al., 1999). Although there is 

considerable similarity between the two USP sequences in their  LBD, there are sufficient differences that the 

resultant  chimeric USP can be viewed as a structural “mutation” of the Drosophila USP LBD. Among 

several transformant  lines, a single dose of d/cusp in usp mutants restores a vital function during larval 

stages, but multiple doses are required for survival through metamorphosis. By contrast, a single dose of the 

wild-type usp gene rescues the entire life cycle (Oro et al., 1990). 

 

RESULTS 

Recovery of Individual Transformant Lines 

Seven transformant lines of Drosophila melanogaster  were recovered and stabilized that carried the 

Chironomus/Drosophila chimeric usp gene (d/cusp) as noted in Table 1. None of the transformed d/cusp 

transgenes exerted a discernible impact on development when  maintained in a wild-type background. In 

other words, there was no indication that the chimeric USP behaves as a dominant negative by interfering 

with functions of the Drosophila USP. The d/cusp transgene was then tested  for its ability to rescue 

mutant usp larvae, which normally die in the first instar (Perrimon et al., 1986). In five of the transformant 

lines, usp mutants survived normally through larval stages when carrying a single copy of  d/cusp, but their 



development stopped suddenly at the late larval/prepupal transition. Two of these usp mutant lines carrying 

the d/cusp transgene (19C and 71D) were selected for more thorough study. 

 

Larval Rescue of usp Mutants by a Single Dose of d/cusp 

A single copy of the wild-type usp gene under the control of its own promoter is sufficient for rescue of usp 

mutants through the entire life cycle (Oro et al., 1990). The chimeric d/cusp gene was similarly tested in usp 

mutant larvae for its ability to replace mutated function caused b three different alleles (usp
2
, usp

3
, and 

usp
4
); the usp

2
 allele is a presumed null mutation (Oro et al., 1990). During larval development, all mutants 

carrying a single copy of d/cusp developed at a normal temporal rate and reached the late third instar as 

fully sized larvae. However, in all mutational backgrounds, these larvae suddenly experienced a 

developmental arrest in the late third instar. The arrest was accompanied by a sudden cessation of 

movement resemblant of the stationary phase described for usp mutants who had been rescued by heat-

shock induced expression of dUSP during early larval stages. In that regime, late larval arrest is caused by 

the dissipation of USP gene product as the onset of metamorphosis approaches (Hall and Thummel, 1998). 

 

The morphology and behavior of arrested larvae was allele-dependent. Mutants carrying the usp
2
 null allele 

and a single dose of d/cusp failed to wander off the food and showed no signs of prepupal contraction, 

although the larval cuticle became partially tanned (Fig. 1). For usp
3
 and usp

4
 mutants carrying a single 

copy of d/cusp, the cessation of movement also occurred in the late third instar, but larvae showed no sign 

of prepupal tanning except along the denticle belts of the midsegments. In other words, these mutations 

exerted a more severe effect than the null allele on cuticular tanning, though the stage of arrest was 

invariant for all usp alleles. The relative severity can be attributed to dominant negative characteristics of 

usp
3
 and usp

4
, because these mutant gene products maintain the ability to dimerize normally with EcR and 

retain partial ability to interact with an hsp27 EcRE (Henrich et al., 1994). 

 

Multiple Doses of d/cusp Rescue usp Mutants from Lethality But Do Not Rescue Prepupal 
Contraction 

The developmental phenotypes among usp mutants carrying two doses of d/cusp is summarized in Table 2. 
Mutant males carrying the usp

2
 allele and two copies of the d/cusp often reached the adult stage (female 

usp2 mutants cannot survive because the mutation-bearing chromosome is homozygous lethal), but the 

proportion of survivors differed between the two lines. The survival rate of usp mutant and non-usp
2
 male 

siblings was statistically equal in the 71D line through adult eclosion, although most of the usp2/Y; 

71D/71D males died at or shortly after eclosion. In the 19C line, mutant male survival to adult eclosion was 

as low as 20% of non-usp sibling males. Most of the nonsurviving usp
2
 males in this line had died during 

the prepupal period before head eversion. In both lines, a few of the surviving usp
2 males rescued with two 

doses of d/cusp also developed slightly bent and twisted legs, a phenotype previously associated with 

mutations of the early puff gene, the Broad Complex, and EcR (Bender et al., 1997; Kiss et al., 1988). 

