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Zebrafish aquaculture and husbandry.  Adult zebrafish (wildtype AB strain) were acquired 

from the Zebrafish International Resource Center and raised as described1.  Embryos were 

obtained by natural matings and cultured in E3 embryo medium at 28.5 °C. 

 

Synthesis of dibenzoylhydrazine-based EcR agonists. Tebufenozide (1) and methoxyfenozide 

(2) were synthesized as previously described2 with the following modification. N-Boc-2-t-butyl-

2-(3,5-dimethylbenzoyl)hydrazine was deprotected with 30% trifluoroacetic acid in CH2Cl2 for 

60 min, quenched with saturated NaHCO3, and extracted with CH2Cl2. The organic layer was 

evaporated to dryness, and the residue was purified by silica gel chromatography 

(EtOAc/hexanes/triethylamine, step-wise gradient from 20:1:0.2 to 5:1:0.05) to yield the 2-t-

butyl-2-(3,5-dimethylbenzoyl)hydrazine product (6, 60%).  To make RG-102317 (3), 5-methyl-

1,4-benzodioxane-6-carboxylic acid was synthesized as described3 with the following 

modification.  5-methyl-6-acetyl-1,4-benzo-dioxane was oxidized to the carboxylic acid by 

stirring with iodine (3 eq.) for 20 h, followed by the addition of 2 M NaOH (>30 eq.) in 20% 

ethanol/water and refluxing for 2 h.  The reaction was filtered through glass wool, acidified, and 

extracted with ether.  The organic layer was then evaporated to dryness, and the residue was 

purified by silica gel chromatography (CHCl3/hexanes/acetone/acetic acid, step-wise gradient 

from 40:10:1:0.5 to 40:10:4:0.5) to yield the desired product (7, 49%).  RG-102137 was then 

prepared by coupling 5-methyl-1,4-benzo-dioxane-6-carboxylic acid to 2-t-butyl-2-(3,5-

dimethylbenzoyl)hydrazine using procedures similar to those used in the tebufenozide and 

methoxyfenozide syntheses. 1H NMR and high-resolution mass spectrometry data for 

tebufenozide, methoxyfenozide, and RG-102317 are consistent with previously reported 

structural characterizations: 
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Tebufenozide (1).  1H NMR (200 MHz, CDCl3) !  1.20 (t, J = 5.0 Hz, 3H), !  1.59 (s, 

9H), d 2.23 (s, 6H), !  2.64 (q, J = 5.0 Hz, 2H), !  6.91 (s, 1H), !  7.06 (s, 2H), !  7.15 (d, J = 5.4 

Hz, 2H), !  7.26 (d, J = 5.4 Hz, 2H), !  7.62 (s, 1H).  ESI-HRMS m/z  375.2044 [M + Na]+.  

Calculated m/z for C22H28N2O2: 375.2049 [M + Na]+.  

Methoxyfenozide (2).  1H NMR (200 MHz, CDCl3) !  1.61 (s, 9H), !  1.91 (s, 3H), !  2.28 

(s, 6H), !  3.78 (s, 3H), !  6.16 (d, J = 7.0 Hz, 1H), !  6.82 (d, J = 8.0 Hz, 1H), !  6.98-7.08 (m, 

4H), !  7.33 (s, 1H).  ESI-HRMS m/z  391.1991 [M + Na]+.  Calculated m/z for C22H28N2O3: 

391.1998 [M + Na]+. 

RG-102317 (3).  1H NMR (200 MHz, CDCl3) !  1.60 (s, 9H), !  1.95 (s, 3H), !  2.27 (s, 

6H), !  4.22 (m, 4H), !  6.14 (d, J = 8.2 Hz, 1H), !  6.34 (d, J = 8.2 Hz, 1H), !  6.98 (s, 1H), !  7.06 

(s, 2H), !  7.33 (s, 1H).  ESI-HRMS m/z  419.1932 [M + Na]+.  Calculated m/z for C23H28N2O4: 

419.1947 [M + Na]+. 