 

Two copies of the d/cusp were never enough to rescue the usp
3
 and usp

4
 mutant larvae through 

metamorphosis, and these transformants were arrested at the larval/prepupal transition, just as they were 

with a single dose of d/cusp. At the time of arrest, larvae showed more tanning of the larval cuticle than 

mutants carrying a single dose of d/cusp but they failed to undergo a prepupal contraction and anterior 

spiracle eversion was incomplete. These observations were also made with usp mutants carrying one copy 

of two different d/cusp transgenes (i.e., 19C and 71D), thus demonstrating a dosage effect rather than the 

inadvertent reduction in survival rate caused by homozygous insertion of the transgene. 

 

The requirement for multiple doses of the d/cusp to rescue usp mutants beyond the prepupal stage reveals 

that the chimeric gene product is partially impaired in its ability to perform a vital function at 

metamorphosis. This possibility was further tested by testing three or four doses of the d/cusp in usp
3
 and 

usp
4
 larvae (for technical reasons, this could not be performed with usp

2
). For these usp mutations, three 

doses of the d/cusp was sufficient to rescue at least some flies through the entire life cycle, though many 

adults failed to eclose successfully. Four doses of the d/cusp were sufficient to rescue usp mutant flies at an 



even higher rate. Ultimately, it was possible to establish a stably reproducing line of flies that was mutant 

for usp
3
 or usp

4
, and which carried four doses of a chimeric USP (that is, they were homozygous for two 

different transgenes simultaneously). Interestingly, although the line is relatively healthy the larvae failed to 

undergo a complete prepupal contraction, as noted earlier. In other words, this aspect of metamorphosis is 

not rescuable even with four doses of the d/cusp transgene. 

 

 
 

Expression of the Chimeric USP Is Apparently Normal 

Although flies carrying two doses of the chimeric gene showed slightly more normal development than 

those with one dose, it was important to determine whether chimeric USP protein levels are relatively 

normal in the late third instar as the onset of pupariation approaches. The inability of transformed flies to 

enter metamorphosis might be influenced by a low level of USP expression at this developmental time when 

ecdysteroid titers and the requirement for ecdysteroid receptor function reaches unprecedented levels. Also, 

usp mRNA stability and/or translatability might involve regulation through the Chironomus 3' UTR. 

Normally, of course, the USP protein is abundant in the late third instar as it fulfills its role in mediating 

ecdysteroid responsiveness in the developing larva. As observed on Western blots, larval preparations from 

transformed lines always showed a 48 KDa protein recognized by a USP monoclonal antibody (kindly 

donated by F. Kafatos), whose mass corresponded with that predicted for the chimeric USP gene product; 

this signal was not found in preparations made from nontransformed flies of the same strain (Fig. 2). 

Moreover, the strength of the chimeric USP signal in all preparations tested was roughly comparable with 

the one seen for the endogenous copies of USP. Significantly, the level of d/cusp detected on the Western 

blot was dose-dependent, consistent with the effect of dosage on stage and extent of developmental rescue. 

Therefore, the failure to enter metamorphosis resulted from the inability of the expressed chimeric USP to 

perform adequately for survival through this developmental time, and not from abnormally low USP titers. 