2-t-butyl-2-(3,5-dimethylbenzoyl)hydrazine (6). 1H NMR (200 MHz, CDCl3) !  1.47 (s, 

9H), !  2.32 (s, 6H), !  3.75 (br s, 2H), !  6.05-6.35 (m, 1H), !  7.05-6.98 (m, 2H).  ESI-LRMS m/z  

221.0 [M + H]+.  Calculated m/z for C13H20N2O: 221.2 [M + H]+. 

5-methyl-1,4-benzo-dioxane-6-carboxylic acid (7). 1H NMR (200 MHz, CDCl3) !  2.51 

(s, 3H), !  4.30 (br s, 4H), !  6.76 (d, J = 8.8 Hz, 1H), !  7.60 (d, J = 8.8 Hz, 1H).  ESI-LRMS m/z  

192.8 [M – H]Ð.  Calculated m/z for C10H10O4: 193.1 [M Ð H]Ð. 

 

Plasmid construction. A general expression vector (pGEN) with a CMV promoter, 

kanamycin/neomycin resistance, and multiple cloning site (MCS) containing 26 unique 

restriction sites was generated by digesting pEGFP-C1 (BD Biosciences) with NheI and BglII to 

remove the EGFP insert and ligating the annealed primers 5Õ-CTAGCGATATCACCGGTAAC 



 4 

GTTTGTACAACTAGTAGTACTA-3Õ and 5Õ-GATCTAGTACTACTAGTTGTACAAACGTT 

ACCGGTGATATCGÕ-3 (encoding NheI, EcoRV, AgeI, AclI, BsrGI, SpeI, ScaI, and BglII sites).  

 pCS2+ GV-EcR constructs containing the Gal4 DNA-binding and dimerization domains 

(amino acids 1-146), portions of the VP16 activation domain (amino acids 413-490 and subsets 

thereof), and the B. mori EcR ligand-binding domain (amino acids 272-606) were constructed by 

the SOEing PCR technique.  First, cDNA encoding the Gal4 DNA-binding and dimerization 

domains flanked by HindIII and EcoRI sites and an N-terminal portion of VP16 region F (amino 

acids 468-490) was obtained by PCR using the primers 5Õ-GGGGGCAAGCTTCGGCCACCAT 

GAAGCTACTGTCTTCTATCG-3Õ and 5Õ-GGCATCGGTAAACATCTGCTCAAACTCGAAG 

TCGGCCATATCCAGGAATTCTACAGTCAACTGTCTTTGACC-3Õ and pM (Invitrogen) as a 

template.  cDNA encoding the EcR ligand-binding domain flanked by a C-terminal portion of 

VP16 region F and PstI and XbaI sites was generated by PCR using the primers 5Õ-

GAGCAGATGTTTACCGATGCCCTTGGAATTGACGAGTACGGTGGGCTGCAGATGAG

GCCTGAATGTGTCATACAGGAGC-3Õ and 5Õ-GGGGTCTAGAAAAAATTCCTATAGCAC 

CACCGGGTTGGTGGGCGGCAGCAC-3Õ and B. mori EcR cDNA as a template.  The two 

PCR products were then annealed, polymerase extended, and subjected to a second round of 

PCR using the external 5Õ and 3Õ primers.  The resulting cDNA product was digested with 

HindIII and XbaI and cloned into similarly cut pGEN to yield the pGEN GV-EcR F vector.  The 

GV-EcR F cDNA was then subcloned into the pCS2+ vector by generating PCR product flanked 

with ClaI and SnabI sites and containing internal MfeI and NheI sites using pGEN GV-EcR F as 

a template and the primers 5Õ-GGCATCGATATGAAGCTACTGTCTTCTATCG-3Õ and 5’-

GCCTACGTAGACAATTGCCGGCTAGCTCTAGAAAAAATTCCTATAGCACCACC-3’.  
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ClaI/SnabI-digested PCR product was ligated into similarly cut pCS2+ vector to yield the pCS2+ 

GV-EcR F construct. 