 

 



 
 

The Chimeric USP Heterodimerizes Normally With Drosophila EcR 

The developmental failure of the chimeric USP in the  latter portions of the larval stage raises the possibility 

that a stage-specific arrest follows from an impaired interaction with one or more EcR isoforms. Therefore,  

Drosophila and the chimeric USP were tested on electrophoretic mobility shift assays with both the A and 

B1 isoforms of EcR. On both a palindromic and direct repeat  element, Drosophila and chimeric USP showed 

about the same interaction with each isoform. Surprisingly,  however, both the Drosophila and chimeric USP 

showed a greater interaction with the A isoform than the  B1 isoform (Fig. 3). Nevertheless, the apparently 

normal interaction of the chimeric USP with the EcR isoforms indicates that the developmental failure arises 

from an impaired interaction between the LBD of the chimeric USP and one or more currently unidentified 

factors. 

 

 

 



The EcR/chimeric USP complex showed normal ecdysteroid-binding properties. The sudden failure of 

developmental processes associated with the chimeric USP might result from its impairment of high affinity 

ecdysteroid-binding normally associated with the EcR/USP heterodimer. The chimeric USP was therefore 

compared with Drosophila USP and both forms of Chironomus USP (1 and 2; Vogtli et al., 1999) for its 

ability to form a ligand-binding complex with Drosophila EcRB1. The competitive binding characteristics 

for each of these EcR/USP heterodimers revealed no significant differences among them, except that cUSP1 

was lower (Fig. 4). This reduction is attributable to differences in the N-terminal domain between the two 

cUSP forms, because they are identical in all other domains. These experiments cannot discriminate whether 

the reduced level of ligand binding in cUSP1 was caused by impaired dimerization or whether the 1,BD of 

EcR is influenced allosterically by the N-terminal domain of cUSP1. 

 

DISCUSSION 

The studies reported here reveal that the chimeric USP performs an essential function during larval 

development that cannot be performed by endogenous USP mutant proteins. The larval function is rescued 

by a single dose of d/cusp, whereas rescue of the metamorphic function requires more doses, indicating that 

the chimeric USP is impaired in its ability to mediate a function associated with metamorphosis. By 

comparison, a single dose of the wild-type Drosophila usp gene is sufficient for rescue through the entire 

life cycle (Oro et al., 1990). Thus, not only is USP required at the onset of metamorphosis, as reported 

earlier (Hall and Thummel, 1998), but its role at this time appears to be distinct from its larval function. The 

impaired function at metamorphosis is directly attributable to the Chironomus LBD of the chimera, because 

the remaining portion of the transgene, including the promoter, are derived from the endogenous 

Drosophila usp gene. The metamorphic arrest also does not result from subnormal expression. In fact, 

fewer doses of d/cusp were required to rescue the usp null allele (which obviously provides no residual 
function) than was required for the usp

3
 and usp

4
 mutations that likely retain residual function, further 

indicating that the developmental failure does not result from a simple deficit of d/cusp expression. 

 

Mechanistically, the simplest interpretation of the chimeric USP’s effects is that it performs a molecular 

function inefficiently as the prepupal stage approaches,  hence the need for extra copies of the transgene to 

rescue usp mutants. However, several lines of evidence indicate that the arrest at metamorphosis involves 

one or more specific developmental functions connected with USP function, rather than an impaired 

interaction between the chimeric USP and EcR. First, the chimeric USP  interacted normally with both EcRA 

and EcRB1 on molecular tests, and the resultant heterodimer interacted  normally with ponasterone A. 

Moreover, though the pupal-adult transition is associated with the largest ecdysteroid peak during the 

Drosophila life cycle, it was not a lethal stage for mutants rescued by the chimeric USP, as might be 

expected if the failure of the chimeric USP was attributable to the inefficient mediation of an ecdysteroid 

response. 

 

The most direct indication for a specific failure is the  observation that four doses of the d/cusp transgene did 

not result in the contraction of the prepupa, strongly suggesting that the chimera simply lacks a function 

necessary for normal contraction to occur. We also observed  that the prepupal lethal stage was essentially 

invariant for each combination of usp mutant alleles and d/cusp dosage, as expected if the arrest involved the 

failure of one or more specific functions associated with the onset  of metamorphosis. By contrast, a 

nonspecific impairment (but not an elimination) of ecdysteroid response  might be expected to produce arrest 

over a range of time, like those observed for mutations that cause an ecdysteroid deficiency (Henrich et al., 

1993; Sliter and Gilbert, 1992). Significantly, the d/cusp did not behave as a dominant negative mutation, as 

expected if the chimeric USP was forming an impaired heterodimer  with EcR. 

 

Although the failure of d/cusp during the prepupal stage affects specific developmental processes, they 

apparently include a subset of those associated with ecdysteroid action at this time. The observed 

phenotypes of d/cusp mutants, notably the noncontracting prepupal case, resembled those found among some 

mutations of EcR (Bender et al., 1997). Other phenotypes associated with terminal prepupal development, 

such as incomplete anterior spiracle eversion and incomplete larval cuticular tanning also implicate an 



impaired response to  ecdysteroids (Hall and Thummel, 1998). The ability of some mutants carrying multiples 

doses of the chimeric USP to survive through the later pupal-adult transition reflects its ability to function 

normally at this time, or alternatively, that USP is not required for the pupal-adult transition. Although this 

unanticipated possibility requires more rigorous investigation, the ability of mutant  usp clones of the wing to 

undergo a completely normal progression of differentiation into adult tissues (Oro et al., 1992), even in the 

absence of normal USP function throughout metamorphosis, leaves open the possibility that USP is not 

required for imaginal disc morphogenesis during the pupal-adult stage. The potential of the chimeric USP to 

participate in both positive and negative aspects of gene regulation, as the normal USP does,  remains to be 

explored (Schubiger and Truman, 2000),  and the suggestion that USP is the Drosophila juvenile hormone 

receptor also provides an interesting possibility for distinguishing USP’s larval and metamorphic functions 

(Jones and Sharp, 1997). 
 

 
 

Structurally speaking, there are several regions within  the E domain that could account for the impaired 

ability of the chimeric USP to work as well as wild-type Drosophila USP (Wurtz et al., 1996), although the 

heterodimerization of EcR with the chimeric USP seems to be normal. The specific failure to rescue 

prepupal contraction raises the possibility that one or more impaired cofactor interactions are associated with 

this functional deficit (Nagy et al., 1999). Future experiments, involving the use of smaller chimeric regions 

and site directed mutations should resolve which of these regions contributes to both the rescue of larval 

development and the failure of metamorphic events, particularly prepupal contraction. 

 

These experiments also illustrate an experimental strategy by which modified forms of usp can be 

introduced into the null usp
2
 mutational background and tested for their ability to function during larval and 

metamorphic phases of development in Drosophila. Further, the ability to use the chimeric USP to rescue 

and examine developmental processes provides a strategy for associating specific structural alterations of 

USP with potential developmental roles. 

 

MATERIALS AND METHODS 

Preparation of Vector 

A previously described EcoR1/BamHI fragment that incorporates the entire functional Drosophila usp 

promoter (Oro et al., 1990) and a portion of the usp open reading frame was excised from an EMBL4 

genomic clone. This fragment was ligated with the BamHI/EcoRI fragment from a cDNA vector (pZ7-1; 

Henrich et al., 1990) that includes the carboxy-terminal portion of the Drosophila USP open reading frame 

and the 3'UTR of the usp gene. The resulting 5.7 kb EcoRI fragment in pBluescript contained the entire usp 

promoter and structural gene (pMVZ10). 