 cDNAs encoding different regions of the VP16 activation domain were isolated by PCR 

using the following primer sets and pSPUTK-VP16 as a template, resulting in products flanked 

by EcoRI and PstI sites:  VP16 region A (amino acids 413-490), 5Õ-GGGGAATTCGCCCCCCC 

GACCGATGTC-3Õ and 5Õ-CCCCCTGCAGCTACCCACCGTACT CGTC-3Õ; VP16 region B 

(amino acids 413-456), 5Õ-GGGGAATTCGCCCCCCCGACCGATGTC-3Õ and 5Õ-CGCGCTGC 

AGTCCCGGCCCCGGGGAATC-3Õ; VP16 region C (amino acids 413-468), 5Õ-GGGGAATTC 

GCCCCCCCGACCGATGTC-3Õ and 5Õ-CGCGCTGCAGCAGAGCGCCGTAGGGGGC-3Õ; 

VP16 region D (amino acids 413-476), 5Õ-GGGGAATTCGCCCCCCCGACCGATGTC-3Õ and 

5Õ-CGCGCTGCAGCTCAAACTCGAAGTCGGC-3Õ; and VP16 region E (amino acids 456-

590), 5ÕGCGAATTCGGATTTACCCCCAC-3Õ and 5Õ-CCCCTGCAGCTACCCACCGTACTC 

GTC-3Õ. The EcoRI/PstI-digested PCR products were ligated into similarly cut pCS2+ GV-EcR 

F vector to yield the complete set of pCS2+ GV-EcR constructs. 

 The pCS2+ GV-EcR FÕ vector containing V454I and Y474E mutations in the B. mori 

ligand-binding domain was constructed using two sequential rounds of QuikChange (Stratagene)  

site-directed mutagenesis according to the manufacturerÕs protocols.  The V454I mutation was 

first introduced using the primers 5Õ-CGCGTCCGACAGCATTCTGTTCGCCAACAAC-3Õ and 

5Õ-GTTGTTGGCGAACAGAATGCTGTCGGACGCG-3Õ and the pCS2+ GV-EcR F vector as a 

template.  The Y474E mutation was then introduced using the primers 5Õ-GGCGGGCATGGC 

CGAGGTCATCGAAGAC-3Õ and 5Õ-GTCTTCGATGACCTCGGCCATGCCCGCC-3Õ.  After 

sequence verification, the V454I/Y474E ligand-binding domain cDNA was excised by PstI/XbaI 

digestion and ligated into a similarly cut pCS2+ GV-EcR F vector.  The corresponding pCS2+ 
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GV-EcR EÕ vector was created by excising the VP16 cDNA in the pCS2+ GV-EcR E plasmid 

with EcoRI and PstI and ligating it into similarly digested pCS2+ GV-EcR FÕ. 

 The pUAS:GFP reporter was constructed by isolating cDNA encoding EGFP flanked by 

BamHI and XhoI sites by PCR using the primers 5Õ-CGGGGATCCGCCACCATGGTGAGCAA 

GGGCGAG-3Õ and 5Õ-CCGCTCGAGCGGCTACTTGTACAGCTCGTCCATGCCGAGAGTG 

AT-3Õ and pEGFP-C1 as a template.  BamHI/XhoI-digested PCR product was then cloned into 

similarly digested pG4TEX vector.  Sequencing of the resulting construct revealed six tandem 

UAS sites rather than the expected five. 

 The myl7:GV-EcR FÕ;UAS:GFP dual transgene-containing vector was created by first 

PCR-generating cDNA encoding the ef1!  promoter fused to the " -globin IVS2 and flanked by 

AseI and ClaI sites, using the primers 5Õ-GCCGGCATTAATGATCATCTAATCAAGCAC-3Õ 

and 5Õ-GCGGCGATCGATTTTTGCCAAAATGATGAGACAG-3Õ and pXIG as a template.  