 

To produce the Drosophila/Chironomus chimeric USP gene (d/cusp), a portion of the previously described 

pMI20 (Vogtli et al., 1999) that encodes the Chironomus USP was excised. A 1. 1 kb fragment extending 



from an MvnI site (nucleotide 584) to a SmaI polylinker site of pMI20 was cloned into the SmaI site of 

pUC18. The 3' end of the cusp was adjacent to the EcoRI site of pUC18. The resulting plasmid was 

linearized with BamHI and the ends filled in by treatment with T4 DNA polymerase. The plasmid was then 

digested with Asp718 to produce an Asp718/blunt end fragment that includes the entire 3' end of the 

Chironomus usp from nucleotide 584. This fragment was ligated to a 7.2-kb fragment generated by partial 

digestion of pMVZ10 with HindII and complete digestion with Asp718. This plasmid, designated pMVZ12, 

was linearized by Asp718 digestion and blunted by treatment with T4 DNA polymerase. After cleavage 

with BamHI, a 5.4-kb fragment (blunt/BamHI) was cloned into pCaSpeR4 cut with StuI and BamHI to 

produce pMVZ18. The resulting d/cusp includes the 5' end of Drosophila usp through position 733 of the 

pZ7-1 sequence and begins with position 584 of the Chironomus usp cDNA sequence. 

 

Chimeric Sequence Information 

The chimeric USP sequence is composed of amino acids 1 through 178 from the Drosophila USP (Henrich 

et al., 1990) and positions 175 through 451 of the Chironomus USP, with a linker of three amino acids 

between them (Vogtli et al., 1999) as shown in Figure 5. The deduced and aligned amino acid sequences of 

Bombyx USP (Tzertzinis et al., 1994) and the human RXR are also compared. In the resulting vector, the 

ORF region is flanked by the Chironomus 3' UTR and the Drosophila 5' promoter, usp transcriptional start 

site, and 5' UTR. 

 

Transformation and Recovery of Transformants 

Transfomation procedures were carried out according to standard protocols. Embryos of the genotype y ac w 

were collected for approximately 15 min at 18°C and co-injected with the aforementioned p[d/cusp] vector 

and pπ2.5w
vco

 vector. Injected embryos that later hatched into first instar larvae were transferred to food 

bottles and reared at 25°C. Adult survivors were then crossed with y ac w flies and progeny were screened 

for the presence of colored eyes, indicative of transformation. Siblings showing w+ pigmented eyes were 

then crossed and selected for homozygosity, when possible. Transgenes were also mapped to specific 

chromosomes by standard crosses with balancer stocks. The transformed flies were later crossed with 

appropriate usp mutant strains. Chromosomes bearing usp
3
 and usp

4
 are marked with white eyes and yellow 

body, so that transformants were selectable by the presence of colored eyes, and usp mutant larvae were 

selectable by the presence of brown mouthhooks from appropriate crosses. In the case of usp
2
, which carries 

y+, the marking was reversed so that males carrying usp
2
 had black larval mouthhooks, whereas mutants 

showed brown mouthhooks. 

 

Western Blot Procedures 

Protein extractions of late third instar larvae were made according to published protocols (Song et al., 1997). 

The AB1 1 monoclonal antibody (Khoury-Christianson et al., 1992) was used to test for the presence of the 

Drosophila and chimeric USPs in the protein preparation after SDS-PAGE and immunoblotting. 

 

EMSA Studies 

Experimental conditions for EcR and USP EMSA studies have been described previously (Henrich et al., 

1994). All proteins were generated through a coupled in vitro transcription/translation system in rabbit 

reticulocyte lysate (Promega). For each plasmid vector used, a mixture of undigested plasmid (1 μg) and 

lysate (25 μl) was performed in the presence of 35S labeled methionine to estimate translation efficiency. A 

second mixture without radiolabeled amino acids was prepared for EMSA analysis. The following vectors 

were used (T3 or T7 RNA polymerase for in vitro transcription is given in parentheses): 

 

p2C Drosophilausp(T3;Henrichetal.,1994) 

 

pCA1 DrosophilaEcR-B1(T7;Henrichetal.,1994) 

 

pWT57 Drosophila EcR-A (T3) 

 



pMVZ13 Drosophila/Chironomus USP(T3) 

 

 
 

The PMVZ13 vector was prepared by ligating a 3.6 kb HindII/Asp718 fragment of pZ7-1 together with the 

aforementioned 1.1 kb fragment of PMVZ12. The WT57  vector was generously provided by Dr. David 

Hogness. 

 

Gel shifts were performed as described in Henrich et al. (1994). Two microliters of the protein lysate were 
mixed for each combination of EcR and USP. Either the hsp27 or the DR3 (Antoniewski et al., 1993, 1996) 

radiolabeled (
32P

) oligonucleotide probe (30 fmoles) was added to the mixture. The TNT coupled 

reticulocyte lysate system (Promega) was used according to the instructions of the manufacturer for in vitro 

transcription/ translation of the receptor proteins using the T7 promoter for transcription of the cDNAs of 

dEcR-A, dEcR- B1, dUSP, and the T3 promoter for CtUSP-1 and the chimeric USP. 

 

Ponasterone Binding Tests 

Levels of in vitro translated EcR and USP were determined by evaluation of Western blots using the 

aforementioned monoclonal antibody AB11 (Khoury-Christianson et al., 1992) and an ECL detection kit  

(Amersham) using methods previously described by Rauch et al. (1998). Specific signals on the X-ray film 

(Biomax, Kodak) were scanned and the intensity of the  protein bands were quantified with an image analysis  

system (PHORETIX, Non-Linear Dynamics, Ltd., New Castle, UK), and these data were later used to 

normalize the radioactivity associated with individual protein samples. 

 



Ligand binding of the quantified, in vitro translated receptors was tested with 
33

H-ponasterone A (specific 

activity 7.9 TBq/mmol). Each assay contained 5 nM 3 H- ponasterone A (final concentration) and 10 μ1 of 

the EcR- and USP-TNT-lysate in a final volume of 40 μ1 containing 20 mM HEPES, 20 mM NaCl, 20% 

glycerol, 1 mM EDTA, 1 mM 2-mercaptoethanol (pH 7.9). A cocktail of protease inhibitors (aprotinin, 

leupeptin, pepstatin in a final concentration of 1 μg/ml) was added immediately before testing. Nonspecific 

binding was determined in the presence of 0. 1 mM unlabeled 20-hydroxyecdysone in parallel hormone 

binding assays. The reaction mixtures were incubated for 1 h at room temperature, then unbound ligand was 

removed by vacuum filtration as described previously by Rauch et al. (1998). Radioactivity was counted 

with a liquid scintillation counter (1600TR, Canberra-Packard). 

 

Acknowledgments: 

The authors thank Dr. Jean-Antoine Lepesant for helpful discussions relating to the experimentation, Dr. 

Qisheng Song for assistance with immunoblotting experiments, Prof. H Kayser (Novartis-Basel), who 

provided radiolabeled 
3
H-ponasterone A, and Mr. Alex Szekely for technical assistance. 

 

Literature Cited: 

Andres AJ, Fletcher JC, Karim FD, Thummel CS. 1993. Molecular analysis of the initation of insect 

metamorphosis: A comparative study of Drosophila ecdysteroid-regulated transcription. Dev Biol 

160:388–404. 

Antoniewski C, Laval M, LepesantJ-A. 1993. Structural features critical to the activity of an ecdysone 

receptor binding site. Insect Biochem Mol Biol 23:105–114. 

Antoniewski C, Mugat B, Delbac F, Lepesant J-A. 1996. Direct repeats bind the EcR/USP receptor and 

mediate ecdysteroid responses in Drosophila melanogaster. Mol Cell Biol 16:2977–2986. 

Bender M, Imam FB, Talbot WS, Ganetzky B, Hogness DS. 1997. Drosophila ecdysone receptor mutations 

reveal functional differences among receptor isoforms. Cell 91:777–788. 