AseI/ClaI-digested PCR product was then ligated into similarly cut pGEN GV-EcR F vector, 

resulting in the replacement of the CMV promoter with the ef1! -IVS2 sequence.  cDNA 

encoding an I-SceI-flanked MCS (NdeI, AgeI, MluI, ClaI, MfeI, and NheI) was generated by 

annealing the chemically synthesized primers 5Õ-TAGGGATAACAGGGTAATCATATGACCG 

GTACGCGTATCGATCAATTGGCTAGCTAGGGATAACAGGGTAATA-3Õ and 5Õ-ATTAC 

CCTGTTATCCCTAGCTAGCCAATTGATCGATACGCGTACCGGTCATATGATTACCCT

GTTATCCCTAA-3Õ and ligating the resulting product into pCRII-TOPO (Invitrogen).   cDNA 

encoding the UAS:GFP cassette flanked by NheI and ClaI sites was generated by PCR using the 

primers 5Õ-CTAGCTAGCATGCCTGCAGGTCGGAG-3Õ and 5Õ-CCATCGATTTTATTGCAG 

CTTATAATGGTTACAAATAA-3Õ and pUAS:GFP as the template, and the NheI/ClaI-digested 

PCR product was cloned into similarly cut pCRII-TOPO containing the I-SceI-flanked MCS.  
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The ef1! -IVS2:GV-EcR F-containing vector was then cut with AseI and MluI and the resulting 

fragment was ligated into NdeI/MluI-digested pCRII-TOPO vector containing the MCS and the 

UAS:GFP sequence.  The EcR ligand-binding domain point mutations (V454I/Y474E) were 

incorporated into this vector by excising the StuI/XmaI fragment from pCS2+ GV-EcR FÕ and 

ligating it into similarly cut ef1! -IVS2:GV-EcR F;UAS:GFP vector.  The ef1!  promoter was 

then replaced with a 1.4-kb region of the myl7 promoter4 by excising an AflII/XhoI fragment 

from the full-length myl7 promoter and ligating it into AflII/SalI-digested ef1! -IVS2:GV-EcR 

FÕ;UAS:GFP vector. 

 The mylz2:GV-EcR FÕ;UAS:GFP dual transgene-containing vector was created by PCR-

generating a 1-kb fragment of the mylz2 promoter5 flanked by SacI sites, using the primers 5Õ- 

TAAGAGCTCTAGGGATAACAGGGTAATTAGTCTAAAGAAAGAAGGGAATGCACAAC

-3Õ and 5Õ-TTAGAGCTCCATGTCGAGACGGTATGTGTGAAGTCT-3Õ and genomic DNA as 

a template.  The SacI-digested product was ligated into similarly cut ef1! -IVS2:GV-EcR 

FÕ;UAS:GFP vector, resulting in the replacement of the ef1! -IVS2 sequence with the mylz2 

promoter.  

  

Cell-based GV-EcR assays.  HEK 293 cells were cultured in DMEM containing 10% FBS, 

penicillin, streptomycin, and L-glutamine.  Cells were grown in either 24-well or 96-well 

microplates to 50% confluence and co-transfected with pUAS:Luc (112.5 pg/well, 24-well; 

50 pg/well, 96-well), pRLSV40 (12.5 pg/well, 24-well; 2.5 pg/well, 96-well) (Promega), and 

individual pCS2+ GV-EcR constructs (125 pg/well, 24-well; 50 pg/well, 96-well) using 

Fugene 6 (750 nL/well, 24-well; 300 nL/well, 96-well) (Roche).  One day after transfection, the 

cells were treated with either EcR agonists dissolved in ethanol or vehicle alone for 24 h.  The 
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cells were then lysed and reporter activities were measured using a dual luciferase kit (Promega) 

and a Veritas microplate luminometer (Turner Biosystems) according to the manufacturerÕs 

protocols.  

 

Zebrafish-based GV-EcR assays.  Plasmid DNA was prepared using Hi-Speed Maxi kits 

(Qiagen) and then de-salted against water using either size exclusion chromatography spin 

columns (Princeton Separations) or 0.025-µm nitrocellulose disks (Millipore).  To evaluate the 

activities of different GV-EcR chimeras, individual plasmids were mixed to form injection 

solutions containing 25 pg/nL of the appropriate pCS2+ GV-EcR expression construct, 25 pg/nL 

of a luciferase reporter mix (pUAS:Luc/pRLSV40; 9:1 ratio), 0.1 M KCl, and 0.125% (w/v) 

phenol red.  The resulting cDNA solutions were then microinjected into single cell-stage 

embryos (1 nL/embryo), and the embryos were raised in E3 medium at 28.5 °C.  After 24 hpf, 

the embryos were treated with either tebufenozide in DMSO or vehicle alone for 16 h, using 20 

microinjected embryos for each experimental condition.  The embryos were then transferred to 

1.5 mL centrifuge tubes, separated from excess E3 medium, flash frozen in liquid nitrogen, and 

homogenized in passive lysis buffer (Promega, 15 µL/embryo) with a microcentrifuge tube 

pestle.  Reporter activities were measured using a dual luciferase kit and a microplate 

luminometer. 

 Kinetic studies of GV-EcR-mediated transcription were conducted in a similar manner, 

using the pCS2+ GV-EcR F’ and pUAS:Luc vectors.  Single-cell stage embryos were 

microinjected (1 nL/embryo) with a solution containing 12.5 pg/nL of each plasmid, 0.1 M KCl, 

and 0.125% (w/v) phenol red.  The embryos were cultured for 4 h, and then treated with 50 nM 

tebufenozide for 2 h.  Embryos were subsequently either maintained in 50 nM tebufenozide or 
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placed in agonist-free culture medium containing activated charcoal pellets for different lengths 

of time. Firefly luciferase activities associated with the different treatment regimens were 

measured as described above. 

 To evaluate the efficacy of the myl7:GV-EcR FÕ;UAS:GFP and mylz2:GV-EcR 

FÕ;UAS:GFP vectors, a solution containing 0.1 µg/µL plasmid, 0.5 units/µL I-SceI, and 0.125% 

(w/v) phenol red in I-SceI buffer (1X; New England Biolabs) was incubated at 37 ¡C for 1 h.  

Single-cell stage embryos were then microinjected with 1 nL of this solution, cultured at 28.5 °C, 

and treated with 10 µM tebufenozide or a DMSO vehicle control from either 3 to 48 hpf (myl7 

promoter) or 3 to 24 hpf (mylz2 promoter). To permit fluorescence imaging, embryos were 

immobilized in E3 medium containing 0.7% low melt agarose and 0.05% tricaine, and visualized 

with a Leica MZFLIII fluorescence stereoscope equipped with a GFP2 filterset and a Leica 

DC300F camera.  The degree of tissue-specific GFP expression (number of cells and GFP 

intensity) was then scored according to a 0 to 4 star scale. 

  

GV-EcR subcellular localization studies.  NIH-3T3 cells were grown on poly-D-lysine-coated 

glass coverslips to 50% confluence in 12-well plates and transfected with pCS2+ GV-EcR EÕ 

(0.5 µg/well) using Fugene 6 (1.5 µL/well) according to the manufacturerÕs protocols.  The cells 

were cultured for another 24 h and then treated with 1 µM tebufenozide for different lengths of 

time.  GV-EcR EÕ-expressing cells were similarly treated with tebufenozide for 2 h and then 

cultured in tebufenozide-free medium for varying durations.  At specific time points, the cells 

were washed with PBS, fixed with 3% paraformaldehyde, quenched with 10 mM glycine, 

permeabilized with 0.5% Triton X-100, and blocked with 1% bovine serum albumin.  The cells 

were then stained with a rabbit polyclonal antibody against the Gal4 DNA-binding domain 
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(Santa Cruz; 1:100 dilution) and an Alexa Fluor 488-conjugated anti-rabbit IgG antibody 

(Molecular Probes; 1:200 dilution).  Fluorescence imaging was conducted using a Leica 

DM4500B microscope equipped with a GFP2 filterset and a Leica DC300F camera. 
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