Botling J, Castro DS, Oberg F, Nilsson K, Perlmann T. 1997. Retinoic acid receptor/retinoid X receptor 

heterodimers can be activated through both subunits providing a basis for synergistic transactivation 

and cellular differentiation. J Biol Chem 272: 9443–9449. 

Hall BL, Thummel CS. 1998. The RXR homolog Ultraspiracle is an essential component of the Drosophila 

ecdysone receptor. Development 125:4709–4717. 

Henrich VC, Sliter TJ, Lubahn DL, MacIntyre A, Gilbert LI. 1990. A member of the steroid/thyroid 

hormone receptor superfamily in Drosophila melanogaster shows extensive sequence similarity with 

a mammalian counterpart. Nucl Acids Res 18:4143–4148. 

Henrich VC, Livingstone L, Gilbert LI. 1993. Developmental requirements for the ecdysoneless (ecd) locus 

in Drosophila melanogaster. Dev Genet 14:369–377. 

Henrich VC, Szekely AA, Kim SJ, Brown N, Antoniewski C, Hayden MA, Lepesant J-A, Gilbert LI. 1994. 

Expression and function of the ultraspiracle (usp) gene locus during development in Drosophila 

melanogaster. Dev Biol 165:38 –52. 

Hiruma K, Shinoda T, Malone F, Riddiford LM. 1999. Juvenile hormone modulates 20-hydroxyecdysone-

inducible ecdysone receptor and ultraspiracle gene expression in the tobacco hornworm, Manduca 

sexta. Dev Genes Evol 209:18 –30. 

Huet F, Ruiz C, Richards G. 1993. Puffs and PCR: The in vivo dynamics of early gene expression during 

ecdysone responses in Drosophila. Development 118:613–627. 

Jones G, Sharp PA. 1997. Ultraspiracle: An invertebrate nuclear receptor for juvenile hormones. Proc Natl 

Acad Sci USA 94:13499– 13503. 

Khoury-Christianson AM, King DL, Hatzivassiliou E, Casas JE, Hallenbeck PL, Nikodem VM, Mitsialis 

AS, and Kafatos FC. 1992. DNA binding and heterodimerization of the Drosophila trascription 

factor chorion factor 1/ultraspiracle. Proc Natl Acad USA 89: 11503–11507. 

Kiss I, Beaton AH, TardiffJ, Fristrom D, Fristrom FW. 1988. Interactions and developmental effects of 

mutations in the Broad-Complex of Drosophila melanogaster. Genetics 118:247–259. 



Lan Q, Hiruma K, Hu X, Jindra M, Riddiford LM. 1999. Activation of a delayed-early gene encoding 

MHR3 by the ecdysone receptor heterodimer EcR-B1-USP-1 but not by EcR-B1-USP-2. Mol Cell 

Biol 19:4897–4906. 

Mangelsdorf DJ, Evans RM. 1995. The RXR heterodimers and orphan receptors. Cell 83:841–850. 

Miyamoto T, Kaneko A, Kakizawa T, Yajima H, Kamijo K, Sekine R, Hiramatsu K, Nishii Y, Hashimoto 

T, Hashizume K. 1997. Inhibition of peroxisome proliferator signaling pathways by thyroid hormone 

receptor. Competitive binding to the response element. J Biol Chem 272:7752–7758. 

Nagy L, Kao HY, Love JD, Li C, Banayo E, Gooch JT, Krishna V, Chatterje K, Evans RM, Schwabe JW. 

1999. Mechanism of corepressor binding and release from nuclear hormone receptors. Gen Dev 

13:3209–3216. 

Oro AE, McKeown M, Evans RM. 199o. Relationship between the product of the Drosophila ultraspiracle 

locus and the vertebrate retinoid X receptor. Nature 347:298 –301. 

Oro AE, McKeown M, Evans RM. 1992. The Drosophila retinoid X receptor homolog ultraspiracle 

functions in both female reproduction and eye morphogenesis. Development 115:449 – 462. 

Perrimon N, Mohler D, Engstrom L, Mahowald A. 1986. X-linked female-sterile loci in Drosophila 

melanogaster. Genetics 113: 695–712. 

Rauch P, Grebe M, Elke C, Dieter-Spindler K, Spindler-Barth M. 1998. Ecdysteroid receptor and 

ultraspiracle from Chironomus tentans (Insecta) are phosphoproteins and are regulated differently by 

molting hormone. Insect Biochem Mol Biol 27:945–962. 

Schubiger M, Truman JW. 200o. The RXR ortholog USP suppresses early metamorphic processes in 

Drosophila in the absence of ecdysteroids. Development 127:1151–1159. 

Sliter TJ, Gilbert LI. 1992. Developmental arrest and ecdysteroid deficiency resulting from mutations at the 

dre4 locus of Drosophila. Genetics 130:555–568. 

Song Q, Gilbert LI. 1998. Alterations in ultraspiracle (USP) content and phosphorylation state accompany 

feedback regulation of ecdysone synthesis in the insect prothoracic gland. Insect Biochem Mol Biol 

28:849 – 860. 

Song Q, Alnemri ES, Litwack G, Gilbert LI. 1997. An immunophilin is a component of the insect ecdysone 

receptor (EcR) complex. Insect Biochem Mol Biol 27:973–982. 

Sutherland JD, Kozlova T, Tzertzinis G, Kafatos FC. 1995. Drosophila hormone receptor 38: A second 

partner for Drosophila USP suggests an unexpected role for nuclear hormone receptors of the nerve 

growth factor-induced protein B type. Proc Natl Acad Sci USA 92:7966–7970. 

Talbot WS, Swywryd EA, Hogness DS. 1993. Drosophila tissues with different metamorphic responses to 

ecdysone express different ecdysone receptor isoforms. Cell 73:1323–1337. 

Thomas HE, Stunnenberg HG, Stewart AF. 1993. Heterodimerization of the Drosophila ecdysone receptor 

with retinoid X receptor and ultrspiracle. Nature 362:471–475. 

Tzertzinis G, Malecki A, Kafatos FC. 1994. BmCF1, a Bombyx mori RXR-type receptor related to the 

Drosophila ultraspiracle. J Mol Biol 238:479 – 486. 

Vogtli M, Imhof MO, Brown NE, Rauch P, Spindler-Barth M, Lezzi M, 

Henrich VC. 1999. Functional characterization of two Ultraspiracle forms (CtUSP-1 and CtUSP-2) from 

Chironomus tentans. Insect Biochem Mol Biol 29:931–942. 

White KP, Hurban P, Watanabe T, Hogness DS. 1997. Coordination of Drosophila metamorphosis by two 

ecdysone-induced receptors. Science 276:113–117. 

Wurtz J-M, Bourguet W, Renaud J-P, Vivat V, Chambon P, Moras D, 

Gronemeyer H. 1996. A canonical structure for the ligand-binding domain of nuclear receptors. Nature 

Struct Biol 3:87–94. 

Yao TP, Forman BM, Jiang ZY, Cherbas L, Chen JD, McKeown M, 

Cherbas P, Evans RM. 1993. Functional ecdysone receptor is the product of EcR and ultraspiracle genes. 

Nature 366:476 – 479. 

Zelhof AC, Yao T, Chen JD, Evans RM, McKeown M. 1995a. Seven-up inhibits ultraspiracle-based 

signalling pathways in vitro and in vivo. Mol Cell Biol 15:6736 – 6745. 



Zelhof AC, Yao T, Evans RM, McKeown M. 1995b. Identification and characterization of a Drosophila 

nuclear receptor with the ability to inhibit the ecdysone response. Proc Natl Acad Sci USA 92: 

10477–10481. 


